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ABSTRACT

Diabetes mellitus and its complications are associated with oxidative stress which might be 

caused by hyperglycaemia and transition metals. This study examines the role of transition 

metals in several biochemical pathways associated with hyperglycaemia.

Some experimental methods developed for measurement of the oxidation reactions are 

discussed: (1) intracellular hydrogen peroxide (H2O2) production in erythrocytes measured 

by assessing catalase inactivation in the presence of aminotriazoie; (2) the Ferrous 

Oxidation in Xylenol orange (FOX) assay applied to measurements of transition metal 

(Cu^^-catalysed lipid peroxidation associated with glycation in vitro; (3) assessment of the 

ability of drugs to chelate transition metal, particularly copper ion, and (4) transition metal 

involvement in the sorbitol pathway and activation of aldose reductase. Results of the 

studies presented indicate that:

(1) Erythrocytes exposed to ascorbic acid, but not to glucose in the presence of AMT 

undergo a dose- and time-dependent inactivation of endogenous catalase which is 

proportional to environmental H2O2 concentrations. The production of H2O2 seems to be 

dependent upon the availability of transition metal chelatable by copper-complexing drugs;

(2) Glucose had little effect upon peroxidation of phosphatidylcholine (PC) liposomes, by 

contrast with the major role of free copper ions in this process. However pre-autoxidised 

glucose accelerated the oxidation of lipids and lipoproteins. Furthermore, glucose 

modified (glycated) forms of protein and lipoprotein were more vulnerable to metal- 

catalysed oxidative damage compared to native forms of the proteins.

(3) Therapeutic agents to prevent diabetic complications are being developed. The 

oxidative chemistry of aminoguanidine (AG), thioctic (lipoic) acid, and the aldose 

reductase inhibitors (ARIs) AL-1576, sorbinil and zopolrestat was studied. Thioctic acid 

and the ARIs were found to act as copper ion-chelating agents inhibiting metal-catalysed 

ascorbate and lipid oxidation and also increased the partition of copper ions into octanol.
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By contrast, the behaviour of AG was paradoxical. AG slowly generated H2O2 and also 

inhibited catalase irreversibly. It is possible that such AG-mediated inhibition of catalase 

might occur in vivo , with presently unpredictable consequences. If irreversible catalase 

inhibition by AG occurs in vivo, then this would imply that catalase is not involved in 

oxidative stress regulation in diabetes, or that catalase positively contributes to diabetic 

tissue damage.

4) An increase in oxidative stress in diabetic patients is also associated with polyol pathway 

metabolism. Rat lenses incubated with glucose accumulated sorbitol and there was an 

increase in the level of aldose reductase activity in the lenses as assessed in vitro. Exposure 

of a lens homogenate to H2O2 was also found to enhance the in vitro AR activity. 

Exposure of the lenses to glucose in the presence of metal-chelating drugs prevented AR 

activation. This suggests that activation of AR may be related to the oxidant production 

associated with metals and, possibly, glucose autoxidation;

In conclusion, the experimental work reported in this thesis generally supports the idea that 

transition metal catalyzed oxidation contributes to the complications of diabetes. These 

results support the concept that transition metals may play a central role in catalysing the 

abnormal oxidative pathways associated with hyperglycaemia, leading to the increased 

oxidative stress in diabetes. Development of metal-binding antioxidant drug may be a 

useful strategy for treatment of the diabetic complications.



CONTENTS

Section Page

Acknowledgements I

Abbreviations H

Abstract m

Contents V

Lists of figures and table XII

Chapter 1: General Introduction

1.1. Oxidative Stress and H2O2 Metabolism 1

1.1.1. Oxidative stress and H2O2 cytotoxicity 1

1.1.2. Glutathione peroxidase and H2O2 2

1.1.3. Catalase and H2O2 2

1.1.4. Catalase assay and catalase inhibition by aminotriazoie 3

1.2. Characterisation and Assessment of Antioxidant Drugs 4

1.2.1. Definition of antioxidants 6

1.2.2. Antioxidants and prooxidants: Vitamin E and Vitamin C 7

1.2.3. Assessment of antioxidant drugs 7

1.2.4. Metal chelating agents 8

1.2.5. “Antidiabetic Drugs”: Thioctic(a-lipoic) acid and aminoguanidine

potentially have both anti- and pro-oxidant activités 9

1.2.5a. Thioctic (a-Lipoic) acid 9

1.2.5b. Aminoguanidine 10

1.3. Oxidative Stress and Diabetes Mellitus 11

1.3.1. Diabetic complications and oxidative stress 11

1.3.2. Involvement of oxygen radicals in tissue damage

in diabetes mellitus 12



VI

1.3.3. Alteration in tissue oxidative and anti-oxidative systems

in diabetes mellitus 12

1.4. Transition Metals in Diabetes Mellitus 13

1.4.1. Process of metal-induced free radical formation 13

1.4.2. Availability of free metal and increased oxidative stress

in diabetes 15

1.4.3. Copper and diabetes mellitus 16

1.4.4. Iron and diabetes mellitus 17

1.5. Possible Reactions for Increased Oxidative Stress in Diabetes Mellitus 17

1.5.1. “Autoxidation” of Glucose 17

1.5.2. Non-enzymatic glycosylation (glycation) as cause of

tissue damage in diabetes 19

1.5.3. Polyol pathway and oxidative stress 19

1.5.3a. Polyol pathway and diabetic complications 20

1.5.3b Polyol pathway and increase in oxidative stress 20

1.6. Purpose of the present study 25

Chapter 2: General Methods 26

2.1. Materials 26

2.2. Methods for Studying Lipid and Glycated Protein 26

2.2.1. Preparation of artificial liposomes 26

2.2.2. Preparation of artificial lipoprotein 27

2.2.3. Preparation of glycated protein and glycated lipoprotein 27

2.2.4. Protein assay with BCA reagent 28

2.3. Methods for Studying Oxidative Stress 28

2.3.1. H2O2 production with FOX-1 assay 28

2.3.2. Lipid hydroperoxide measurement with FOX-2 assay 29

2.3.3. MDA formation with TEA assay 29

2.3.4. Glutathione (GSH) content in erythrocytes 29

2.3.5. Measurement of carbonyl content 3 0

2.3.6. Lipid-derived fiuorophores of glycated protein 31



vn

2.4. Methods for Studying Copper Ion and its Catalytic Activity 31

2.4.1. Atomic absorption(AA) spectroscopic method 31

2.4.2. Rate of copper-catalysed ascorbate oxidation 32

2.4.3. Oxygen uptake by copper-catalysed ascorbate oxidation 32

2.4.4. Inhibition of copper-catalysed lipid hydroperoxide production 33

2.5. A Method Modified for Measuring Lipophilicity and Formation

of Drug-copper Complex: n-octanol/water partition 33

2.6. Methods for Studying Aldose Reductase in Rat Lens 34

2.6.1. NADPH oxidation 34

2.6.2. NADP formation 36

2.6.3. Sorbitol formation in rat whole lens incubations 36

2.7. Preparation and Incubation of Tissues 37

2.7.1. Human erythrocytes 37

2.7.2 Rat lens homogenate and incubation 37

2.7.3. Rat liver slices 38

2.8. Statistics 38

Chapter 3. Development of FOX assay for catalase determination andits

application to the study of H2O2 fluxes within erythrocytes 40

3.1. Summary 40

3.2. Introduction 40

3.3. Experimental 41

3.3.1. Discontinuous measurement of erythrocyte catalase 41

3.3.2. Measurement of catalase in the presence of aminotriazoie 42

3.4. Results 42

3.4.1. Kinetic of catalase activity measured discontinuously with FOX 42

3.4.2. Measurements of catalase inactivation and estimation of

production intracellular H2O2 44

3.4.2a. Catalase inactivation in the presence of AMT 44

3.4.2b. Catalase inactivation and H2O2 flux with erythrocytes 48



vni

3.4.5. Discussion 49

Chapter 4. H2 O2  production in erythrocytes exposed to ascorbic acid

and glucose: Role of transition metals 50

4.1. Summary 50

4.2. Introduction 51

4.3. Experimental 51

4.4. Results 51

4.4.1. H2O2 production and intracellular catalase inactivation

by ascorbic acid 51

4.4.2. Estimation of intracellular H2O2 production by ascorbic acid 53

4.4.3. Transition metal involvement in erythrocyte catalase inactivation 53

4.4.4. Effect of copper and/or OPT on ascorbate-induced

catalase inactivation 55

4.4.5. Relative rate of ascorbate oxidation in vitro and erythrocytes:

Copper versus iron 58

4.4.6. Relative rate of H2O2 production: Glucose versus ascorbate 58

4.4.7. Oxidative damage and catalase inactivation in erythrocytes 59

4.5. Discussion 63

4.5.1. Hyperglycaemia, ascorbic acid and transition metal: what is a 

major crucial mechanism in the increase of H2O2 production

in the cell ? 63

4.5.2 Role of glucose and ascorbate in the increase of oxidant

production with relevance to diabetes 63

Chapter 5: Aminoguanidine(AG), a drug proposed for prophylaxis

in diabetes, generates H2O2 and inhibits catalase 

in erythrocytes and rat liver in vitro 65

5.1. Summary 65



IX

5.2. Introduction 65

5.3. Experimental 66

5.4. Results 66

5.4.1. AG increases H2O2 production from glucose during

glycation in vitro 66

5.4.2. H2O2 formation by AG 68

5.4.3. Route to H2O2 from AG 68

5.4.4 Inhibition of catalase by AG and aminotriazoie (AMT) 71

5.4.5 Inhibition of catalase by AG in human erythrocytes and rat liver 73

5.5. Discussion 76

5.5.1 AG generation of H2O2 and its potential as a pro-oxidant 76

5.5.2 Pathway of AG generating H2O2 76

5.5.3 Inhibitory effect of AG with comparison to AMT

with respect to the cytotoxicity 77

5.5.4 The paradox of AG 78

Chapter 6: Glycation and lipid-derived glycoxidation:

role of transition metal 79

6.1. Summary 79

6.2. Introduction 79

6.3. Experimental 81

6.4. Results 81

6.4.1. Effect of glucose on PC peroxidation 81

6.4.2. Effects of glucose on PC and PE peroxidation 81

6.4.3. Metal involvement and effect of metal-chelating agents 84

6.4.4. Polyunsaturated fatty acid (PUFA) in PC and PE 84

6.4.5. Role of glucose autoxidation in lipoproteins oxidative damage 86

6.4.6. Susceptibility of glycated protein, lipoprotein and glycated

lipoprotein to copper-catalysed oxidation 90

6.5. Discussion 91

6.5.1. Glucose as a poor oxidant and the role of transition metal 91



6.5.2. Possible mechanism of glucose autoxidation in lipid

peroxidation and oxidative glycation 92

Chapter 7 Inhibition of metal-catalysed ascorbate oxidation by 

thioctic (lipoic) acid (TA) in vitro*, is TA a role of 

therapeutic metal-chelating antioxidant ? 93

7.1. Summary 93

7.2. Introduction 93

7.3. Experimental 94

7.4. Results and Discussion 94

7.4.1. TA inhibits ascorbic acid oxidation 94

7.4.2. TA inhibits lipid peroxidation 98

7.4.3. TA facilitates the partition of copper ions into octanol 98

7.4.4 TA inhibits H2 O2  production within the erythrocytes 100

Chapter 8 Roles of glucose and transition metal in activation of

aldose reductase (AR), and inhibition by aldose 

reductase inhibitors (ARIs) in rat lens 103

8.1. Summary 103

8.2. Introduction

8.3. Experimental 104

8.4. Results 104

8.4.1. Increase of sorbitol accumulation and activity of AR in

rat lens induced by glucose 105

8.4.2. Inhibition of glucose activated AR activity by metal

chelating agents 108

8.4.3. Effects of metal chelation by aldose reductase inhibitors (ARIs) 111

8.4.3a. Inhibition of Cu^^-catalysed ascorbate oxidation 111



XI

8.4.3b. ARIs inhibit copper-catalysed lipid peroxidation and

facilitate copper partition ion into n-octanol 111

8.4.3c. ARIs and metal chelators inhibit H2O2 production by

ascorbate oxidation in human erythrocytes 112

8.5. Discussion 115

8.5.1. Glucose autoxidation and AR activation 115

8.5.2. Possible oxidat - ve mechanism of sorbitol pathway in lens 115

8.5.3. ARIs: metal-chelating antioxidants ? 116

Concluding Remarks 119

References 121

Appendix: Publications from this thesis (1993 -1995) 133

Lists of figures and tables

Chapter 1:

Figure:

1.1. Mechanisms of H2O2 removal in the erythrocyte 5

1.2. Interactions of catalase with H2O2 and aminotriazoie 6

1.3. Interactions of copper(II) with three simple organic legends 9

1.4. Oxidised and reduced forms of lipoic (thioctic) acid 10

1.5. The polyol pathway 20

1.6. Integrative model of polyol pathway and non-enzymatic glycation 22

1.7. NADPH competition for AR and gluthathione reductase 24

Chapter 2:

Figure:

2.1. Scheme: measurement of lipophilicity and formation of drug-copper

complex: n-Octanol/water partition coefficient 35



XII

Chapter 3:

Figure:

3.1. Catalase activity: Dose-response decomposition of H2O2

with the FOX assay 43

3.2. Measurement of catalase activity in human erythrocyte

and rat liver homogenates with the FOX assay 45

3.3. Kinetics of catalase activity as monitored with the FOX assay 46

3.4. A steady flux of H2O2 generated from the glucose-glucose

oxidase system inactivates catalase in the presence of AMT 47

Chapter 4:

Figure:

4.1. Dose-response relationship between added ascorbic acid,

inactivation of catalase and H2O2 generation 50

4.2. Inhibition of ascorbate-induced catalase inactivation

requires pre-incubation with metal chelating agent (OPT) 52

4.3. OPT enhances both Cu^^-induced catalase inactivation and H2O2

production during Cu^  ̂- catalysed ascorbate oxidation but

inhibits Cu^^-catalysed ascorbate oxidation 57

4.4. Comparison of iron and copper in catalysing ascorbate

oxidation in vitro and erythrocytes 60

4.5. Time-course of inactivation of intracellular catalase by ascorbate

and glucose in the presence of AMT 61

4.6. Methemogloblin formation during the incubation of human

erythrocytes with glucose, ascorbate or/and copper 62

Table

4.1. H2O2 generation, catalase inactivation and oxidative damage in

erythrocytes exposed to glucose-glucose oxidase in the presence 

of AMT 54



xm

Chapter 5 

Figure:

5.1. The accumulation and Cu^  ̂- catalysed production of H2O2 from AG 67

5.2. AG increases H2O2 production in vitro 69

5.3. Effect of catalase on hydroperoxide generated by AG 70

5.4. Time-course of inhibition of catalase activity by AG 72

5.5. Dose-response inhibition curve of AMT and AG versus catalase 72

5.6. AG inhibits catalase in liver slices but not in erythrocytes in the

absence of an H2O2 -generating system 74

5.7. AG inhibits erythrocyte catalase in the presence of Cu^Vascorbate 75

Chapter 6 

Figure:

6 .1. Effects of glucose and copper on peroxidation of PC liposomes 82

6.2. Effects of glucose on peroxidation of two phospholipid

liposomes: PE and PC 83

6.3. Inhibitory effects of EDTA and DETAPAC on peroxidation

of PE and PC in the presence of glucose 85

6.4. GC profiles of polyunsaturated fatty acid (PUFA) in PC and PE 87

6.5. Oxidation of lipoproteins induced by pre-oxidised glucose

and copper 88

6.6. Susceptibility of glucose modified (glycated) protein and

lipoprotein to Cu^^-catalysed oxidation 89

Table:

6.1. Composition of polyunsaturated fatty acid in PC and PE 86

Chapter 7 

Figure:

7.1. Thioctic acid (TA) inhibits Cu^^-catalysed ascorbate oxidation 96

7.2. Dose-response inhibition of Cu^^-catalysed ascorbate oxidation by TA 97

7.3. TA inhibits Cu^^-catalysed lipid peroxidation of liposomes 97

7.4. TA, like OPT, partitions copper into n-octanol 99



XIV

Chapter 8 

Figure:

8.1. GC profile of sorbitol accumulation in rat lens caused by glucose 106

8.2. Aldose reductase (AR) in rat lens activated by glucose and

H2O2 in vitro 107

8.3. Inhibition of AR activity by OPT, thioctic (lipoic)acid and

sorbinil in rat lens 108

8.4. Aldose reductase inhibitors (ARIs) inhibit Cu^^-catalysed

ascorbate oxidation in vitro 109

8.5. ARIs inhibit Cu^^-catalysed lipid peroxidation 113

8.6. ARIs and OPT facilitate copper partition into n-octanol 113

8.7. ARIs and other metal chelators inhibit ascorbate-metal

induced H2O2 production in erythrocytes 114

8.8. Structures of hydantoin, histidine and aldose reductase inhibitors

used in this study 118

Table:

8.1. Glucose activated AR and sorbitol formation, and the

inhibition by ARIs, TA and OPT in the rat lenses 108



Chapter 1 GENERAL INTRODUCTION

1.1. Oxidative Stress and H2O2 Metabolism

1.1.1. Oxidative stress and H2O2 cytotoxicity

In the presence of O2, Fe^  ̂ and Cu^ ,̂ and an appropriate election donor, a number of 

enzymatic and nonenzymatic oxygen free radical-generating systems are able to catalyse the 

oxidative modification of protein, lipid and many biological components to generate hydrogen 

peroxide (H2O2). H2O2 is a relatively stable and unreactive molecule. Since H2O2 has no 

unpaired electrons, H2O2 can not be described as a radical. Therefore, the term “reactive

oxygen species” (ROS) is now frequently used in description of not only O and HO*(radicals 

containing unpaired electrons) as well as H2O2 (which is not a radical) [Halliwell & Gutteridge,

1989]. H2O2 may arise from a number of enzymatic and nonenzymatic pathways, most often 

through the intermediacy of O2 Superoxide dismutase (SOD) engages in a dismutation 

reaction, involving oxidation of one O2 to oxygen and reduction of another O2 to H2O2 :

SOD

O2 + O2 + 2H ---------- > H2O2 + O2

H2O2 itself is a weak oxidising agent. However, the oxidative potency of H2O2 may be 

magnified 10 - 1000 times in the presence of trace amounts of the transition metals [Repine et 

al, 1981; Balia et al., 1990]. Being uncharged and relatively small, H2O2 can cross cell 

membranes rapidly. Once inside the cell, H2O2 can probably react with metals to form reactive

higher oxidation states as well as hydroxyl radicals ( HO’ ), and this may be the origin of many 

of its metal-catalyzed toxic effects [Halliwell & Gutteridge,1989]. Thus, there is a critical 

need for efficient systems for catabolism ofH202 [Eaton, 1991].



1.1.2. Glutathione peroxidase (GSH-Px) and H2O2

All aerobic organisms possess enzymatic systems that protect against H2O2 cytotoxicity. These 

systems include two types of enzymes: the catalases, which catalyse the two step reaction:

2H 2O 2 ———^  2 H 2 O  "I" O2

and the peroxidases, which bring about the general reaction:

SH2 + H2O2 — > S + 2 H2O

Glutatione peroxidase [GSH-Px] is a selenium-containing enzyme which acts as a 

hydroperoxide-decomposing antioxidant in biological systems, often using selenium as a 

cofactor. GSH-Px requires GSH as co-factor but will act in vivo on a range of peroxides in 

addition to H2O2 such as fatty acid hydroperoxides, cumene hydroperoxide and other organic 

hydroperoxides. In each case, the peroxides (ROOH) are reduced to alcohols (ROH). GSH- 

Px removes H2O2 by catalysing the oxidation of reduced glutathione (GSH) to oxidised 

glutathione (GSSG):

2 GSH + H2O2 ------> 2 H2O + GSSG

The relative importance of GSH-Px versus catalase (see next section) may depend on the 

source and extent of H2O2 exposure [Gaetani et al., 1989]. For many kinds of cells, catalase 

may be the most important in protection against high H2O2 concentrations because catalases 

generally have very high turnover numbers [Chance at al.,1979]. However, others have argued 

that GSH-Px is the more important of the two in removing H2O2, because it is located in the 

same subcellular compartments(cytosol and mitochondria) as SOD [Cohen & Hochetein,1964; 

Halliwell, 1991],

1. 1.3 . Catalase and H2O2



Most aerobic cells contain catalase activity. In mammals, catalase exists in all major body 

organs, being especially concentrated in liver and erythrocytes. Most catalases consist of four 

protein subunits, each of which contains a haem (Fe^^-protoporphyin) group bound to its 

active site[Chance, et al.,1979]. Each subunit also usually contains one molecule of NADPH 

bound to it, which helps to stabilise the enzyme and sustain it in an active state [Eaton, et 

al., 1972; Kirkman et al, 1987].

The catalase reaction exhibits dual activities: catalatic(Eqs. 1 and 2) and peroxidatic (Eqs.l 

and 3) [Chance, et al.,1979]:

ki

Catalase-Fe^^ + H2O2 --------> Compound 1 (1)

k2

Compound 1 + H2O2  > catalase-Fe^^ + H2O + O2 (2)

K3

Compound 1 + AH2  > catalase-Fe^^ + 2 H2O + A (3)

The above equations show that the full reaction cycle requires sequential reactions with two 

molecules of H2O2 Compound 1 is in steady state with H2O2 , acting as both oxidising and 

reducing substrate; in this steady state, only a fraction of the catalase haem is in the form of 

compound 1. The possible mechanism of the component co-operation in destroying H2O2 is 

illustrated in the Figure 1.1.

1.1.4. Catalase assay and catalase inhibition by aminotriazoie

If the concentration of H2O2 is fixed, the initial rate of removal of H2O2 will be proportional to 

the concentration of catalase present. Determination of catalase activity in tissues is 

performed usually by monitoring the disappearance of added H2O2, which is followed by the

3



decreased (H2O2) absorbance at 240 nm, or by measuring the release of oxygen using an 

oxygen electrode. In the present work, we have developed an alternative method in which the 

disappearance of H2O2 is directly measured by TOX* assay as described in Chapter 3. The 

specific activity (lU) of catalase is usually expressed as [imoles H2O2 decomposed per min per 

mg protein.

Catalase activity can be irreversibly inhibited by aminotriazoie (AMT), its inhibitory action 

being exerted via reaction with the catalase:H2O2 intermediate, compound I. As a result, AMT 

can only inhibit catalase if H2O2 is present to allow generation of this intermediate. The 

interactions of catalase with AMT and H2 O2 are illustrated in Figure 1.2. This H202-dependent 

inhibition of catalase by AMT has been used to measure low rates of H2O2 generation in 

erythrocytes in vitro [Liebowitz & Cohen, 1968; Chapter 4, this thesis] and brain in vivo [Yusa 

et al., 1987]. Drug-induced H2O2 production in tissues can be measured by assessment of the 

rate of catalase inhibition [Ou & Wolff, 1993; Giulivi et al., 1994]. Development of the method 

is described in detail in Chapter 3.

1.2. Characterisation and Measurement of Antioxidant drugs

1.2.1. Definition o f antioxidant

An antioxidant can be defined in various ways. From a broader view, an antioxidant is a 

substance that, when present at low concentrations compared to those of an oxidizable 

substrate, significantly delays or prevents oxidation of that substrate [Halliwell & 

Gutteridge, 1989]. Several strategies have been shown effective in conferring oxidant

protection: (1) scavenging ROS (e.g. SOD removing O2 ' ); (2) inhibiting the formation of 

ROS (e.g. by blocking activation of phagocytes); (3) binding transition metal ions needed for

HO* formation fi-om O2*" and H2O2 and/or decomposition of lipid hydroperoxides; (4) 

repairing peroxyl radicals (e.g. a-tocopherol repair of peroxyl radicals) or (5) any combination 

of the above [Halliwell, 1991].
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Figure 1.1. Mechanisms of removal in the ervthrocvte.

Ferricatalase (catalase-Fe^ ) and compound I represent active forms of catalase. 

Compound II is an inactive form of the enzyme. The catalase-bound NADPH prevents 

and reverses the accumulation of Compound II [Kirkman et al, 1987]. AH denotes 

one-electron donors (reducing substances) within the catalase molecule. (This figure is 

adapted fi*om Gaetani et al. 1989)



Figure 1.2 Interactions of catalase with HiO? and aminotriazoie fAMT)

Catalase inhibition

Reversible 
[Compound II]

|[6|

Catalase-Fe
[2]

ï
2+ +I%2 Compound I  

{mtenaedJale]

+AH2 [S]

Catalase-Fe 
2HgO + A
Peraxidatie

Iireversihle 
[Catalase-AMTi]

+AMT

Catalase-Fe^^
2H2O + O2

Caialaüc

Catalase actrvitv

Reactions of catalase with AMT and H 2O2

In the catalatic cycle, catalase is initially oxidised by H2O2 to form compound I, which 
then reacts either with a second H2O2 (reaction 4, catalatic) or with an exogenous H 
donor (AH2) such as ethanol or NAD(P)H (reaction 5, peroxidatic). AMT reacts with 
compound 1 to irreversibly inactivate catalase, and the rate of inhibition reflects the 
steady state concentration of compound 1 in dynamic equilibrium with fi’ee intracellular 
H2O2 (reaction 3) [Liebowitz & Cohen, 1968]. Compound 1 may also form Compound 
11, which is defined operationally as a loss of catalatic activity which can be recovered 
by incubation with ethanol (reaction 6) [Cohen & Hochstein,1964].



1.2.2. Antioxidants and prooxidants: Vitamin E  and Vitamin C

In many ways, vitamins E and C represent the most effective biological antioxidants. Vitamin 

E (a-tocopherol) is a lipid-soluble chain-breaking antioxidant which reacts with peroxyl and 

alkoxyl radicals generated during lipid peroxidation. Thus vitamin E protects the membrane by 

terminating potential peroxidative chain reaction of polyunsaturated fatty acids in cell 

membranes. Vitamin C has many antioxidant properties and has been called “the most effective 

aqueous phase antioxidant in human plasma” [Frei et al.,1989]. Ascorbic acid, present in 

plasma at concentrations of 50-200 jiM, may also scavenge 0% (although this may require the 

conspiracy of transition metals) and HOCl, and may reduce tocopherol semiquinone, thereby 

sustaining the antioxidant potency of vitamin E [reviewed by Winkler et al.,1994].

Under certain circumstances, however, such as in the presence of excess amounts of transition 

metals, an “antioxidant” may provoke toxic effects on biological systems, through 

paradoxically acting as a pro-oxidant. In this case, the reducing power of the antioxidant 

effects, the reduction of transition metals such as Fe^  ̂and Cu '̂*' and the reduced metal may 

then reduce oxygen or react with oxidants, forming HO* or reactive, higher oxidation states of 

the metal. This is true of both vitamins C and E.

Thus, for example, ascorbic acid has Janus-like anti- and pro-oxidant properties [Halliwell, 

1983]. Metal ions, especially Cu^ ,̂ induce ascorbate oxidation producing H2O2 and hydroxyl 

radicals, and also stimulating lipid peroxidation. These pro-oxidant effects of ascorbic acid in 

the presence of Cu^  ̂can lead to damage of both cell membranes and DNA. Ironiascorbate- 

driven oxidation causes lipid peroxidation and has been indicted in haemoglobin-mediated 

oxidative damage to the central nervous system [ Sadrzadeh & Eaton, 1988; Prat & Turrens,

1990]. Many lipid-soluble chain-breaking antioxidants can have pro-oxidant properties under 

certain circumstances, often because they can bind Fe^  ̂ irons and reduce them to Fe^  ̂

(Laughton et al. 1989]. Even a-tocopherol can be made to exert pro-oxidant effects in vitro, 

although these almost certainly have no physiological relevance (discussed by Halliwell, 1990). 

Therefore, one of the most effective antioxidant defences, at least in mammalian cells, is the



sequestration of transition metal ions in forms incapable of participating in free radical 

reactions.

1.2.3. Assessment o f antioxidant activities

Methods for testing the potency of putative antioxidants often rely on measurements of their 

reactions with biologically relevant ROS (reviewed by Halliwell, 1990 &1991). Methods exist

for measuring the rate of reaction of potential antioxidants with H2O2, O2*’, HO* as well as 

with other oxidants such as those which form when haem proteins react with H2O2 and 

ascorbic acid reacts with transition metal ions. Methods also exist to measure the ability of 

compounds to suppress metal-dependent H2O2 or HO* generation or lipid peroxidation. If an 

agent acts as a scavenger, the “antioxidant” may itself give rise to damaging radical species. 

Several of these strategies for determinations of antioxidant actions have been employed in the 

present studies as described in Chapter 7.8.

1.2.4. Metal chelating agents

Compounds such as ethylenediamine tetraacetic acid (EDTA) and diethylenetriaminepenta- 

acetic acid (DETAPAC) are commonly used to inhibit radical-generating reactions by chelating 

iron and copper ions. The chelator either provides a ligand for each of the co-ordination sites 

on the metal ion, thus excluding oxygen, or it shifts the redox potential of the metal ion so that 

it is less reactive [Lindenbaum, 1973]. Thus, EDTA is used to prevent oxidative reactions such 

as the oxidation of plasma lipoproteins which may occur during storage in vitro.

However, the effects of chelators as antioxidants may vary with both the reaction under study 

and the ratio of chelator to metal ion. In fact, EDTA may enhance the oxidative potency of 

ascorbate and iron. This is because in the aqueous phase the Fe-EDTA chelate is reactive in 

generating HO* and, further, because EDTA helps keep iron in solution phase by discouraging 

the formation of insoluble Fê "'‘(GH)n. Furthermore, the Cu: 1.10-phenanthroline complex has
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been used as a model of damaging DNA [Dizdaroglu et ai., 1990]. Some examples of simple 

copper chelates as shown in Figure 1.3 [Lindenbaum, 1973].

Figure 1.3 Interactions of Cu (11) with three simple organic ligands

^N. ^N H 2 . 0
H2C \  H2C \  0 = C ^  \

Cu"" I Cu"" I .Cu""
H2Ç

Cu(II)-ethylenediamine Cu(II)-Glycine Cu(II)-oxalate

1.2.5. Antidiabetic drugs: Thioctic (a-Lipoic) acid and Aminoguanidine potentially have both 

anti- and pro-oxidant activities.

1.2.5a. Thioctic (a-lipoic) acid

Thioctic(lipoic) acid (TA), the naturally-occurring coenzyme of pyruvate and a-ketoglutarate 

dehydrogenenase, has been used in Germany to treat diabetic polyneuropathy for many years. 

There are reports that TA can increase glucose transport [Bashan et al., 1993], normalise 

nerve transmission and improve diabetic neuropathy [Natraj et al., 1984; Sachse & Willims, 

1980]. Many efforts have been made to understand the real mechanism(s) through which this 

drug may exert therapeutic effects.

TA itself has been reported recently to be a powerful lipophilic free radical scavenger [Busse 

et al., 1992] and can inhibit Fe-dependent hydroxyl radical generation [Scott et al., 1994]. It



has been proposed that TA may act as a chain-breaking antioxidant in its reduced form, 

dihydrolipoic acid (DHLA), interacting with vitamin E to block lipid peroxidation. Recently, 

Handelman et al. (1994) found that normal mammalian cells will reduce TA to dihydrolipoic 

acid (DHLA), in which the disulphide group of the TA dithiolane ring is reduced to a dithiol 

(Figure 1.4.).

Figure 1.4. Oxidised and reduced forms of linoic (Thiotic)acid

S —S

Orlipoic acid

HS SH

dihydro lipo ic  acid

COOH

COOH

However, DHLA was also shown to accelerate Fe-dependent HO* generation and lipid 

peroxidation. By contrast, this pro-oxidant action of DHLA was inhibited by TA [Scott et 

al., 1994]. Alternatively, TA may react with oxidants directly [Kagan et al.,1992; Suzuki et 

al., 1991]. It is currently unclear whether any in vivo antioxidant effect of TA is a direct effect 

of the compound or depends upon its prior reduction to DHLA. In any case, the antioxidant 

properties of TA have been proposed to interfere with the pathogenesis of diabetic 

polyneuropathy, but the precise mechanism of action of TA needs further evaluation. In the 

present studies, we have undertaken analysis of a non radical-scavenging mechanism whereby 

TA might act as an antioxidant via weak metal-chelating capacity [Sigel & Prijs,1978; Gruner 

1960; Ou & Wolff, 1995]. This work is described in detail in Chapter 7.

1.2.5b. Aminoguanidine

Aminoguanidine (AG), a nucleophilic hydrazine compound, has been studied as a possible drug 

for prevention of diabetic complications. Its putative mode of action is by blocking the
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reactive carbonyl group of Amadori products formed by glycation (non-enzymatic 

glycosylation) of proteins [Brownlee et al., 1986; Lewis & Harding, 1989] and preventing the 

accumulation of advanced glycation end products (AGE). Furthermore, AG is reported to be 

a potent inhibitor of NO production [Corbett et al., 1992] and of the activities of aldose 

reductase [Kumari et al , 1991] and diamine oxidase [Beaven,1982]. Thus, the mechanism(s) 

whereby AG may moderate diabetic complications are by no means clear.

In fact, AG was recently observed to caus'  ̂a 60% increase in conjugated dienes in nerves of 

(streptozotocin-induced) diabetic animals [Kihara et al, 1991]. Thus, possible AG-mediated 

improvements in nerve function and vascular permeability may not be related to antioxidant 

effects. In fact, we find that AG actually generates H2O2 and inhibits catalase in liver and 

erythrocytes [Ou & Wolff, 1993]. AG also increases LDL oxidation [Kortlandt et al., 1994]. 

In contradiction to this latter report, Bucala et al. (1993) found that AG inhibited lipid- 

advanced glycosylation, an effect supposedly due to AG-mediated inhibition of lipid 

peroxidation. Thus, there is much to learn concerning the possible mechanism(s) through 

which AG might moderate diabetic complications. As reported in Chapter 5, we have 

experimentally tested the potential toxic and therapeutic effects of this agent in several in vitro 

systems.

1.3. Oxidative Stress and Diabetes Mellitus

1.3.1. Diabetes mellitus and oxidative stress

Diabetes mellitus is by far the most common metabolic disorder, involving gross abnormalities 

in insulin-dependent glucose homeostasis and lipid metabolism. The disease is generally 

broken down into two major subgroups. One group is insulin-dependent diabetes mellitus 

(IDDM) which has also been referred to as “juvenile-onset diabetes” or Type I diabetes. The 

second group is referred to as non-insulin-dependent diabetes mellitus (NIDDM) which is also 

termed “maturity-onset-diabetes” or Type II diabetes. All forms of diabetes are characterised 

by hyperglycaemia (often - but not always - arising fi'om a lack of insulin) and progressive
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development of diabetic complications. These complications, which are a major threat to both 

the quality and length of life in diabetic individuals, are a heterogeneous group of clinical 

disorders affecting the vascular system, kidneys, retina, peripheral nerves, ocular lens and skin.

There is increasing evidence that, regardless of the cause, oxidative damage to tissue proteins 

is increased in diabetes, and there is a growing suspicion that oxidative stress may be a central 

mechanism for the development of diabetic complications [Wol%1987; Baynes, 1991]. The 

cause of increased oxidative stress in the diabetic patients is still unclear, but may be related to 

the chronic hyperglycaemic state and gross metabolic abnormalities which include altered lipid 

metabolism, and an abnormal metal ion homeostasis which may act as a possible source of 

oxidant stress.

1.3.2. Involvement o f oxygen radicals in the genesis o f diabetes mellitus (DM)

The evidence concerning a role for oxidation in the genesis of DM comes from the study of 

two drugs which induce diabetes in experimental animals - alloxan and streptozotocin (STZ) 

[Fisher & Harman, 1982; Weiss, 1982]. Both of these diabetogenic agents appear to selectively 

destroy the islets of Langerhans, which may be uniquely susceptible to oxidant damage by 

virtue of having limited oxidant defenses. Both SOD and scavengers of HO* (such as vitamin 

E and BHA) protect against these diabetogenic agents in vivo [Gandy, 1982] lending further 

support to the idea that drug-mediated oxidation of pancreatic beta cells underlies the 

diabetogenic effects of these drugs. In fact, similar protective effects of SOD, catalase and 

HO* scavengers against alloxan toxicity have been shown with isolated islet cells in vitro 

[Grankvist et al. 1979]. Alloxan toxicity in vitro and in vivo is also inhibited by metal-chelating 

agents [Malaisse et al , 1982]. Desferrioxamine also blocks diabetes induced by STZ [Mendola 

et al , 1989]. These data suggest that transition metal-catalysed free radical reactions may 

contribute to the toxicity of these two diabetogenic agents.

1.3.3. Alteration in tissue oxidative and anti-oxidative systems in diabetes mellitus
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Although unproven, it is possible that oxidative stress similarly plays a role in the naturally 

occurring (non-drug induced) destruction of P-cells and the onset of DM and, fiirther, that the 

sequellae of the diabetic state also involve oxidative processes. Thus, lipid hydroperoxide 

levels in diabetic plasma, measured with the much-maligned thiobarbituric acid (TEA) assay, 

are significantly higher than in normal individuals [Kaji et al., 1985]. A further study found 

that NIDDM patients had higher levels of plasma TBA-reactivity and conjugated diene levels 

than normal subjects [Collier et al., 1992]. There is also evidence that oxidative events underlie 

the cataractogenic consequences of diabetes. In diabetic subjects, ocular fluids hive been 

shown to have increased levels of H2O2 and lipid hydroperoxides are elevated in the 

cataractous lenses of diabetic subjects [Bhuyan & Bhuyan,1984].

Further, albeit indirect, evidence of oxidative stress derives fi'om examination of the 

antioxidant status of patients with diabetes. Plasma levels of ascorbic acid are decreased in 

both humans and animals with diabetes, and the levels of the oxidation product, 

dehydroascorbate, are increased [Mclennan et al., 1988; Yue et al ,1989]. Platelet vitamin E 

level has been observed to be depressed in rats with chemically-induced diabetes 

[Higuichi,1982].

Rats made diabetic by administraiton of STZ have significantly increased activities of catalase 

(CAT), glutathione reductase (GR), and CuZn-superoxide dismutase (SOD) in the pancreas 

and of CAT and GR in the heart. On the other hand, the livers of diabetic rats show a 

generalised decrease in CAT, glutathione peroxidase (GSH-PX), and SOD, as well in the 

levels of GSH [Wohaieb & Godin, 1987]. Decreased lens antioxidant enzymes and GSH were 

also observed in lens proteins of diabetic cataracts [Ready et al., 1976]. The marked 

alternations in tissue antioxidant enzyme activities may be the result of compensatory 

increases or oxidant-induced decreases arising from an increased in vivo oxidative stress.

1.4. Transition Metal and Diabetes Mellitus

1.4.1. Process o f metal-inducedfree radical formation
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Transition metal ions may catalyse the formation of ROS and promote free radical reactions by 

accepting and donating single electrons. These transition metals have variable oxidation states 

(e.g. iron has Fe^  ̂ and Fe^  ̂ and copper has and Cu^^. Changing between oxidation 

states involves accepting and donating single electrons (e.g. Fe^  ̂+ e' -o  Fe^ ;̂ Fe^  ̂+ O2 o  

Fe^  ̂+ O2 ; + e' o  ). Thus, in the presence of air, Fe^  ̂ is most stable whereas

Fe^  ̂salts are much less stable and weakly reducing of oxygen. Several transition metal ions, in 

vivo primarily Fe^  ̂and Cu^% also react with H2O2 to form HO*.

The metal ions are remarkably good promoters of free radical reactions [Hill, 1981] by the so- 

called Fenton Reaction or through an iron-catalysed Haber-Weiss Reaction. A mixture of 

hydrogen peroxide and an iron (II) salt reacts with many organic molecules, as was first 

observed by Fenton in 1894. The reactivity is most likely due to formation of hydroxyl radical :

H2O2 + Fe^  ̂  > GIT + Fe^^+HO* {Fentonreaction)

Traces of Fe^  ̂ might be able to react further with H2O2 , although this is very slow at 

physiological pH;

Fe^  ̂+ H2O2  > Fe^  ̂+ O2 + 2 i T  > Fe (IV)0 + OH  ̂+ lT

Also copper (I) salts are thought to react with H2 0 2 to make hydroxyl radicals:

Cû  ̂ + H2O2 ---------> Cu^  ̂ + OH- + OH*

Therefore, copper and iron react similarly with H2O2 to produce highly oxidising species (but 

not necessarily the free OH* shown below):

Fe, Cu
H2O2 + O2 ' ---------------- > O2 + OH” + HO* ( Haber-Weiss reaction )

catalyst
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Both iron and copper complexes are able to catalyse HO* formation by this mechanism. For 

example, the process of iron and copper catalysed lipid peroxidation is believed to involve two 

metal-dependent reactions: First, these metals participate in the abstraction of hydrogen 

required for the initial formation of a carbon-centered initiating radical. Second, these metal 

ions decompose lipid hydroperoxides into peroxyl and alkoxyl radicals that can, in turn, also 

abstract hydrogen and provoke the chain reaction of lipid peroxidation [Halliwell,1991]. In 

biological systems, many reductants such as ascorbate, thiol compounds, polyunsaturated fatty 

acids, proteins and glucose (discussed in following section) are prone to be oxidised by 

transition metals. In fact, the consequent reduction of the metals (as opposed to O2 dependent 

reduction) may be most important in the initiation of metal catalyzed oxidative events in vivo 

[reviewed by Stadtman, 1990].

1 .4.2. Availability o f free metals and increased oxidative stress in diabetes

The endogenous oxidative stress in diabetes - if it exists - may result from reactions between a 

pool of reactive transition metals and reducing agents such as ascorbic acid and glutathione. 

Caeruloplasmin is a copper binding and transport protein. It appears to function as an inhibitor 

of oxidation both by binding copper and by oxidising Fê """ through its ferroxidase activity 

[Halliwell & Gutteridge,1989]. However, the copper ion loosely bound to albumin or to 

histidine can participate in a Fenton-type reaction, reacting with H2O2 to form highly-reactive

species with the oxidative potency of OH* and modifying proteins in a “site-specific” manner

[Marx & Chevion,1985; Stadtman, 1990]. Similarly, the erythrocyte contains a pool of loosely 

bound Cu(II)( about 35% of the total ), which catalyses the oxidation of haemoglobin (Rifkind 

1974).

Iron in plasma is bound to protein, transferrin, which binds iron and plays an important role in 

inhibiting oxygen radical damage. Iron is believed unlikely to exist in fi’ee form in normal body 

fluids. However, there is a small pool of “non-protein-bound iron”, presumably attached to 

biological metal binding agents as citrate, ATP and ADP, which is believed to be the source of 

iron for the Fenton reaction and which facilitates the formation of ROS and enhances lipid
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peroxidation [Aust,1989]. Recently, haem has been proposed as an important donor of redox 

active iron. Added free haem can catalyse the oxidation of LDL and promote oxidant damage 

of vascular endothelial cells [Vercellotti et al, 1994; Balia, et al., 1993], probably secondary to 

the oxidative release of free Fe. Fe released from haemoglobin-derived haem also catalyses 

oxidative injury to neuronal cell membranes [Vercellotti et al. 1994].

There remains, however, the question of whether decompartmentalized transition metal ions 

exist in vivo in diabetes. The so-called autoxidation of glucose [Wolff & Dean, 1987] and 

other oxidation events which seem to occur in diabetes require free transition metal ions. 

However, the potency of transition metals as catalysts of such oxidation events is so great that 

the amounts of metal required may be almost beyond the detection limit of current analytical 

methods. Furthermore, catalytic amounts of reactive metal may only occur in localised 

environments in vivo. Of possible relevance in diabetes, carbohydrates have measurable 

affinities for metal ions and may participate in metal binding reactions in vivo, catalyzing their 

own 'aut'oxidation [Baynes, 1994]. Occurrence of the oxidation products of glycated proteins 

such as carboxymethyllysine and fructoselysine in lens and urine of diabetic patients supports 

the probable availability of redox active transition metals in vivo [ Ahmed et al., 1986].

1.4.3. Copper and Diabetes Mellitus

Increased oxidative stress in diabetes may result from copper-catalysed formation of reactive 

oxygen species, which induces oxidation of lipid, protein and many biological components. A 

generalised theorem can now be developed which argues that diabetes is associated with a 

redistribution of transition metals, probably copper, into sites where the metal can catalyse the 

oxidation of susceptible compounds [Wolff, 1987]. Ninety-five percent of plasma copper is 

bound tightly to caeruloplasmin, and the remaining copper is associated with histidine groups 

of albumin and other plasma proteins.

Total copper levels are higher in diabetic individuals than in the normal, and highest in 

diabetics with angiopathy and/or alternations in lipid metabolism [Mateo et al , 1978 & Noto et
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al., 1983]. It is also the case that levels of copper are elevated in diabetic cataractous lenses 

[Nath et al., 1969], suggesting a possible role of this copper in oxidative damage to the lens. 

Indeed, crystallins prepared from diabetic rat lenses exhibit greater susceptibility to oxidative 

insult (H2O2) [Jones & Hothersall,1993]. Comparative studies in vitro showed that copper is 

more efficient than iron in catalysing autoxidation of sugar and in production of oxidative 

collagen aggregates in diabetic animal [Chace et al , 1991].

1.4.4. Iron and diabetes mellitus

Patients with idiopathic haemochromatosis have a clear predisposition to the development of 

adult onset diabetes [Phelps et al., 1989]. A specific link between iron overload and diabetic 

complications is further suggested by the observation that treatment with the iron-chelating 

agent desferrioxamine improved fasting glucose (decreases hyperglycaemia) and lowers 

hypercholesterolaemia and hyperlipidaemia in diabetic individuals with high ferritin but without 

frank haemochromatosis [Cutler, 1989]. Also consonant with a possible elevation of reactive 

Fe in diabetes is the observation that levels of plasma and white blood cell ascorbic acid are 

lower in diabetics (possibly due to increased iron-catalyzed in vivo oxidation of the ascorbic 

acid) and the in vitro oxidation of vitamin C to dehydroascorbate is higher than in normal 

individuals [Jennings et al., 1987]. By the same token, patients with iron overload often exhibit 

low levels of serum and white blood cell ascorbic acid [Nienhuis,1981 & Cohen et al ,1981].

1.5. Possible Mechanisms for Increased Oxidative Stress in Diabetes Mellitus

1.5.1. “Autoxidation** o f Glucose

Prolonged exposure to hyperglyceamia is the primary factor associated with the development 

of diabetic complications, but the role of glucose in the causation of these complications is not 

yet understood [Larkins & Dunlop, 1992].
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Simple carbohydrates, particularly glucose, do appear to be a source of metal catalyzed 

oxidative stress [Wolff & Dean, 1987]. In the presence of metal ions such as Cu^% 

monosaccharides with a basic alpha-hydroxyaldehyde are able to enolize and thereby reduce 

oxygen, yielding ketoaldehydes and oxidising intermediates [Wolff et al., 1984]. Glucosone has 

recently been identified as the oxidised intermediate sugar moiety product during Cu^- 

catalysed autoxidation of Amadori compound [Kawakishi,et al.,1991], and the glucose 

oxidation catalysed by Cu^  ̂ does generate ROS which cause oxidative damage to proteins 

similar to that caused by the ascorbate-Cu(II) system [Cheng et al., 1992].

Free radicals and hydrogen peroxide slowly produced by glucose “autoxidation” may cause the 

selective degradation of histidine residues in proteins (to which, as previously discussed, Cu 

most often binds) [Hunt et al.,1988; Cheng et al.,1992]. A possibly analogous glucose-driven 

peroxidation of LDL has also been reported [Hunt et al , 1990 & Sakurai et al.,1991]. 

Nevertheless, caution should be exercised when arguing that diabetes-related increases in 

oxidative stress may be directly attributed to autoxidation of glucose in vivo. It is more likely 

that the increased free radical activity in diabetes is the result of the glycation process [Hunt et 

al.,1988, Baynes, 1991] and availability of catalytic metal ions.

It may be important that glucose and ascorbate are highly similar in their molecular structure 

and may share membrane transporters [Mooradian, 1987]. Thus, defective accumulation of 

ascorbic acid in the ocular fluids of diabetics has been explained by mass-action inhibition of 

ciliary body transporter mediated ascorbate accumulation. Furthermore, glucose may - like 

ascorbate - function as both oxidant and reductant, depending upon concentration and 

availability of reactive metals. Recently, Wehmeier & Mooradian (1994) observed that in 

addition to the oxidative potential of sugars, several sugars including glucose, have significant 

antioxidant properties, such as in quenching free radicals derived from 2 ,2 ’azobis ( 2  amidino- 

propane) (AAPH), a peroxy radical generator. Glucose, present in the human blood stream at 

>4.5 mM, may also scavenge HO, since glucose may complete favourably with 

methallothionein, a protein possess the ability of metal (such as copper) binding-antioxidant 

[Halliwell, 1990].
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1.5.2. Oxidative glycation (glycoxidation) as a cause o f tissue damage in diabetes

Glucose in its straight-chain form is an aldehyde and can slowly condense non-enzymatically 

with reactive amino groups (a-NH] ) forming, initially, a Schifif base which may rearrange to 

form the well-known “Amadori adduct” used in the clinical monitoring glycaemic control. This 

early stage of the reaction is called nonenzymatic glycosylation, or glycation. [Roth, 1983]. 

The Amadori product may undergo further reactions, known as Maillard or browning 

reactions, forming more stable products which participate in protein crosslinking/denaturation 

and formation of Maillard adducts (or Advanced glycation end products: AGEs). The process 

of formation of glycation (glycosylation) products from glucose is illustrated in the following 

scheme.

ki k2 kn
Glucose+NH2-R <=> SchifF Amadori > Intermediate -->—>AGE

base product glycosylation
products

Since many of the later products of glycation are the result of reactions involving free radical- 

mediated oxidation, these products may be termed “glycoxidation products” [Baynes, 1991; 

Lyons, 1993]. The Amadori adduct itself may undergo transition metal catalyzed oxidation 

leading to the release of two products: carboxymethyl lysine (CML) residues and pentosidine 

[Baynes, 1991]. CML is a glycoxidation product formed by oxidative cleavage of Amadori 

adducts, whereas pentosidine is a fluorescent glycoxidation product (excitation/emission 

328/378 nm) involved in cross-linking of lysine and arginine in proteins [Ahmed et al.,1986]. 

The amounts of CML in skin collagen and cataractous lens was much higher from diabetics 

than in age-matched nondiabetics [Baynes, 1991], and both CML and pentosidine are increased 

in diabetic urine [Shigematsu et al, 1988], constituting indirect evidence for increased oxidative 

modification of collagen in diabetes. LDL can undergo glycoxidation and glycated LDL has 

been linked with increased LDL oxidation in diabetic patients [Lyons, 1993].

1.5.3. Polyol Pathway and Oxidative Stress

19



1.5.3a. Polyol pathway and diabetic complications

Aldose reductase(EC 1.1.1.21; alditol: NAD(P) oxidoreductase), the first enzyme of the polyol 

pathway, has received special attention because of its possible role in development of diabetic 

complications [Gabbay,1973; Kador & Kinoshita,1985]. Aldose reductase catalyses the 

reduction of glucose to sorbitol in the polyol pathway (see Figure 1.5), which is normally a 

minor pathway for metabolism of glucose but may become important during hyperglycaemia. 

Sorbitol is formed by the reduction of glucose by aldose reductase with the mediation of 

NADPH by the reaction shown in Figure 1.5 below.

Figure 1.5. The polvol oathwav.

NADPH + H"' NADP""

Glucose  "—  > Sorbitol
Aldose reductase

NAD* NADH + H*
 _______ X

Sorbitol — ' Fructose
Sorbitol dehydrogenase

It has been argued that sorbitol accumulation in certain tissues - particularly the ocular lens - 

may explain diabetic complications through an osmotic mechanism (Kinoshita,1974). Sorbitol 

may also interfere with the uptake and processing of myo-inositol, leading to impairment of 

cellular processes that are regulated by phosphatidyl-inositol metabolism [Geene et al., 1987]. 

Thus sorbitol accumulation due to increased flux of glucose through the polyol pathway in 

hyperglycaemia may be either causative of, or contributory to, a number of diabetic 

complications such as cataractogenesis, retinopathy, neuropathy and nephropathy [reviewed by 

Beyer & Hutson, 1986].
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Thus, it is not surprising that in the past 20 years numerous aldose reductase inhibitors (ARIs) 

have been developed, many of which show promise in preventing or retarding the development 

of a wide variety of diabetic complications in experimental animal models of diabetes (Mayer 

& Tomlinson, 1983; Robinson et al.,1986]. Some of these ARIs also prevent thickening of the 

basement membrane. This suggests that there may be a pathogenic role for aldose reductase 

and the polyol pathway in the development of complications that have generally been ascribed 

to non-enzymatic glycation.

Vander Jagt and Hunsaker (1993) have recently proposed an integrative model for diabetic 

complications, combining the polyol pathway theory and the nonezymatic glycocylation theory, 

but with emphasis also on methylglyoxal/acetol. Methylglyoxal, a toxic 2-oxo-aldehyde 

produced nonenzymatically from triose phosphates and enzymatically from acetone, is 

preferred physiological substrate for human aldose reductase, which is also linked with 

diabetes [Vander Jagt et al.,1992]. This integrative model proposes a central role for aldose 

reductase in development of diabetic complications, as postulated in Figure 1.6 [Vander Jagt & 

Hunsaker, 1993].

1.5.3b Polyol pathway and increases in oxidative stress

The “osmotic hypothesis ” stresses the importance of increased accumulation of sorbitol in 

lens tissues in the development of diabetic cataract [Kinoshita,1974]. However, this hypothesis 

may not adequately explain all of the tissue and lens damage which occurs in diatetes 

[Srivastava, et al., 986], because many observations suggest that increase in oxidative stress in 

the lens and other tissues may also be involved. Polyol pathway is proposed to be a 

mechanism needed to be studied for the possibility to cause the diabetic tissue damage by 

yielding increase of oxidative stress. An investigation has been undertaken and reported in 

Chapter 8 .
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Figure 1.6. Central role for aldose reductase in the integrative model o f

polvol pathway and nonenzymatic glvcation.

Intagratlve Model of Diabetic Complications 
(Central Role for Aldose Reductase)

a
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Methylglyoxal, a toxic 2 -oxo-aldehyde produced nonenzymatically from triose 
phosphates and enzymatically from acetone, is preferred physiological substrate for 
human aldose reductase [Vander Jagt et al.,1992]. Formation of methylglyoxal is 
increased during hyperglycaemia [Thomalley, 1992]. Methylglyoxal and its reduction 
product, acetol, were shown to modify proteins, leading to the formation of fluorescent 
products with spectral properties similar to those produced by glucose.

Hyperglycaemia can activate the polyol pathway, which was suggested by the evidence that 

incubation of erythrocytes with 30-50 mM glucose resulted in a several-fold increase in 

erythrocyte aldose reductase activity [Srivastava, et al., 1986]. The precise mechanism of the 

AR activation by high level of glucose is not yet clear, but has been approached in the present 

study (see chapter 8 ). The glucose activation of aldose reductase may lead to an increase of
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NADPH consumption because aldose reductase requires NADPH as a cofactor for the 

reduction of glucose to sorbitol [Gonzalez, et al., 1986]. The endogenous antioxidant enzymes 

such as GR also require NADPH for the reduction of GSSG to GSH. Since aldose reductase 

has a lower Km for NADPH than does GR, severe hyperglycaemia may result in increased flux 

of glucose through the polyol pathway and diminished availability of NADPH for GR activity 

as shown in the Figure 1.7. However, one might argue that the molar amount of NADPH 

which could possibly be oxidized to NADP by AR is so small that it could not have such global 

metabolic effects [ Eaton, J.,1995, discussion].

The resultant depletion of NADPH necessary for both GR activity and maintenance of catalase 

activity may result in decreased ability to reduce oxidants such as H2O2 and lipid 

hydroperoxides. Indeed, decreased GSH/SSSG ratios have been reported in red cells of 

diabetic patents [Gandhi & Chowdhury, 1979]. Cheng et al.,(1985) also have shown that 

human ocular lens exposed to high glucose concentration (35.5 mM) has a lowered capacity to 

detoxify H2O2 added to the culture medium. Thus, these studies provide indirect evidence that 

the polyol pathway may be involved in the increased oxidative stress/oxidative susceptibility 

observed in diabetic patients, and that the inhibition of this pathway may improve cellular 

redox status [Mattia et al 1994].
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Figure 1.7. NADPH competition for aldose reductase and glutathione reductase
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reductase (GR). Km values of two enzymes for NADPH have been 

reported by Gonzales et al [1986],
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1.6. Purpose of the study

In light of the foregoing data, oxidative stress seems to be a common pathway linking diverse 

mechanisms for the pathogenesis of complications in diabetes. The processes which may 

contribute to increased oxidative stress in diabetes are by no means clear, but may involve 

three major pathways: ( 1 ) increases of autoxidation of biological reducing agents, such as 

ascorbic acid; (2) non-enzymatic glycation as a result of hyperglycaemia and (3) metabolic 

derangements, especially activition of the sorbitol (polyol) pathway.

The present study focussed on the proposition that transition metals might contribute to all 

three pro-oxidant processes. Therefore, in vitro experiments have been undertaken to 

investigate the possible roles of hyperglycaemia (i.e., high levels of glucose in vitro) and of 

copper ions as initiating factors of oxidative reactions important in the development of diabetic 

tissue damage resulting from these three pathways.

It is acknowledged that these in vitro experimental studies may not conclusively prove an 

important role for oxidative processes in the development of diabetic complications. However, 

the experimental data, if positive, may point the way in development of additional therapeutic 

strategies for the prevention of diabetic complications.

Furthermore, the methodology which has been developed for measurement of oxidative stress 

in diabetes may also be useful in future studies of this ilk. These methodologies include: (1)

A new system (TOX* assay) for the detection of peroxides in biological materials; (2) 

techniques for the detection of the catalytic activity of copper in biological tissues and (3) 

establishment of a protocol for assessing the effects of candidate anti-diabetic drugs on metal 

(especially, copper) catalyzed oxidation reactions.
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Chapter 2 GENERAL METHODS

2 .1 . Materials

Ferrous ammonium sulphate, hydrazine sulphate, 2 -hydroxy-1-naphthaIdehyde, 3-amino- 

1,2,4-triazole(AMT), ethylenediaminetetra-acetic acid (EDTA), diethylenetriamine penta- 

acetic acid (DETAPAC), methanol, ethyl acetate, o-phenanthroline (OPT) and cupric 

sulphate were obtained from the Aldrich Chemical Co. (Poole, U.K.). Bovine serum albumin 

(BSA)(Bovine: Fraktion V) was obtained from Boehringer (Mannheim,FRG). Xylenol 

orange, H2O2, sorbitol, catalase (Type C-20), n-octanol, cholesteryl linoleate, trichloroacetic 

acid (TCA), 2.4-dinitrophenylhydrazine (DNPH), guanidine, L-a-phosphatidylethanol-amine 

(PE), L-a-phosphatidylcholine(PC), thiobarbituric acid (TBA) semicarbazide, aminogua

nidine (AG) bicarbonate, ascorbic acid, glucose, glucose oxidase (from Aspergillus niger) 

and Chelex (50-100 mesh) metal chelating resin were obtained from Sigma Chemical Co. 

(Poole, U.K.). Lipoic (thioctic) acid was generously supplied by ASTA Medica, Germany. 

Aldose reductase inhibitors Sorbinil® and Zopolrestat® were kindly provided by Pfizer 

(Sandwich, U.K.). Al-1576 was donated by Alcon Inc. All chemicals and reagents were of 

the highest purity available. All solutions and reagents were prepared with chelex-treated 

(50-100 dry mesh. Sigma) deionised water.

2.2. Methods of Studying Lipid and Protein Oxidation

2 .2 .1 . Preparation o f artificial liposomes

L-a-Phosphatidylcholine(PC) and L-a-phospatidylethanolamin(PE) liposomes were prepared 

by a modification of previously described methods (Pick 1982; Bucala et al., 1993). 400 mg 

of PC or PE were dissolved in 4 ml HPLC-grade ethyl acetate and then mixed with 16 ml of 

potassium phosphate buffer (lOmM, pH 7.4). The resulting emulsion was ultrasonicated for
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3 mins on ice. Ethyl acetate was removed by vigorous bubbling under a nitrogen stream. 

Stock solutions of the small liposomes were then prepared at 25 mg/ml of PC or PE in 

phosphate buffer.

2 .2 .2 . Preparation o f artificial lipoproteins: mixtures o f BSA and cholesteryl linoleate

Artificial lipoproteins, consisting of BSA and cholesteryl linoleate, were prepared as 

previously described (Hunt et al. 1993; Werb & Cohn, 1972). The ratio of lipid to BSA was 

1 : 2 (mg/ml). BSA was used at 10 mg/ml in PBS. Cholesteryl linoleate was first dissolved 

in acetone at 20 mg/ml and then added to 10 mg/ml BSA with vortex mixing. The mixture 

was ultrasonicated for 2  mins on ice. Acetone was subsequently evaporated by gassing with 

a nitrogen stream. Lipoproteins were finally prepared at a concentration of 10 mg of 

cholesteryl linoleate and 20 mg of BSA per ml.

2.2.3. Preparations o f glycated protein and glycated lipoprotein

Glycated protein was prepared by incubation of BSA (10 mg/ml ) with 0.5 M glucose in 

chelex-treated potassium phosphate buffer (O.IM, pH 7.4) at 37® C for 7 days as previously 

described (Cheng et al.,1991). All materials in control and test groups for the incubations 

were filter sterilized and contained gentamicin (GM) (0.025 mg/ml) as routinely used for 

tissue culture in the laboratory. However, any potential effect of GM on oxidative reactions 

was not detected in the studies. Indeed, aminoglycosides such as getamicin are known to 

cause kidney damage in experimental animals and this damage may be ameliorated by 

administration of desferrioxamine (which might suggest an iron-dependent oxidative process 

of some sort). Excess glucose in the reaction mixture was removed by dialysis against 

phosphate buffered saline (PBS) (pH 7.4) at 4® C for 48 hours with four changes of buffer.

A mixture of glycated BSA and lipoprotein (here as a model as glycated lipoprotein) was 

prepared by incubation of the glycated BSA with cholesteryl linoleate ( CL ). CL was first 

dissolved in acetone at 20mg/ml and then added to the glycated protein (BSA). The
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subsequent procedures were the same as described for liposomes and lipoprotein 

preparation.

2.2.4. Protein Assay.

Protein assay was performed using a commercial kit (Pierce) based on bicinchoninic acid 

(BCA)(Smith, et al., 1985). Cu(II) in the reagent reacts with protein, is reduced forming 

Cu(I) which forms a highly chromophoric BCA:Cu(I) chelate with an absorbance maximum 

at 562 nm. In the performance of this assay, samples were routinely incubated at 37° C for 

30 min and the absorbance at 562 nm was then measured (note that the development of 

colour is a cumulative process and has no clear end-point). Protein content was calculated by 

comparison with results obtained using a BSA standard.

2.3. Methods for Studying Oxidative Stress

2.3.1. Hydrogen peroxide determination

Hydrogen peroxide(H2 0 2 ) was assayed using the Ferrous Oxidation in Xylenol orange,

version 1 (FOX-1) assay. Briefly, 50mL of test sample or H2O2 standard were admixed with

950mL of FOX-1 reagent (composed of 250mM ammonium ferrous sulphate, lOOmM

xylenol orange, lOOmM sorbitol in 25mM H2SO4) and incubated for 30 min at room

temperature before reading absorbance at 560 nm. Absorbance data were gathered on a Pye

Unicam Series 8700 Spectrophotometer. The concentration of H2O2 dilutions of commercial
-1 -1

reagent was determined using an extinction coefficient of 39.4 M cm at 240nm [Nelson & 

Kiesow, 1972]. S560 (2.2 x 10̂  M*̂  cm‘̂ ) calculated fi'om standard solutions of the H2 O2  

measured by the FOX was then used to measure concentration of H2O2 in samples as 

described previously [Jiang et al 1990].
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2.3.2 Lipid hydroperoxide production with FOX-II assay

Lipid hydroperoxide was measured by the Ferrous Oxidation in Xylenol orange version 2 

(FOX-2) assay. One hundred ml of the reaction mixture was mixed with 0.9 ml of methanol 

and centrifuged at 13,000 g for 5 mins. One hundred ml of the supernatant was then mixed 

with 0.9 ml of FOX-2 reagent (composed of 100 mM ammonium ferrous sulphate, 250 mM 

xylenol orange, 4 mM butylated hydroxytoluene (BHT: a lipid-soluble-chain-breaking anti

oxidant used for preventing undersirable chain oxidation of Fe^  ̂ [Jiang et al. 1991] ) and 25 

mM H2 SO4 in 90 % (v/v) HPLC-grade methanol). The mixture was incubated at room 

temperature for 30 mins and the absorbance was then read at 560 nm. Where appropriate, 

flocculated protein was first removed by centrifugation (12,000 g x 5 min). Concentration of 

lipid hydroperoxide was calculated using an extinction coefiBcient of 4.3 x lO"* M*̂  cm*̂  

[Jiang, et al., 1991].

2.3.3 MDA formation with TBA assay

Malondialdehyde (MDA) formation was assessed by thiobarbituric acid (TBA) assay using 

the method of Slater & Sawyer (1971). 0.1ml of the sample mixture was mixed with 0.9 ml 

of 0.67% TBA and 0.5 ml of 20% trichoroacetic acid, and incubated at 100°C for 20 mins. 

(MDA assay was detected by a routine TBA reagent fi’om the laboratory and BHT which 

was used for preventing undersirable chain oxidation of Fe^  ̂for FOX-II [Jiang et al. 1991] 

was not included in the TBA reagent). After cooling down, the reaction mixtures were 

centrifuged at 4000 rpm for 10 mins and the absorbance of the supernatant was read at 532 

nm. The concentration was calculated as MDA equivalents using the extinction coefficient 

for the MDA-TBA complex of 1.54 x 10̂  M*̂  cm’  ̂ at 532 nm.

2.3.4. Glutathione content in erythrocytes
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Erythrocyte GSH was determined by a method based upon the GSH-dependent reduction of 

S,5-dithiobis-2-nitrobenzoic acid (DTNB) to thio-nitrobenzoic acid (Beutler et al, 1963; Hum 

et ai., 1987 ). Well-washed human red blood cells (RBC) were lysed by addition of 10 mM 

potassium phosphate (pH 7.4). One ml of the RBC lysate was mixed vigorously with 2 ml of 

EDTA/MPA (metaphosphoric acid) reagent. After centrifugation at 3500 rpm for 5 mins, 1 

ml of the supernatant was mixed with 4 ml DTNB reagent in tri-potassium citrate buffer (pH 

= 6 .8 ). After 1 0  mins, the samples were read at 412 nm and GSH content was calculated 

with reference to a standard curve a^d expressed as mmol GSH/mg haemoglobin content.

2.3.5. Measurement o f Carbonyl content

Carbonyls were determined by the method described by Reznick & Packer (1994) using the 

reaction of protein carbonyls with 2.4-dinitrophenylhydrazine (DNPH) in HCl, forming 

protein hydrazones.

Protein (BSA) samples (containing 3 - 5  mg/ml) were precipitated with 5 volumes of 20 % 

trichloroacetic acid (TCA) ( w/v ) in glass tubes. After centrifugation at 3700 rpm for 15 

mins, the protein pellet was resuspended in 1 ml of potassium phosphate buffer (100 mM. pH 

7.4 ). Reaction of carbonyls was performed by adding 3 ml of 10 mM DNPH in 2.5 M HCl 

to the pellet, mixing by vortexing and incubating for 1 hour at 37° C After the incubation, 

the mixtures were then mixed with an equal volume of 2 0 % TCA solution for 10 mins and 

then were centrifuged at 3700 rpm for 15 niins. The protein pellets were collected and 

washed 2 - 3  times with 4 ml of ethanol - ethyl acetate (1 :1 )  (v/v) by mechanical disruption 

of the pellets in the washing solution and re-pelleting by centrifiigation at 3700 rpm for 15 

mins to remove the free DNPH.

The final precipitates were dissolved in 1.5 ml of 6  M guanidine-HCl solution (pH 2.3, in 20 

mM potassium phosphate buffer) and were left for 10 mins at 37° C. Carbonyl content (C) 

was calculated by obtaining the spectra at 355-390 nm using an absorbance coefiBcient of 

22,000 M'Vcm'^ [C (nmol/mg protein ) =Abs 375 x 45.45 ). The protein content in pellets was
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determined on the HCl blank pellets using a BSA standard (EGA assay) as previously 

described.

2.3.6. Lipid-containing fluorophores o f glycated protein

The process of lipid-centered protein modification can give rise to a organic-soluble 

fluorescence product formation with excitation at 370nm and emission at 440nm [Monnier 

& Cerami,1981; Bucala et al., 1993]. After incubation, lOOpl of lipoprotein-glucose sample 

was diluted into 900pl methanol and mixed. After 10 mins, the samples were centrifuged to 

remove denatured apoprotein, and then the supernatants were measured for fluorescence 

with emission at 440 upon excitation at 370nm for estimation of the phospholipid 

fluorophore using PERKIN-ELMER LS-5 luminescence spectrometer.

2.4. Methods for Assaying Copper Ion and its Catalytic Activity

2.4.1. Atomic absorption (AA) spectrophotometer method

All glassware was soaked in 2% nitric acid for at least 18 hours then thoroughly rinsed in 

deionised water and allowed to drain dry. Solutions were stored in polythene bottles. 

Disposable equipment (syringes, needles, sample tubes ) was also rigorously checked for 

contamination by filling with deionised water, standing overnight and then analysing for each 

element.

Sample and calibration solutions of copper standard were prepared in 1 % HNO3 and made 

on duplicate aliquots from each sample. The analysis of copper was performed using SP191 

atomic absorption spectrophotometer (Pye Unicam Ltd, London) at 324.8 nm according to 

the method as described in Elwell and Scholes (1967). Concentration of copper in the 

samples was calibrated with copper standards.
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2.4.2 Rate of copper-catalysed ascorbate oxidation

Rate of ascorbate oxidation (AOD 265 nm/min) catalysed by exhibits a dose- 

dependent reaction in vitro, which was monitored spectrophotometrically. Certain drugs 

which bind copper will inhibit such ascorbate oxidation.

All materials were dissolved in chelex-treated (50-100 dry mesh; Sigma) double distilled 

water. The mixtures consisted of varying concentrations of test drug and Cu^  ̂ (copper 

sulphate, 0.1 - 0.5 mM). Ascorbate oxidation was initiated by addition of ascorbic acid 

(lOOpM ) in 20mM chelex-pretreated potassium phosphate buffer (pH 7.4). This reaction 

was monitored over an initial 3 min period at 265nm in a Pye unicam 8720 UVATS

spectrophotometer thermostatted at 37®C in acid-washed quartz cuvettes. The oxidation 

rate of ascorbate was calibrated from the known extinction coefficient of ascorbate 

(Â265=12.5 mM'Vcm'^). All solutions and hardware were shielded as far as possible from 

contamination by environmental heavy metals. Under these conditions, low baseline rates of 

ascorbate oxidation were ensured and this reaction yielded very reproducible rates of 

oxidation (coefficients of variation < 2 %).

2.4.3 O2 uptake by copper-catalysed ascorbate oxidation

Cu^  ̂catalysed ascorbate oxidation also results in consumption of oxygen (O2), which can be 

monitored by an oxygen electrode. The rate of ascorbate oxidation, indicated by oxygen 

uptake (AmM /min), is a Cu^  ̂ dose-related reaction. Oxygen uptake was performed using a 

Clark-type oxygen electrode (YSI Model 53, Biological Oxygen Monitor, Yellow Springs 

Instruments, Ohio, USA), which was connected to a constant temperature incubation 

chamber (PYE UNICAM) containing a magnetic stirrer. Reaction mixtures consisted of 

varying concentrations of test drug and Cu^  ̂(0.1-0.5 mM). Oxygen uptake was initiated by 

the injection of ascorbic acid (ImM) in potassium phosphate buffer (20 mM, pH 7.4) and 

monitored for 3 min at 2>T C. Total oxygen uptake was calculated as percentage of the
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initial oxygen concentration (air saturated solutions) lost per unit time. In the air-saturated 

condition, pure water has 250 pM/L of dissolved oxygen at 25® C

2.4.4. Inhibition o f copper-catalysed lipid hydroperoxide production

The ability of drugs to inhibit Cu^^-catalysed lipid peroxidation was assessed by exposure of 

artificial liposomes to Cu^  ̂ in the presence of test compounds. Lipid hydroperoxide 

production was measured using the FOX-II assay. L-a-phosphatidylcholine (PC) liposomes 

(2.5 mg/ml), prepared as described above, were exposed to Cu^  ̂ (0.5mM ) in the presence 

and absence of test drug at 37®C for 24 hours. At varying time intervals, 0.1  ml samples 

were dissolved in 0.9 ml methanol and centrifuged at 13,000 g for 5 mins. The supernatant 

was assayed for lipid hydroperoxide using the FOX-II assay described previously.

2.5. A Method Modified for Measuring Lipophilicity and Formation of Drug: copper 

Complex: n-octanol/water partition

N-octanol/water partition is accepted as an index of lipophilicity for drug solubility studies 

[Cassidy & Henry 1987]. I adapted this method to estimate the ability of drugs to form 

lipophilic complexes with Cu. The ability of a compound to cause the partitioning of Cu(II) 

into n-octanol is a reflection of the ability to form a lipid-soluble complex with the metal.

( 1 ). Pre-washed n-octanol. n-octanol (Sigma) was washed three times with distilled water, 

pre-equilibrated with Chelex-treated phosphate buffered saline (PBS: pH 7.4) and stored in 

the dark until use.

(2). Incubation o f drug and copper: Solutions of Cu^  ̂( 1 0  mM) were prepared in 2 ml 

volumes of PBS (pH 7.4) in the presence or absence of 2.5mM test-drug. The mixture was 

incubated for 2 0  mins, with occasional shaking, at room temperature.
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(3). Distribution o f metal-binding drug in n-octanol: 2 ml of n-octanol (pre-equilibrated 

with PBS) was added to 2 ml of the mixture of drug/copper and drug/PBS (control) and then 

gently shaken for 3 min. After standing for 20 mins, the samples were further centrifuged at 

2 0 0 0  rpm for 1 0  mins to separate octanol from water layer.

(4). Determination o f copper content in octanol. 1 ml of octanol (supernatant) was 

transferred into a metal-free glass tube. Octanol was evaporated to dryness under N; at

1 0 0 * C. The residue was redissolved by addition of 1ml of 1% HNO3 . Cu concentration in

the 1% nitric acid was then determined by atomic absorption spectrophotometry (Pye 

Unicam SP9 Series, England ) at 324.8 nm. The overall process is illustrated in the Figure

2 .1 . (Scheme).

2.6. Methods for studying Aldose Reductase (AR) in Rat Lens

2.6 . 1 . Measurement o f aldose reductase-dependent NADPH oxidation.

The rate of decrease in NADPH absorbance at 340 nm was monitored, reflecting the 

oxidation of NADPH in the presence of tissue extracts and DL-glyceraldehyde (as substrate) 

[Corso et al., 1989]. Homogenates of rat lenses were suspended in 50 mM chelex-pre- 

treated potassium phosphate (pH 6.0), supplemented with 5mM 2-mercaptoethanol and 

stirred in an ice bath for 30 mins. The suspension was then centrifuged at lOOOg x 30 mins.

1 ml of the reaction system contained 50 mM potassium phosphate (pH 6.0), 0.1 mM 

NADPH, lOmM D,L-glyceraldehyde and an appropriate amount of the enzyme (lens 

homogenate). Rate of NADPH oxidation was followed by monitoring a decrease in 

absorbance at 340 nm at 25° C for a period of 3 min using PU Series 8720 UV/VIS 

Scanning Spectrophotometer. One unit of enzyme activity is the amount of enzyme which 

catalyses the oxidation of 1 pmol of NADPH / min.
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Figure 2 .1 . Scheme: Measurement of lipophilic drug-binding copper complex: 
n-Qctanol / water partition coefficient
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2.6.2 Measurement of aldose reductase-dependent NADP formation

The assay of aldose reductase activity was also performed by determining NADP formation 

measured by the change of fluorescence at excitation 360nm and emission 460nm [Song et 

al, 1987]. The reaction system (in 0.2 ml reaction volumes) contained a 50ml aliquot of an 

appropriate amount of enzyme (lens homogenate), 0.4 M lithium sulphate, (used for 

stabilising the enzyme activity of lens homogenate [Song et al, 1987].) 5 mM 2-

mercaptoethanol in 50 mM potassium phosphare, pH 6.0, and was incubated for 3 minute at 

37°C. Subsequently, 0.1 mM NADPH was added and the reaction mixture was incubated for 

an additional minute. The reaction was started by the addition of 10 mM D-glucose and 

stopped after 5 min by the addition of 0.2 ml 0.5 N HCl. After 10 min, 2 ml of 6 N NaOH/10 

mM imidazole was added to the samples. Fluorescence of the mixture, after cooling, was 

determined using a PERKIN-ELMER LS-5 Luminescence Spectrometer. A standard of 

NADP (100 - 1,000 picomoles) was prepared for the calibration.

2.6.3. Aldose reductase-dependent sorbitol formation.

Sorbitol formation by rat lens homogenates was determined by capillary gas chromatography 

(GC) as described in Jansen et al (1986) and Petchey & Crabbe (1984). D-mannitol, D- 

glucose, D-sorbitol and P-D(-) fructose were used as standards and prepared as 5 mM stock 

solutions in methanol. D-mannitol was used as an internal standard. 50ml of 5mM mannitol 

was added to 0.2ml of samples of lens homogenate (20mg) making a total volume of 250 ml 

and a final mannitol concentration of ImM. One ml of methanol was added to the tissue 

samples which were held at -20°C for 2 0  min. The samples were centrifuged at 1 0 0 0  x g 

for 10 min, supernatants were collected and extracted with 1ml of hexane for two times. The 

upper layer (hexane) was finally discarded and methanol layer (containing polar substances) 

was dried under a stream of nitrogen.

Silylation of the samples was performed by addtion of lOOpl of the silylating agent: Tri-SIL- 

TBT, (PIERCE, Illinois, USA) for 5 min incubation. After silylation, portions of l|il

36



samples were injected into a Model 5730A Gas Chromatography, (HEWLETP.PACKARD, 

England) with WCOT Fused Silica capillary column (25 m x 0.25mm, Chrompack, The

Netherlands). Calibration of sugar content was undertaken using computer (Summit) 

software (Summit Version 1.15, England). Content of lens sorbitol was assessed by 

comparing the peak height ratio of sugars to the internal standard.

2.7. Preparations of Tissues

2.7.1. Human erythrocytes (RBCs)

Normal human RBCs were obtained in heparin from healthy laboratory volunteers. Blood 

samples were used within 24 hours of collection. RBCs were washed three times in cold 

phosphate buffered saline (PBS: 15mM potassium phosphate, 150mM NaCl, pH7.4) and 

then centrifuged at 750g for 15 min to generate a suspension of packed cells. The resultant 

cell suspension was diluted 20-fold into cold PBS to generate the working RBCs suspension 

(3% hematocrit). The fresh washed erythrocytes were then used within 24 hours for 

measurement of catalase activity (Chapter 3) and drug effects on catalase ( Chapter 3, 4, 5).

2.7.2. Rat lens homogenates and lens incubation

Lens homogenate. Rats lenses were prepared from Male Wistar rats weighing 120-200 g. 

After incision of the capsule, the rat lenses were washed and homogenised by hand in 10 

volumes of cold potassium phosphate (50mM, pH 6.0), supplemented with 5mM 2- 

mercapto-ethanol. The suspension was then centrifiiged at 1500g x 30 min, and the 

supernatant was then used for measurement of activity of aldose reductase.

Whole lens incubation. Fresh rat lenses (n = 5 - 6 ) prepared as described above, after 

washing with cold PBS, were incubated in 2 ml of chelex-treated potassium phosphate buffer
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(PBS, pH7.4), containing 5 mM glucose in the presence of test compounds (such as aldose 

reductase inhibitors, thioctic (lipoic) acid and OPT, and varying concentrations of glucose 

(used for Chapters 7 and 8 ). Incubations were performed under sterile conditions at 22°C 

(room temperature) for 2 0  hours.

After incubation, the sample medium was removed and all lenses were washed 5 times with 

cold distilled water. The well-washed lenses were mixed with 10-fold of cold phosphate 

buffer to make up to 1 0 0  mg (wet weight)/ml for preparation of lens homogenate as 

described above. The insoluble tissue pellets were removed by centrifugation at 2500 g for 

15 min and the supernatant was then used for determination of sorbitol content by GC as 

described above.

2.7.3. Rat liver slices

Rat liver slices were obtained according to the method of Mclean & Nuttall (1977). Male 

Wistar rats weighing 120-200g were sacrificed by cervical dislocation under terminal 

anaesthesia induced by fentanyl citrate (0.01 mg/kg i.m.) and diazepam (2.5 mg/kg, i.p.) 

(Janssen, Wantage, U.K.). The livers were rapidly removed and slices of 0.3mm thickness 

or less (approximately lOOmg) were cut by hand on a Stadie-Riggs stage with a long razor 

blade (AH Thomas Co., Philadelphia). Duplicate slices were put into 25mL Erlenmeyer 

flasks containing 5 mL of Ringer solution as described previously [Mclean, 1975], and

varying concentrations of test compounds. Flasks were incubated at 37°C, under oxygen 

( 1 0 0 %), in a shaking water bath (90 strokes/minute). At varying time intervals, duplicate 

slices were removed, washed in isotonic PBS and homogenised in 3 ml of cold PBS. The 

liver slices and homogenate were then used for study of the effects of aminoguanidine on 

catalase activity (Chapter 5).

2.8. Statistics
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The data are presented as mean ± SD (standard deviation), unless otherwise stated, obtained 

from triplicate samples of at least three independent assays ( samples n = 6-9 ), A  P  value of 

less than 0.05 was regarded as statistically significant. Statistical analyses of data were 

performed by Student’s /-test (two-tailed) (to assess differences between two groups), 

analysis of variance (F-test) (to assess differences of several groups) and regression- 

correlation (to investigate linear association between two continuous variables) with 

UNTSTAT III Computer Program.
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Chapter 3 DEVELOPMENT OF FOX ASSAY FOR DETERMINATIONS OF 

CATALASE ACTIVITY AND APPLICATION TO THE STUDY 

OF H2O2 FLUXES WITHIN CELLS

3.1. Summary

A discontinuous method for the measurement of catalase activity using the Ferrous Oxidation 

in Xylenol orange (FOX) assay is described in this Chapter. Samples containing catalase are 

incubated with H2O2 for varying time intervals prior to rapid mixing of aliquots of the 

incubation mixtures with FOX reagent, which measures residual H2O2 Absorbance is then 

read at 560 nm after 30 min incubation at room temperature. Decay of H2O2 is proportional to 

catalase activity in the original sample and follows linear kinetics with a rate constant (k) =

6.38 X 10^ S"  ̂ for at least 5 min. An adaptation of the method here involves exposure of

intact cells to H2 0 2 -generating systems in the presence of aminotriazole. The extent of 

catalase inactivation allows estimates of total H2O2 accumulation within the cell. The assay 

may be used as a probe of drugs which may inhibit catalase by generating H2O2

3.2. Introduction

Fluxes of H2O2 within cells as a consequence of disease states or chemical exposure are 

believed, perhaps in combination with depleted H2 0 2 -catabolising activity, to play an important 

role in cytotoxicity associated with oxidative stress. Critical to the testing of this hypothesis is 

the ability to measure fluxes of H2O2 within cells. One method which has been used to study 

such fluxes is the examination of intracellular catalase inactivation in the presence of the 

catalase peroxide-dependent inhibitor aminotriazole, which inhibits catalase irreversibly in the
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presence of an H2O2 flux as described in Chapter 1. Residual catalase is then monitored as a 

semi-quantitative reflection of H2O2 formation.

Catalase can be monitored continuously by following the rate of decomposition of H2O2 

(at 240nm) [Bonnichsen et al.,1947] or discontinuously by sampling H2O2 at appropriate 

time intervals [Cohen et al., 1970; Aebi,1984]. There are technical difficulties with the 

spectrophotometric continuous approach, however, as very high and unphysiological levels of 

substrate (j-50mM) are required for sufficient initial absorbance to be achieved (the extinction 

coefficient of H2O2 at 240nm is only 39.4 cm'  ̂ [Nelson & Kiesow, 1972]). These high 

levels of H2O2 cause rapid but variable autoinactivation of catalase by conversion of the active 

enzyme-H2 0 2  complex I to the inactive complex II[Cohen & Hochstein,1964; Aebi,1984]. In 

addition, many cellular constituents absorb strongly at 240nm so that low levels of enzyme 

activity often have to be determined by the continuous method against a very high background 

absorbance.

The discontinuous approaches operate at levels of H2O2 which are probably closer to 

“physiological” but these techniques are reliant upon the ability to measure low levels of H2O2 

rapidly and reliably. This chapter describes the use of the Ferrous Oxidation in Xylenol orange 

(FOX assay; version I) for the discontinuous and reproducible measurement of catalase 

activity. Subsequently, its application to the study of H2O2 fluxes within cells is also described.

3.3. Experimental

3.3.1. Discontinuous measurement o f erythrocyte catalase

50 jj.1 aliquots of washed erythrocytes (3% hematocrit), in duplicate, were lysed by the addition 

of 985pi of lOmM potassium phosphate buffer pH 7.2 to give a lysate with a haemoglobin 

content of 0.15mg/mL as determined by the routine method (Drabkin’s reagent) for 

haemoglobin content. 100 pi of 2.2 pM H2O2 were then added to 1ml of diluated lysate, with
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rapid mixing, yielding an initial H2O2 concentration of 200^M. At varying time intervals 

(from 0 to a maximum of 15 min) 50 (il aliquots of the H2O2 homogenate incubation mixtures 

were removed and rapidly mixed with 950 pi of FOX I reagent in a 1.5 ml microcentrifuge 

vial. The vials were then incubated at room temperature for 30 min and centrifuged at 12,000 

X g for 3 min. Absorbance of the supernatants was read at 560 nm. Residual H2O2 was 

calculated by reference to a calibrated H2O2 standard and/or the extinction coefficient of H2O2

in the FOX-I reagent of 2.25 x 10̂  M”  ̂CM"\

3.3.2. Measurement o f catalase inactivation in the presence o f aminotriazole (AMT)

Well-washed erythrocytes (3% hematocrit) were incubated with or without glucose/glucose 

oxidase (an H2 0 2 -generating system) in the presence of AMT (50mM) in PBS at 37°C in a 

shaking water bath (90 strokes/min). Stock solutions of AMT or other compounds were 

prepared in chelex-treated PBS. 5ml erythrocyte reaction mixtures consisted of erythrocyte 

suspensions (3% hematocrit), 50mM AMT, 2.5mM glucose and varying concentrations of 

glucose oxidase in PBS. After incubation for varying periods of time (up to 1 hour) at 37°C, 

15 pi aliquots of the cell suspension were transferred, with rapid mixing, into 1 ml lysis buffer 

(potassium phosphate buffer 10 mM, pH7.4). Residual catalase was measured as described 

above.

3.4. Results

3.4.1 . Tissue catalase activity measured discontinuously with FOX

The relatively higher extinction coefficient of H2O2 in the FOX assay allows the measurement 

of catalase activity at low concentrations of H2O2 Figure 3.1 shows the dose-response 

relationships for H2O2 (200 pM) decomposition in the presence of bovine liver catalase.
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Figure 3.1 Catalase activity: Dose-response decomposition o f H 2O 2

with FOX assay
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H2O2 at an initial concentration of 2 0 0 |iM was incubated with varying concentrations of 
bovine liver catalase (Sigma, Type C-10) in PBS (15 mM, pH7.4) at 22-25°C. After 3 
or 5 min. interval, 50 pi of sample was withdrawn and added into 950 pi of FOX-I 
reagent. After 30 min. at 22-25°C, absorbance of the samples were read at 560 nm (A) 
and calibrated for residual concentration o fH 2 0 2  (B). The first-order linear reactions of 
catalase measured by FOX are showed by fitting logarithm units(scales) of catalase and 
H2O2 as described in the text of section 3.4.1
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The catalase activity measured by FOX exhibits the first-order kinetic, in which the first-order 

linear reactions are shown by fitting logarithmic (log) units (log scales) of catalase contents 

(Figure 3.1) and H2O2 concentrations (Figure 3.2). Data represented by log scales (units) 

allow a reasonable range of catalase concentrations showing the linear relations determined at 

2 time intervals (3 and 5 min) after onset of the incubation.

Similar data are obtained when human erythrocyte (Figure 3.2A) and rat liver catalase (Figure 

3.2B) are measured using this technique This shows a good, almost linear, relationship 

between H2O2 consumption and enzyme activity. Decomposition of H2O2 over time by human 

erythrocyte and rat liver catalase is curvilinear at least for 5 minutes (Figure 3.2c).

The kinetics of H2O2 catabolism by bovine liver catalase are shown in Figure 3.3. The 

curvilinear time-H2 0 2  concentration progress curve (Figure 3.3A) can be transformed into a 

linear log concentration-time curve yielding a first-order rate constant (K= log (S1/S2) x 2.3 / 

dt) of 6.38 X 10^NT* S’* (Figure 3.3B) which agrees well with other estimates for this constant 

determined by the continuous assay method [Aebi,1984].

3.4.2. Measurement o f catalase inactivation and estimation ofproduction o f 

intracellular H2O2

3.4.2a. Catalase inactivation in the presence o f AMT

The described method for measurement of catalase activity was subsequently adapted for the 

indirect measurement of cumulative H2O2 fluxes within the erythrocyte. The inactivation of 

catalase by a flux of H2O2 in the presence of aminotriazole (AMT) has been described in 

chapter 1 and may be simplified in the following scheme:

Catalase + H2O2 => [catalase + H2O2] Compound I + H2O2 => catalase

4-

AMT => irreversibly inactivated catalase
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Figure 3.2 Measurements of Catalase activity from human RBC and rat liver
with FOX assay
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Dose-response decomposition of H7Q?: H2O2 at an intiai ccmcentration of 200pM was incubated 
with varying amounts of lysate of human RBCs (A) and rat hver homogenate (B) at 22°C.
After a 5 mm interval, the samples were measured for residual H2O2 concentrations (pM); 
Time-course of decomposmg H^OilCl: H2O2 at mtial 200pM was incubated with RBCs (Img 
Hb/ml) or rat liver homogenate (0. Img wet weight/mi) in PBS(15 mM, pH7.4) at 22°C. At 
varymg time mtervals, absorbance of the samples were read at 560nm.
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Figure 3*3 First-order kinetic of reaction o f catalase activity with FOX assay
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H2O2 at an initial concentration (To) of 200|iM was incubated with bovine 
liver catalase (5 ng/ml. Sigma Type C-1 0 ) at 22-25°C. At varying time intervals, 
the samples were analysed with the FOX assay for residual H2O2 either at molar 
concentration( M ), which was measurable at a linear reaction within 6  min (A), 
or at logarithm molar concentration (log M), which was measurable at a linear 
reaction within 12 min (B).The first-order reaction constant (K) was derived from 
the assay of rate of decomposing H2O2 (B).
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Figure 3.4 A steady flux of H2O2 generated from the glucose-glucose oxidase 
system inactivates catalase in the presence of AMT
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A. A steady flux of H7O7 generated from the glucose-glucose oxidase system 
Glucose (2.5 mM) was incubated with varying concmtrations of glucose oxidase 
(mU/ml) at 37°C in PBS (15 mM, pH7.4). At the time intervals of 15, 30 and 60 min, 
the samples were analysed for H2O2 production in the medium by FOX assay;

B. Dose-response inactivation of endogenous catalase bv H?0?
Human RBCs (hematocrit:3%) suspended in PBS ccxitaining 50mM AMT were 
incubated with 2.5 mM glucose and varying concentrations of glucose oxidase 
(mU/ml) at 37°C for 15 min. The RBCs were then lysed in potassium phosphate 
buffer(10mM, pH7.4) (at Hb conc.of 1.5 mg/1) and measured for the rate of catalase 
inactivation (%); suspematant of the cells was detected for H2O2 concmtrations, 
which was used to plot against catalase inactivation.
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The inhibitory effect is exerted on compound I, a higher oxidation state of the enzyme 

generated by interaction with the first molecule of H2O2 . The extent of irreversible catalase 

inhibition in cells exposed to AMT over a given time period is thus a fimction of the 

cumulative H2 O2  flux within the cell over that time period.

3 .4.2b. Catalase inactivation andH 2O2JIVX within erythrocytes

The glucose-glucose oxidase system is an efficient means of generating a steady flux of H2O2 

Figure 3.4 illustrates a typical reaction of dose- and time-dependent production of H2O2 by the 

FOX assay in an incubation mixture consisting of glucose (2.5mM) and varying concentrations 

of glucose oxidase (Figure 3.4A). Thus the glucose-glucose oxidase system was used as an 

source of H2O2 for calibration of extent of catalase inactivation in the present of AMT.

When erythrocytes are incubated with glucose/glucose oxidase in the presence of AMT, H2 O2 

can be detected in the supernatant after the erythrocytes are sedimented by centrifugation. The 

external concentration of H2O2 (in the cell supernatant) detected correlates well with the 

extent of catalase inactivation within the erythrocytes (r = 0.991) (Figure 3.4B). Although a 

proportion of the externally generated H2O2 is presumably metabolised by alternative routes 

(such as glutathione peroxidase), it is clear that a sufficient proportion of H2O2 must interact 

with catalase to allow its inactivation by AMT. Under the conditions of AMT ( 50mM ) and 

H2O2 ( less than 200pM ) used, catalase inhibition can be detected within 5- 6  minutes, but 

total inhibition of catalase may occur after the period.

The glucose/glucose oxidase system was used to calibrate H2O2 production within the 

erythrocyte when the cell is stressed by other producers of H2O2 It can be shown, for 

example, that erythrocytes exposed to ascorbate undergo an appreciable intracellular flux of 

H2O2 , which may be ascribed to the transition metal-catalyzed oxidation of ascorbic acid to 

H2O2 (Chapter 4).
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3.5. Discussion

This simple discontinuous technique for measuring catalase activity can be carried out rapidly, 

with few steps, and allows catalase to be measured in the presence of high levels of other 

materials as well as at low, "near-physiological" levels of H2O2 so that auto-inactivation of 

catalyse can be minimized. This simple discontinuous assay can also be adapted for the 

measurement of AMT-mediated catalase inactivation within cells. Inhibition of cellular 

catalase by glucose/glucose oxidase can be used to calibrate cumulative H2O2 formation within 

cells. The methodology for measuring catalase by FOX is further investigated by detection of 

catalase inactivation ( H2O2 production) in the presence of AMT in erythrocytes exposed to 

various agents such as ascorbic acid and glucose as described in the following sections.
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Chapter 4 H2O2 PRODUCTION IN ERYTHROCYTES EXPOSED TO ASCORBIC 

ACID AND GLUCOSE: ROLE OF TRANSITION METALS.

4.1. Summary

Erythrocytes exposed to ascorbic acid in the preserce of aminotriazole undergo a dose- and 

time-dependent inactivation of endogenous catalase which is proportional to environmental 

hydrogen peroxide (H2O2) concentrations. The production of H2O2 seems to be dependent 

upon the availability of intracellular transition metal chelatable by 0-phenanthroline (OPT), 

although the kinetics of catalase inactivation and H2O2 production by externally-added Cu ions 

is complex. Although glucose is also able to undergo a transition metal-catalysed oxidation 

yielding H2O2 , the production of H2O2 by glucose seems a minor process by comparison with 

ascorbic acid oxidation. Indeed, based on these data, transition metal-catalysed ascorbic acid 

oxidation is likely to be a more important source of oxidative stress in the diabetic state than 

hyperglycaemia.

4.2. Introduction

Glucose autoxidation and glycoxidation theories depend on the idea that sufficient 

decompartmentalized iron and copper are available in vivo to promote both the oxidation of 

glucose and protein glycation. It seems probable that some transition metal is available in vivo 

for these oxidations to occur since carboxymethyl lysine has been found within long-lived 

proteins in human diabetes [Baynes, 1991]. However, if transition metal is available in a form 

permitting oxidation of susceptible biological reductants, then it is likely that other reducing 

agents, such as ascorbic acid, thiols and lipids, would oxidise at a more rapid rate than glucose 

and its protein adducts. This, in its turn, leads to the suggestion that the level of transition 

metal, rather than the level of oxidisable substrate, is the critical factor in determining the extent 

of in vivo oxidative stress.
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To examine this possibility I have investigated the relative rates of H2O2 production in 

erythrocytes stressed with glucose and ascorbic acid using the H2 0 2 -mediated inhibition of 

catalase in the presence of aminotriazole (AMT) [Margoliash, et al., 1960], as described 

previously [Ou & Wolff, 1993, Chapter 3 herein]. The data suggest that ascorbic acid is likely 

to dominate intracellular and extracellular H2O2 production even under conditions of extreme 

hyperglycaemia. Furthermore, chelatable transition metals (although not necessarily Cu ions) 

seem to be required for the H2O2 production as postulated.

4.3. Experimental

Preparation of human erythrocytes and catalase measurements were performed as described in 

Chapters 2 & 3. Conditions for the cell incubations with ascorbic acid and glucose in the 

presence of AMT are given in legends to the figures shown in this chapter.

4.4. Results

4.4.1. H2O2 production and intracellular catalase inactivation by ascorbic acid

Catalase inactivation in the presence of AMT was used to demonstrate H2 O2  production during 

exposure of erythrocytes to ascorbic acid (Figure 4.1). As described in last section, although the 

steady-state concentration of measurable H2O2 in the buffer surrounding the erythrocytes 

reflects a balance between H2O2 production and consumption by the cells, it is evident that the 

extent of catalase inactivation in the presence of AMT can be a measure of H2O2 production 

within the cells or in their vicinity. The dose-dependent inactivation of catalase when erythro

cytes are incubated with ascorbic acid in the presence of AMT suggests that ascorbic acid 

oxidation occurs rapidly within, or in the proximity of, the erythrocytes (Figure 4.1 A).
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Figure 4.1 Dose-response relationship between added ascorbic ascid 
concentration, inactivation of intracellular catalase and 
H2O2 generation
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(A) Well-washed human erythrocytes (5% v/v) were incubated with ascorbic 
acid at varying concentrations in PBS with AMT (50mM) for 45 min. at 
37°C. The samples were withdrawn for analysis of catalase inactivation (%) 
as described in Chapter 3.1.

(B) In a parallel incubation without erythrocytes, H2O2 production by ascorbic 
acid was measured using the FOX assay. Data shown are the means ± SD of 
duplicate samples from triplicate parallel experiments (n = 6 ).
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Glutathione peroxidase is, of course, also well known to metabolize H2O2 . Under these 

conditions, however, co-incubation with diamide (500 jiM), which depletes intracellular 

glutathione, increased calatase inactivation by less than 30%. As shovm in Figure 4. IB, there is 

an apparent threshold for catalase inactivation, which may reflect glutathione peroxidase (GP) 

activity in decomposing H2O2 at low concentrations of H2O2 Alternatively, the threshold may 

simply reflect the kinetics of H2O2 production from ascorbic acid, which shows a similar 

apparent threshold in a parallel incubation of ascorbic acid in PBS in the absence of 

erythrocytes.

4.4.2. Estimation o f intracellular H2O2 by ascorbic acid

In this system, catalase inactivation is well correlated to H2O2 concentration (in the cell 

incubation medium) generated from glucose oxidase (GO) in the presence of glucose (2.5mM) 

(Table 4.1). Precise calibration of catalase inactivation by ascorbic acid by reference to steady- 

state levels of H2 O2  associated with glucose oxidase/glucose is not possible. However, the 

extent of catalase inactivation in erythrocytes exposed to a physiological level of ascorbic acid 

(lOOmM ascorbic acid producing approximately 30% catalase inactivation in the presence of 

AMT) would correspond to approximately 75|iM H2 O2 generated by glucose oxidase/glucose 

(Figure 4.1). Although this is almost certainly an overestimate it is clear that ascorbic acid 

produces substantial intracellular fluxes of H2 O2  under normal circumstances.

4.4.3. Transition metal involvement in erythrocyte catalase inactivation

The possible role of transition metal in the inactivation of erythrocyte catalase by ascorbic acid 

was examined using o-phenanthroline (OPT), a membrane-permeant chelating agent 

[Krishnamurti, et al. 1980 ]. Pre-incubation of the cells with OPT for up to 5 minutes, prior to 

addition of ascorbate, produced 45% inhibition of ascorbate-mediated catalase inactivation 

with comparison to the control of zero-time, when there was no effect of OPT. In fact, 

maximal inhibition is observed after 5 minutes pre-incubation with OPT prior to addition of 

ascorbate.
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Table 4.1 Measurements of H2O2 generation, catalase inactivation and the resultant oxidative 

damage in erythrocytes incubated with varying concentrations of glucose oxidase (GO) and 

glucose (2.5 mM) at 37°C, 30 min. (Data shown are the mean ± SD of triplicate samples from 

duplicate experiments, n = 6  ).

GO

(mU/ml)

H2O2

(nmol/ml)

Catalase 

inactivation (%)

MHb

OD632

GSH

(mmol/gHb)

0 2 . 1  ± 0 . 1 0 . 0 0.132 1.96 ±0.41

5 4.5 ±0.1 1 . 2 0.152 1.76 ±0.32

1 0 7.1 ±0.3 16.1 0.165 1.74 ±0.43

25 13.4 ± 1.9 57.5 0 . 2 1 1 1.63 ±0.21

37 19.5 ±3.1 67.4 0.337 1.08 ±0.15

50 24.5 ± 2.2 6 8 . 8 0.479 0.89 ±0.06

15 38.6 ±3.7 72.6 0.777 0.74 ± 0.02

1 0 0 44.7 ±4.1 83.1 0.942 0.68 ± 0.03

Longer periods of pre-incubation with OPT had no further effect. This suggests that pre

incubation of the cells with the drug allows OPT to react fully with metals suggesting a 

possibility that transition metal-catalysed ascorbic acid oxidation to H2 O2  occurs intracellularly 

(Figure 4.2a). AMT, as an indicator of H2O2 production here, incubated with the cells in PBS 

(in the absence of H2O2) did not inactivate catalase. However, to determine whether ascorbate 

oxidation occurs intracellularly or extracellularly, further studies should be conducted for 

detection of the rate of ascorbate entering intact red cells.

Figure 4.2b shows the results of an experiment in which erythrocytes were incubated with 

ascorbate in the presence and absence of OPT, following the inhibition of catalase with time. 

This experiment is an integration of penetration of OPT into the cell combined with the 

inhibitory effect of OPT on intracellular H2 O2  production but supports a role for chelatable

metals, probably intracellular, in catalase inactivation by ascorbic acid. However, the
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prevention of ascorbate-associated catalase inhibition was not shown by using EDTA (50 - 

200piM), suggesting that EDTA dose not penetrate the cells, and at least, is a weak 

membrane-permeant chelating agent.

4.4.4. Effects of copper and/or OPT on ascorbate-induced catalase inactivation

To examine a particular role of copper irons in catalase inactivation by ascorbate, erythrocytes 

were initially exposed to externally added Cu^  ̂ in the presence and absence of OPT for 5 

minutes ( allowing OPT to react with copper at its maximum effect as shown in Figure 4.2a) 

prior to addition of ascorbic acid. Although OPT was shown to decrease ascorbate-induced 

catalase inactivation, a combination of externally added copper and OPT caused an increase of 

catalase inactivation by comparison with copper ions added in the absence of OPT (Figure 

4.3a). OPT alone caused a substantial inhibition of Cu-catalysed ascorbate oxidation, at least as 

monitored by loss of ascorbate in vitro (Figure 4.3b).

Two possibilities may account for the effect of copper ions plus OPT on catalase inactivation. 

First, OPT may transport copper ions across the erythrocyte membrane so that, even though 

copper is inhibited with respect to external ascorbate oxidation in the presence of OPT, there is 

a greater net catalytically-active concentration of copper ions in the Cu/OPT treated cells. In 

vitro (see Chapter 8 ), OPT was found to remarkably increase partition of copper into octanol, a 

model for biological membranes [Cassidy & Henry, 1987]. It could also be possible that OPT 

has the effect of moving trace amounts of free copper into the hydrophobic zone of the 

membrane wherein the chelate is ‘hidden’ from the water soluble ascorbate and becomes 

unreactive.
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Figure 4.2 Inhibition of ascorbic acid-mediated catalase inactivation requires pre-incubation 

with metal-chelating agent 0-phenanthroline (OPT)
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(A) RBCs were exposed to OPT (lOOpM) for 5 min at 37°C in PBS prior to addition of 
ascorbic acid (AH:250pM) followed by a further incubation for 15 min at 37°C;
(B) RBCs were exposed to OPT(100 |iM) at 37°C in PBS (containing AMT 50mM) for 5 min 
prior to the addition of AH(250 mM) and a further incubation for 0 to 40 min at 37°C in PBS 
Catalase activity was measured as described in the Chapter 3.1. Statistical analyses show
* versus*= not different; * *  versus** = different at p < 0.05.
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Figure 4.3 EfTects o f OPT on copper-catalysed catalase inactivation,
ascorbate oxidation and H 2O2 accumulation
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(A) Erythrocytes were exposed to Cu  ̂ (lp.M) with or without OPT (lOOjiM) for 5 minutes 
prior to addition of ascorbate(AH;250|j.M) in PBS (containing AMT 50mM) at 37°C, and then 
catalase activity was measured after 30 minutes incubation. (B) Oxidation of AH(lOOpM) was 
monitored directly at 265 nm for 3 minutes at 37°C in PBS in the presence of varying 
concentrations of with or without OPT (100fj.M). (C) AH (250|iM) was incubated with 
varying concentrations of Cu^^ with or without OPT (lOOpM ) in PBS for 15 minutes at 37°C. 
After 5 minutes at 22°C, the samples were measured by FOX for H 2O2 . Data shown are the 
means±SD of triplicate samples of two separate tests (n=6). Statistical analyses show 
* versus* = different at p < 0.005; ** versus = different at p < 0.001.
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Second, the enhanced catalase inactivation in the presence of externally-added copper ions and 

OPT may relate to the fact that despite a lower rate of ascorbic acid oxidation, there is a greater 

net accumulation of detectable resulting from ascorbic acid oxidation in the presence of 

copper ions and OPT (Figure 4.3c). The kinetics of this latter reaction are complex (Figure

4.3 c) with a distinct "cross-over” at different ratios of copper ions and OPT. It is unknown 

whether this chemistry was directly relevant to inhibition of catalase in the erythrocyte since, in 

fact, extracellular HjOj levels in the presence of erythrocytes were consistently found to be close 

to zero, presumably because HjOj is rapidly metabolised by the cells during catalase 

inactivation (data not shown). We cannot thus conclude whether the effect of copper ions in the 

presence of OPT is on levels of H^O  ̂in the general environment of the cells or via an effect on 

copper ion permeation into the cells.

4.4 .5. Relative rate o f ascorbate oxidation in vitro and in erythrocyte suspensions: Effects

o f copper versus iron

Figure 4.4 shows that Cu^  ̂ is much more potent than iron (FeClg prepared in 5.5 mM 

nitrilotriacetic acid, NT A) as a catalyst of ascorbate oxidation, as assessed by oxygen 

consumption (Figure 4.4a) and loss of ascorbate (OD265/min) (Figure 4.4b). By matching 

molecular weight of the two metal irons, rates of both processes were more than 50 fold higher 

when catalyzed by Cu^  ̂ than when catalyzed by FeClg. Figure 4.4c shows that 54% of 

original catalase was inhibited in the erythrocytes exposed to ascorbate without adding 

external metals. However, the catalase inactivation was significantly increased by addition of 

externally added Cu^ ,̂ but only slightly increased by FeClg. The differences of the two catalysts 

shown may result from a different ability of the two externally added metal ions in entering the 

cells.

4.4.6. Relative rates o f H2 O2  production: Glucose versus ascorbate

A. comparative study of AMT-induced inactivation of catalase by ascorbic acid and glucose 

showed that inactivation of catalase is much greater when erythrocytes are exposed to ascorbic
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acid than when erythrocytes are exposed to glucose (Figure 4.5). Although glucose at an 

extreme, unphysiological level (lOOmM) seems capable of producing a small flux of H2 O2 , as

judged by a minor inhibition of erythrocyte catalase (Figure 4.5), the catalase inactivation over 

short time periods is far less than that induced by a physiological level of ascorbic acid 

(lOOjiM). Although glucose has the potential for H2O2 generation, such as slowly accumulation 

of H2O2 under the condition of chronic hyperglycemia, actual production of H2O2 from glucose 

within cells, even at high concentrations of glucose, appears trivial compared with the flux of 

H2O2 which would result from transition metal-catalysed ascorbic acid oxidation.

4.4.7. Oxidative damage and catalase inactivation in erythrocytes 

exposed to ascorbate and glucose

Catalase inactivation (H2O2 production) correlates well with oxidative damage to erythrocytes. 

For example, erythrocytes exposed to ascorbic acid exhibit a great increase in methemoglobin 

(MHb) formation, especially with externally added Cu^  ̂(Figure 4.6). Table 4.1 shows a dose- 

related correlation between GSH decline, MHb formation and catalase inactivation in human 

erythrocytes during exposure to varying concentrations of glucose oxidase (GO) and glucose 

(2.5 mM). Protection against oxidative damage in the cells has been shown by metal-chelating 

agents such as DETAP AC and some drugs with metal chelating ability (data shown in later 

chapter ).
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Figure 4.4 Comparison of iron and copper in catalysing ascorbate oxidation 
in vitro and erythrocytes
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Figure 4.5 Time-course of inactivation of intracellular catalase by 

ascorbic acid and glucose in the presence of AMT
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Well-washed human erythrocytes were incubated with glucose (lOOmM) 

and ascorbic acid (AH; lOOpM) in PBS (15 mM, pH 7.4) with AMT (50 mM) 

at 37°C with shaking. Catalase inactivation was analysed by FOX assay at 

varying time intervals.
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Figure4*6 Methemoglobin (MHb) formation during the incubation of
human erythrocytes with glucose, ascorbic acid or/and copper
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Incubations of erythrocytes with glucose (G: lOOmM), ascorbate (AH: 100|iM) 
and copper (Cu^ :̂ 5|iM) were performed as in Figure 3.5. At varying time intervals 
(0 - 40 min), 0.2 ml of the erythrocyte suspension was transferred into 0.8 mL of 
1 0  mM potassium phosphate buffer (pH7.4). Formation of MHb in the red blood 
cell lysate were then measured by monitoring OD at 632 nm.
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4.5. Discussion

4.5 . 1 . Hyperglycaemia, ascorbic acid and transition metals: Which is more potent in causing 

increased intracellular H2O2 production?

The data presented here suggest that the processes of glucose autoxidation seem to cause litter 

oxidative stress as judged by H2O2 production. It is assumed tha- even small changes in 

plasma and tissue ascorbic acid concentrations in vivo will have a far greater impact upon 

intracellular H2 O2 fluxes than increases in glucose levels, even up to very high concentrations. 

Furthermore, small variations in the concentration of chelatable transition metal ions may be 

expected to greatly modify the rate of ascorbic acid-mediated intracellular H2 O2  production as

well as the oxidation of other reducing agents.

Hemoglobin is known to have a high Cu^  ̂affinity and copper bound to hemoglobin has been 

indicted in the spontaneous oxidation of purified or partially purified hemoglobin solutions 

[Rifkind,1974]. From the data presented here, copper also seems to be an efficient catalyst for 

the oxidation of ascorbate both in vitro and in erythrocytes. The present data seem to suggest 

that production of H2O2 within the cells resulting from ascorbate oxidation may depend, at 

least in part, on the trace copper known to be present within normal erythrocytes 

[Rifkind,1974].

4.5.2 Roles o f glucose and ascorbate in increased spontaneous oxidant production in 

diabetes

The finding of a relatively low rate of H2 O2 production fi"om glucose by comparison with 

ascorbic acid does not exclude the possibility that hyperglycaemia may be damaging through 

"site-specific" protein damage [Wolff, 1993; Baynes, 1991], or related mechanisms, but seems 

to exclude the idea that glucose contributes to substantial fluxes of H2 O2 in vivo. Erythrocytes
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were used here as a model for H2 O2 production in cells in general but it is unlikely that cell 

types specifically affected in diabetes, such as endothelial cells, would experience much 

greater fluxes of H2 O2 from glucose.

The suggestion that ascorbic acid may cause a transition metal-catalysed flux of H2 O2  in vivo

is of importance, since there are marked derangements of ascorbic acid metabolism in diabetes 

as mentioned in Chapter 1 . Plasma levels of ascorbic acid are reported to be decreased in 

diabetes whereas dehydroascorbic acid levels are increased [Yue, et al. 1989 & Sinclair, et al., 

1991]. One possible reason for this abnormality is that there may be an increased rate of 

ascorbate oxidation caused by decompartmentalized transition metals. Although emphasis has 

been placed upon the pro-oxidant effects of hyperglycaemia in diabetes, it seems, at least from 

our in vitro results, that ascorbic acid is a more probable in vivo precursor of H2 O2 • 

Furthermore, there is some evidence that ascorbic acid does contribute to oxidative stress in 

diabetes. For example, administration of supplementary ascorbic acid to streptozotocin- 

diabetic rats actually appears to produce greater levels of plasma lipid peroxidation [Young, et 

al. 1992].

In conclusion, although hyperglycaemia may be an important contributory factor to long term 

tissue damage in diabetes via covalent modification of macromolecules, it seems unlikely that it 

contributes appreciably to oxidative stress. The possibility that ascorbic acid oxidation 

catalysed by transition metals in vivo may be responsible for at least some of the cumulative 

protein damage in diabetes and ageing certainly requires closer attention.
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Chapter 5 AMmOGUANIDINE, A DRUG PROPOSED FOR PROPHYLACTIC 

TREATMENT OF DIABETES, GENERATES HzOz

5.1. Summary

Aminoguanidine (AG) has been proposed as a drug of potential benefit in prophylaxis of the 

complications of diabetes. The hypothesized mode of action is through interference with the 

formation of various glucose adducts and the ultimate formation of AGEs. However, the 

results presented below indicate that AG will irreversibly inhibit catalase with an efficacy 

similar to aminotriazole. AG also produces H2O2 in a transition metal-catalysed process 

which may be partially dependent upon prior hydrolysis of AG to semicarbazide and hydrazine. 

These observations may be of importance in proposals for the long term administration of AG 

in diabetes. The paradox of AG is that this drug, which is claimed to block diabetic tissue 

damage, has the potential for actually increasing oxidative stress in vivo.

5.2. Introduction

Aminoguanidine (AG), a known inhibitor of the formation of advanced glycosylation end 

products (AGEs) in vitro and in vivo [Brownlee et al., 1986], has been postulated to block 

pathological tissue alterations via inhibition of deleterious long-term changes to proteins 

associated with hyperglycaemia [Edelstein & Brownlee, 1991]. Thus, AG has been proposed 

as an agent of potential benefit in prevention of development of diabetic complications.

Our interest in this compound was aroused by the unexpected observation that AG seemed to 

increase H2O2 production from glucose. There were also observations that AG inhibits Cu- 

containing amine oxidases [Seiler et al , 1985] such as spermine [Brunton et al ,1991] and 

histidine [Taylor, 1986] oxidases. Finally, earlier studies suggested that AG might inhibit
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catalase [Margoliash et al., I960]. In this study, inhibition of catalase by AG was re-examined. 

The possible route of AG oxidation to yield H2O2 is also described. These observations 

might be relevant to possible problems of chronic toxicity associated with the compound and 

its role as a means of inhibiting diabetic complications.

5.3. Experimental

AG bicarbonate salt was first dissolved in IN HCl and then adjusted to pH 7.4 with sodium 

hydroxide. All solutions were prepared with chelex-treated double distilled water. 

Determinations of H2O2 and catalase inhibition were performed as described in previous 

Chapters. Details of the precise conditions for incubations of human erythrocytes and rat liver 

slices with AG and other agents are given in the legends to Figures.

Determination o f Hydrazine in AG: Hydrazine is an intermediate product of AG. Hydrazine 

was detected for investigation of its role in production of H2O2 associated with AG. The 

presence of hydrazine in stock solutions of AG was sought by the reaction of hydrazine with 2- 

hydroxy-1 -naphthaldehyde to form a spectrophotometrically-detectable hydrazine [Manes et 

al., 1987]. 10 ml volumes of hydrazine standard solutions or unknowns were incubated with 1 

ml of IM sodium acetate/lOOmM acetic acid and 1ml of 120mM 2-hydroxy-1-naphthaldehyde

(in ethanol) for 2 0  min at 100°C. Aldizines were then extracted into 5 ml of chloroform by 

shaking. Spectral characteristics of the chloroform extract were compared for the hydrazine 

unknowns and hydrazine standards. Concentrations of hydrazine-like aldizines in AG were 

estimated by calibration against 412nm absorbance for hydrazine standards.

5.4. Results

5.4.1. Effects o f AG on H2O2 production from glucose during glycation in vitro 

Preliminary observations suggested that AG could act as a precursor for H2 O2 since it was 

found that glucose appeared to generate consistently greater amounts of H2O2 in the
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Figure5.1 The accumulation and copper-catalysed production of H 2O 3

from AG
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A. The accumulation of H7O? by AG. AG at varying concentrations was incubated 
with potassium phosphate buffer (SOmM, pH7.4) at 37°C for 20 hrs. H2O2 was 
determined by the FOX assay as described in Materials and Methods;

B. Copper-catalysed production of H^O^from AG. AG (lOmg) was incubated in 
the presence or absence of Cû "̂  in potassium phosphate buffer (SOmM, pH7.4) 
at 37°C for up to 4 hrs. Samples were taken at various time intervals and 
analysed for H2O2 by the FOX assay.
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presence of AG (Figure 5.2a). Although the H2 O2 production by glucose was decreased when 

glucose was incubated with bovine serum albumin (BSA), net accumulation of H2O2 was 

increased in the presence of AG (p < 0 .0 1 ) (Figure 5.2a). This result was unexpected. 

However, the accumulation of H2O2 may only reflect an unexpected additive effect of AG. 

Although AG is believed to block AGE formation, it had previously been shown that AGE 

formation could generally be inhibited by strategies which lowered H2O2 formation during 

glycation [Hunt, et al. 1988]. It had been thought that AG would also lower H2 O2  formation 

from glucose.

5.4.2. H2O2 formation by AG

It was subsequently observed (Figure 5.1a) that AG incubated in chelex-treated potassium 

phosphate buffer slowly accumulated H2O2 in a reaction which was catalysed by the addition 

of copper (Figure 5.1b) and was inhibited (greater than 50 percent) by the transition metal 

chelator EDTA and BSA (Figure 5.2b). H2O2 production was approximately curvilinear when 

catalysed by Cu ions (Figure 5.1b). The 560nm absorbance signal generated by AG in the 

FOXl assay was confirmed as H2O2 by pre-treatment of the incubated AG solutions with 

catalase, which abolished colour development (Figure 5.3).

5.4.3. Route to H2O2 from AG

AG decays to semicarbazide via hydrolysis and subsequently to hydrazine [Lisber & Smith, 

1939] (see scheme shown on page 72), which as reducing agents might be expected to 

generate H2O2 in aqueous solution. Indeed, hydrazine appeared to generate H2O2 at a greater 

rate than AG. After an incubation period of 2 hours, 50mM hydrazine in the presence of 

lOmM Cû "*" produced 36pM H2O2 when incubated in 50mM phosphate buffer at pH 7.4 at

37®C. lOmM AG generated approximately 19 pM H2O2 under the same conditions. The 

peroxide generation caused by AG may be the result of metal catalysed processes (as 

described in scheme shown on page 72).
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Figure 5 .2  AG increases H2O2 production from glucose during glycation in vitro
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(A) Glucose (G) and AG were incubated alone or in combination; (B) Glucose 
and AG were incubated in the presence o f BSA (Img/ml) in 50 mM potassium 
phosphate buffer (pH 7.4) at 3TC.  At varying time intervals, sançles were taken 
and analysed for H 2O2 production using FOX-I reagent. Values given are the 
means ± SD of triplicate measurements.
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Figure 5.3 EfTect o f catalase on H2O 2 generated by AG
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AG (lOmM) was incubated alone or in the presence of (2pM) in the 
potassium phosphate buffer (50 mM, pH7.4) at 37°C for 4 hrs. Catalase 
(final concentration: 50 Sigma units/ml) was also added to samples of 
incubated AG prior to measurement of H2O2 by the FOX assay in order to 
confirm that authentic H2O2 was being formed by AG. Heat-inactivated 
catalase produced no reduction in the signal. A positive control of 2.5 pM 
H2O2 measured by the FOX assay is also shown for comparative purposes.

70



5.4.4 Inhibition of catalase by AG and aminotriazole (AMT)

Aminogunidine(AG) was also observed to inhibit catalase activity in a time- (Figure 5.4) and 

dose-dependent manner (Figure 5.5). Under the conditions used, the IC50 for AG was found to 

be 15.33mM compared with 4.11mM for aminotriazole (AMT). The IC50 for semi-carbazide 

was considerably higher (in excess of 65mM) under these conditions. Hydrazine was found 

noi to inhibit catalase. Since hydrazine failed to inhibit cat Jase and semicarbazide was an 

inefficient inhibitor, it can be concluded that the effects of AG on catalase are unlikely to be 

caused by solution contamination by its hydrolysis products.

However, the present studies are unable to clarify the mechanism of AG-dependent inhibition 

of catalase. AG inhibition of catalase seems to be associated with generation of H2O2 . AG 

may act similarly to AMT in inhibiting catalase which requires presence of H2O2 Thus the 

observation suggests that the two compounds may have a similar inhibitory effect on catalase. 

However, AMT itself was not found to generate H2O2; its inhibitory effect on catalase depends 

on the presence of environmental H2O2

The chemical structures of the two compounds are shovm below. AG was is known as one of 

intermediates for synthesis of AMT [Margoliash et al., I960]. However, precise mechanism 

of AG in inhibiting catalase and its difference, if so, from aminotriazole require further 

investigation.

H2N — C —  NHNH2

II
NH

Aminoguanidine(AG) 

CĤ N̂  (MW: 74.09)

H
I

N 
/ \

HC N
II II
N C-NH2

Aminotriazole (AMT) 

C2H4 N4 (MW: 84.1)
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Figure 5.4 Time course o f inhibition o f  calatase activity by A G
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Catalase (40 units/ml) was incubated with AG (2,10 and 2 0 mM) in potassium 
phosphate buffer (50mM, pH7.4) at 37°C for 3 hrs. At varying time intervals, 
samples were withdrawn and measured for residual catalase activity ( % of control) as 
described in Chapter 3. Catalase incubated without AG was taken as 1 0 0 % of activity.

Figure 5.5 Potency of AG and AM T inhibiting catalase
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AG and AMT at varying concentrations were incubated with catalase (40 unit/ml) 
in the presence of ascorbate (lOOpM) and Cu^^(2|iM) at 37°C for 2 hrs. Residual 
catalase activity was measured by FOX assay. 50% inhibition of cataiase(IC5o) caused 
under the conditions was determined by standard statistical procedures.
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5.4.5 Inhibition o f catalase by AG in human erythrocytes and rat liver

The irreversible inhibition of catalase by AMT is known to require the continuous and 

simultaneous presence of H2O2 [Margoliash & Novogrodsky,1958; Darr & Fridovich, 1986]. 

In the presence of a continuous supply of H2O2, the inhibition of catalase by AMT is 

irreversible [Darr & Fridovich, 1986]. However, since the inhibition of catalase by AG shown 

in Figures 5 and 6  is similar to that caused by AMT, and since both AG and its hydrolysis 

products generate H2O2 , it is difficult to determine whether the inhibition of catalase by AG is 

of the reversible or irreversible type under these conditions.

Figure 5.6 shows the relative effects of varying concentrations of AG, and one concentration 

of AMT (50mM) on rat liver slices and human erythrocytes in the absence of other additions. 

Both AG and AMT inhibited catalase in rat liver slices, which generate endogenous H2O2 

AMT was approximately 5 times as efficient an inhibitor as AG as was also seen for inhibition 

of pure catalase in the experimentats outlined above. By contrast, neither compound inhibited 

human erythrocyte catalase at the concentrations and under the conditions employed in the 

absence of the H2 0 2 -generating system (Figure 5.6).

In the presence of Cû "*" (2mM) and ascorbate (ImM), however, human erythrocyte catalase 

was inhibited by both AG and AMT (Figure 5.7). Cu^  ̂ alone incubated with the cells did not 

significantly inhibit catalase in the presence of AMT, but did so in the presence of AG. This 

probably reflects the ability of AG, but not AMT, to generate H2 O2 . These results with liver 

slices and with erythrocytes exposed to a steady flux of H2O2 suggest that AG shares the 

characteristic of AMT of being capable of inactivating catalase irreversibly in a manner which 

is dependent upon continued flux of H2O2 .
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Figure 5.6 AG inhibits catalase in liver slices but not in erythrocytes 
in the absence of an H2 0 2 -genenitmg system
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1. Well-washed human erythrocytes were suspended in PBS (at 5% v/v) contaimng 
varying concentrations of AG or 50mM AMT in a final volume of I Omis. After
incubation with constant shaking at 37°C for 2 hours, 50pL aliquots were removed 
and added to 950pL phosphate buffer (lOmM, pH 7.4) containing 200pM H 2 O2

The lysates were further incubated for 10 minutes at room temperature. Aliquots 
(lOOpL) were then added to 900pL FOX reagent, incubated at room temperature 
for 30 minutes, centrifuged at 12000g x 5 minutes before reading absorbance of the 
supernatant at 560nm,

2. Liver slices prepared as described in Materials and Methods were homogenised 
in phosphate-buffered saline after incubation with varying concentrations of AG or
50mM AMT at 37®C for 2 hours. Diluted homogenate (200pg wet weight 
liver/ml) was then incubated with 200pM H2 O 2  in phosphate buffer (lOmM, pH
7.4) for 10 minutes prior to determination o f residual H2 O2  In both cases, data
were obtained from duplicate incubations.
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Figure 5.7 A G  inhibits erythrocyte catalase in the presence o f Cu^ and

C u^/ascorbate
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Erythrocytes (3% hematocrit) were incubated with varying concentration of AG and 

50mM AMT ( as a control) in the presence o f (2|iM) with or without 

ascorbate (ImM) in PBS at 37°C for 2 hours with shaking. Erythrocytes were than 

lysed by the addition o f 50|iL the sample to 950 jiL phosphate buffer (SmM, pH7.4) 

containing 200pM H2O2 and incubated for 10 min prior to determination of residual 

H2O2 The steady-state level of H202was detected at 23.4 ± 2.1pM in copper 

containing media and 81.5± 3.6 |jM in the copper/ascorbate captaining media.
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5.5. Discussion

5.5.1. Generation of H2O2 by AG and its potential as a pro-oxidant

AG generates H2O2 at a low rate in vitro, either directly or via the hydrolysis products 

semicarbazide and hydrazine. The increased H2O2 production and catalase inhibition are 

greatly accelerated in the presence of trace amounts of Cu^\ This may be of relevance to 

model studies of AGE formation in which proteins are incubated with glucose, in the presence 

of AG, for extended periods in vitro. H2O2 produced by AG oxidation could conceivably be 

involved in chromophore bleaching giving the appearance of an inhibition of browning. 

Semicarbazide could be postulated to react with protein amino groups via its free carbonyl 

group thus competitively inhibiting glycation. As a result of these observations, some aspects 

o f the in vitro reactivity of AG may need reinvestigation.

5.5.2. Pathway o f AG-mediated H2O2 generation

Formation of hydrazine and semicarbazide by AG hydrolysis coupled with H2O2 production by 

these hydrolysis products makes it difficult to determine whether hydrazine, semicarbazide or 

AG is immediately responsible for the production of H2O2 in incubated solutions of AG. 

Determination of hydrazine in fresh and incubated solutions of AG showed, however, that 

hydrazine was present at a steady-state level of less than 0.02% of the AG concentration. 

Thus a lOmM solution of AG contained an upper limit of 5pM hydrazine. This quantity of 

hydrazine would contribute less than 20% of total H2 O2  derived from AG.

Cu^  ̂has been shown to increase H2O2 production by AG. It can thus be concluded that AG 

forms H2O2 not only directly via its hydrolysis products, but also via transition metal-catalysed 

oxidation of the parent compound. The possible pathway of metal-catalysed AG production of 

H2O2 may be described as the following processes.
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Scheme: Possible route to AG production from AG hydrolysis
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5.5.3. Inhibition o f catalase by AG vs. AMT and potentialfor cytotoxicity

AG appears to inhibit catalase by mechanism similar to AMT. This inhibition, like AMT, is 

irreversible in the presence of constant source of H2O2 . The concentrations of AG required to 

inhibit catalase in vitro are considerably higher than those which are expected in vivo 

(approximately 250|iM in an animal treated i.p. with 25 mg/kg AG). However, inhibition of 

catalase by AG, like that caused by AMT, seems to be both time-dependent and dependent 

upon endogenous H2O2 production. Therefore, the extent o f inhibition in vivo would be 

dependent upon rates of endogenous H2 O2 production, rates o f catalase turnover and tissue 

levels of AG. Small chronic doses of AG could thus have a considerable effect upon catalase 

levels. By way of comparison, a single, 100 mg/kg dose of AMT (giving approximately ImM 

in plasma) leads to a 50 percent decrease in renal catalase in the normal rat within 1 hour 

[Palier & Patten, 1991].
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Thus, the results suggest that chronic administration of AG may be associated with toxicity 

reminiscent of acatalasaemia, or exposure to AMT. If the effects are solely reminiscent of 

hereditary acatalasaemia then few adverse effects would be expected, with the possible 

exception of oral ulceration [Eaton, 1989]. If̂  however, AG acts like AMT then more severe 

adverse effects might be anticipated. Thus, although the acute toxicity of AMT in rodents is 

very low (oral LD5 0  = 14.7 g/kg), much smaller degrees of chronic AMT exposure (5mg/kg

i.p. giving 50mM in plasma) result in inhibition of iodine uptalie by the îh^ioid, abnormal 

thyroid growth and thyroid tumours in animals [Reinhardt & Britelli, 1981]. Effects relating to 

AG-mediated inhibition of catalase need to be investigated as part of the formal chronic 

toxicity testing of AG as a pharmacological entity.

5.5.4. The paradox o f AG

The data presented here are in conflict with a simple hypothesis o f oxidative stress aetiology 

of diabetic complications. AG is a highly reactive compound which generates hydrogen 

peroxide (more than 1 0  times as rapidly as glucose) and inhibits catalase in vitro (with an 

efficacy similar to AMT). Thus this drug, which is suggested to block diabetic tissue damage, 

has the potential for actually increasing oxidative stress in vivo. Nonetheless, AG may still be 

a useful therapeutic for several possible reasons. First, the drug may not inhibit catalase in 

vivo. Second, if it does so its effects may be trivial. Third, oxidative stress secondary to 

minor inhibition of catalase may not exacerabate diabetic complications.
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Chapter 6 GLYCATION AND LIPID-DERIVED GLYCOXIDATION: ROLE OF 

TRANSITION METALS

6.1. Summary

The influence of copper on glucose-mediatei lipid peroxidation and protein glycoxidation was 

investigated in vitro. Glucose was found to be a poor initiator of the peroxidation of liposomes 

in the absence of added metal. However autoxidised glucose appears to contribute to the 

oxidative modifications of lipids and proteins as reflected by increased formation of carbonyl 

compounds, TEARS, lipid hydroperoxides and fluorescent products. Glucose modified 

(glycated) forms of protein and lipoprotein were shown to be more vulnerable to this metal- 

catalysed oxidative damage compared to native protein.

Products of lipid peroxidation were greater when glucose was incubated with L-a- 

phosphatidylethanolamine(PE), a phospholipid with a free NH2 , in comparison to L-a- 

phosphatidylcholine (PC), which lacks a free amino group. Although these reactions were 

promoted by added copper, metal chelating agents inhibited glucose-mediated oxidation of both 

lipids by only 50%. However, a requirement for transition metal mediation of these glucose 

dependent reactions cannot be excluded simply on the basis that metal chelators were only 

partially inhibitory. The difference in the increased formation of oxidation products between PE 

and PC in the presence of glucose may relate to the fact that PE contains a higher percentage of 

polyunsaturated fatty acid. The free -NH] group may also contribute to lipid oxidation via a 

glycoxidation pathway.

6.2. Introduction

In diabetes, oxidative modification of protein and lipoproteins by glucose may contribute to 

accelerated atherosclerosis and micro-vascular disease [Lyons, 1992a]. Lipoproteins are of
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particular interest in the investigation of the "glycoxidation" hypothesis because their lipid cores 

are vulnerable to oxidative damage, and because of the close physical association of apoprotein 

and lipid constituents. They can therefore serve as models to investigate interactions between 

protein glycation and lipid peroxidation.

It had previously been assumed that oxidative reactions between glucose and 

macromolecules, such as lipoproteins, involved transition metals. Recently, however, 

Bucala and colleagues (1993) proposed that lipoprotein oxidation in diabetes mellitus is 

linked to the formation of AGEs on lipoproteins without the intermediary of transition 

metal ions. As evidence for this proposition, Bucala and colleagues prepared liposomes 

from phosphatidylethanolamine (PE; a phospholipid with a free amino group) or 

phosphatidylcholine (PC: which lacks a free NH2) and incubated these lipids with glucose 

in the presence of EDTA to block metal-catalyzed reactions. They observed that lipids 

incubated with glucose in the presence of EDTA still generated TBARS and novel 

fluorophores. They also observed that PE generated more fluorescence and peroxidation, 

as judged by TBARS, than did PC. They used this observation to argue that lipids with a 

free amino group, such as PE, would become glycated and secondarily oxidise unsaturated 

lipid via an unspecified mechanism probably involving AGEs. Èuch specificity for oxidation 

associated with hyperglycaemia, in the apparent absence of metal, would argue that lipid 

peroxidation, or oxidative stress in general, can be linked with diabetes mellitus without 

invoking transition metal.

In order to test this hypothesis the oxidation and fluorescence development in liposomes 

and artificial lipoprotein exposed to glucose was re-examined. The data confirm that 

EDTA does not block metal-catalyzed reactions, but merely slows them. The data further 

suggest that although there may be differences in the phospholipids studied by Bucala with 

respect to the free amino group, it is also possible that differences in polyunsaturated fatty 

acid content of commercially obtained phospholipids may also play a role. Finally, a role 

for transition metal-catalyzed oxidation in glucose-mediated lipid peroxidation is confirmed 

by experiments involving "pre-autoxidized" glucose, or artificial lipoproteins prepared from 

heavily glycated protein.
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6.3. Experimental

Preparations of liposomes, artificial lipoprotein, glycated protein and glycated lipoprotein 

were performed as described under General Methods (Chapter 2). All solutions to which 

the liposomes and protein were exposed were filter sterilised and the incubation mixtures 

(5 ml) contained gentamicin (O.OSmg /ml). Details of the precise conditions for incubation 

are given in the figure legends. Determinations o f carbonyl compounds, lipid peroxidation 

and fluorophores were performed as described in General Methods (Chapter 2).

6.4. Results

6.4.1. Effect o f glucose on PC peroxidation

Glucose had only a weak stimulatory effect upon peroxidation of phosphatidylcholine (PC) 

liposomes in the presence or absence of Cu^^ (Fig 6.1). However, formation of 

fluorescence (Figure 6.1 A), TBARS (Figure 6. IB) and lipid hydroperoxides were greatly 

enhanced by addition of 10 pM Cu^  ̂ to the liposomes. The effect of Cu^  ̂ on these 

different measures of lipid peroxidation dominated any effect of glucose. The 

concentration of Cu^  ̂ thus appears to play a more important role than the glucose 

concentration with respect to initiation of lipid peroxidation in a simple lipid system.

6.4.2. Effects o f glucose on PC and PE peroxidation

When PC and PE were incubated with glucose (200mM) in potassium phosphate buffer 

(pH 7.4, 50 mM), glucose was found to enhance the peroxidation of lipids substantially but 

only in the case of PE, not PC (Figure 6.2). This preferential increase in oxidation of PE 

by glucose was apparent in fluorophore formation (Figure 6.2A), MDA (TBARS) 

accumulation (Figure 6.2B) and lipid hydroperoxide formation (Figure 6.2C).
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Figure 6.1 EfTects o f glucose and copper on lipid peroxidation o f  PC liposom es
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L-a- phosphatidycholine (PC: lOmg/ml) was incubated with glucose (G; 20mM) in 
the presence or absence o f Cu^\lOpM ) in the PBS at 37®C. At varying time 
intervals up to 72 hrs, the samples were measured for formations of FL products 
at excitation 370, emission 440 (A); TBARS (B) and lipid hydroperoxides (FOX-2 
assay)(C).
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Figure 6 . 2  EfTects of glucose on peroxidation of two phospholipid liposomes: 
PC and PE
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Liposomes (LPS): PC and PE (both in 5 mM) were incmbated with glucose (200 mM) in 
potassium phosphate buffer (50 mM, pH 7.4) at 37°C for 3 days. (A) fluorophore 
formation was monitored at FL excitation at 370 nm, emission at 440; (B) TBARS and (C) 
lipid hydroperoxides (FOX-2 assay) were measured as previouisly described in Chapter 2. 
Zero-time samples were used as control. ♦,** represents p < 0.01 compared to control; ♦* 
versus** p < 0.01; *versus* p < 0.05.
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However, with both lipids, there was a substantial increase in TEARS and lipid 

hydroperoxide accumulation even in the absence of added glucose (Figures 6.2A and 

6.2B). It is known that such basal oxidation is catalyzed by trace amounts of transition 

metal in the buffer. Indeed, with respect to TEARS formation the further enhancement of 

PE peroxidation by glucose was small by comparison with the effect of simply incubating 

PE in buffer. PE before incubation was also observed to contain more baseline TEARS 

and lipid hydroperoxide than PC, suggesting chemical differences in reactivity of the two 

lipids. PE seems more vulnerable to oxidation than PC in the presence or absence of 

glucose.

6.4.3. Metal involvement in glucose-mediated lipid peroxidation and effects o f metal- 

chelating agents

To investigate the contribution of transition metals to lipid peroxidation during incubation 

of PE and PC with glucose, PE and PC were exposed to glucose in the presence of metal 

chelating agents EDTA (1 mM) or DETAP AC (1 mM). Figure 6.3 shows that the 

production of TEARS and fluorescence from the two liposomes under exposure to glucose 

were inhibited only moderately by EDTA or DETAP AC, consistent with the hypothesis 

that glucose modification of lipid is associated with peroxidation independent of metal. 

However, even in the absence of glucose there was extensive oxidation of PE and PC in 

the presence of EDTA and DETAP AC. This implies that basal lipid peroxidation requires 

metals and that their chelation inhibits, rather than blocks peroxidation.

6.4.4. Polyunsaturatedfatty acid (PUFA) content o f PC and PE

In order to understand the difference in potential for lipid peroxidation between liposomes 

comprised of these different phospholipids, either in the presence or absence of glucose, 

PC and PE were examined with respect to composition of polyunsaturated fatty acid
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Figure 6 .3

Inhibitory effects of EDTA and DETAPAC on peroxidation 
of two liposomes ( PC and PE ) in the presence of glucose.
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Liposomes (LPS) PC and PE ( both in 5mM ) in the presence or absence o f 
glucose (G: 200mM) were exposed EDTA or DETAPAC (both at ImM) in 
chelex-treated potassium phosphate buffer (50mM, pH7.4) at 3TC . 
Formations o f MDA (TEARS) and FL (POFP) were measured after 3 days 
incubation. Zero-time samples were used as control (contr ).Values are 
means ± SD o f triplicate determinations.
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(PUFA) by gas chromatography (GC). Our batches of commercially available PE were 

found to contain much higher proportions of PUP As which are very susceptible to 

peroxidation (Table 6.1). For example, arachidonic acid (20:4), eicosapentaenoic acid 

(20:5) and docosahexaenoic acid (22:6) were foimd to be present in PE at levels 1.8-fold, 

18.2-fold and 1.8-fold higher than levels in PC respectively. Obviously, we cannot 

comment on levels of PUFA in commercial phospolipids used by other groups but it is 

clearly important to examine levels of PUFA in such experiments since this may affect 

intrinsic lipid peroxidizability.

Table 6.1. Composition (%) of polvunsaturated fattv acid (PUFA) in phosphatidyl- 

ethanolamine (PE) and phosphatidvlcholine fPC)

PUFA PUFA in PE 
Composition (%)

PUFA in PC 
Composition (%)

Linoleic acid (18:2) 5.4 ± 0.2 24.9 ± 0.7

Linolenic acid (18:3) 10.9 ±0.9 15.7 ±0.5

Arachidonic acid (20:4) 10.1 ±0.3 5.4 ±0.1

Eicosapentaenoic 
acid (20:5)

9.1 ±0.2 0.5 ±0.1

Docosahexaenoic 
acid (22:6)

9.6 ± 0.6 5.9 ±0.6

6.4.5. Ro/e o f glucose autoxidation in oxidative damage to lipoproteins

To determine the importance of glucose autoxidation and transition metals in lipoprotein 

oxidation, the lipoproteins were incubated with freshly prepared glucose and pre-oxidised 

glucose (which had been pre-incubated in PBS for one month at 37"C). The pre-oxidised
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Figure 6.4 GC Profiles o f polyunsaturated fatty acid (PUFA) in PC and PE
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Samples of PC and PE used for the esperiment incubations were examined for their 
incubations were examined for their components o f fatty acid (FA) by the routine 
method of gas chromatography. The results show that PE contains much higher 
PUFA than PC.
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Figure 6.5 Oxidation of lipoproteins induced by pre-oxidised glucose 
and copper
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Lipoproteins (LP), a mixture of 20 mg BSA and lOmg cholesteryl linoleate per ml, 
were exposed to 250 mM of glucose(G) or pre-oxidised glucose (OX-G) at 37°C 
for 48 hrs in the presence or absence of copper (10 |iM). Lipid peroxidation and 
protein oxidative damage were assessed by formation of carbonyl compounds (A), 
lipid hydroperoxide (B) and TBARS (C). *o r**  represents p < 0.005 compared to
control (LP).
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Figure 6 . 6  Susceptibility of glucose modified (glycated) protein and 
lipoprotein to Cu  ̂ - catalysed oxidation
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glucose caused a greater increase in protein carbonyl compounds (Figure 6.5A), lipid 

hydroperoxide (Figure 6.5B) and TBARS (Figure 6.5C) by comparison to fresh glucose. 

The increasesd oxidation may be initiated by H2O2 production derived from the pre

oxidized glucose, but may also be directly derived from the lipoprotein interaction with the 

oxidized glucose. Copper (Cu^^ enhanced the formation of all oxidative products (Figure

6.5).

The i icrease in oxidative damage of LP incubated with pre-oxidised glucose may be 

attributed to H2O2 formation arising from metal-catalyzed glucose autoxidation. Indeed, 

H2O2 (measured by FOX-I) was found to be more than 20 times higher in the one month 

pre-incubated glucose than in fresh glucose (9.6 ±1.3 pM versus 0.45 ± 0.1 pM). This 

experiment indicates that precedent metal-catalyzed glucose autoxidation reaction is 

capable of inducing lipoprotein oxidation. Pre-oxidizing the glucose increases the 

opportunity for this effect to be seen whereas, with fresh glucose, direct (glucose- 

independent) peroxidation of the lipid by transition metals may dominate.

6.4.6. Susceptibility o f glycated protein, lipoprotein and glycated lipoprotein to 

copper-catalysed oxidation

In a related experiment, artificial protein/phospholipid liposomes (which have been 

established as an in vitro model in the laboratory for studying glycation) were prepared 

using albumin which had been heavily glycated by incubation with 500mM glucose for 1 

month at 37®C, in PBS pH 7.4. Liposomes prepared with either glycated or non-glycated 

protein were then exposed to the same concentration of copper (Cu^^: lOmM) in PBS 

under sterile conditions. Liposomes prepared with glycated protein showed greater 

susceptibility to metal-mediated oxidation than non-glycated lipoprotein as judged by 

formation of lipid hydroperoxide (Figure 6.6C) but only marginally as judged by 

accumulation of carbonyl compounds (Figure 6.6A) and TBARS (Figure 6.6B).
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The data for glycated and non-glycated albumin in the absence of lipid are shown for 

comparative purposes. While lipid hydroperoxide accumulation and formation of TBARS 

are clearly related to the presence of lipid, formation of carbonyl compounds seems linked 

only to protein chemistry. These data suggest that lipid hydroperoxide accumulation is a 

more precise means of measuring lipoprotein oxidation related to glucose than TBARS or 

carbonyls.

6.5. Discussion

6.5.1. Glucose as a poor oxidant and the role o f transition metals

Previous studies in this laboratory showed that glucose, under physiological conditions of 

temperature and pH, caused non-enzymatic glycosylation, and generated both hydroxyl 

radicals [Hunt, et al 1990] and H2O2 [Jiang et al 1990]. This production of free radicals 

and peroxides was dependent on the presence of transition metals. The present results 

indicate that, when glucose was exposed to PC liposomes, glucose did not significantly 

increase oxidation of the liposomes ( Fig.6.1, Fig 6.2 ). This may be related to the slow 

rate of glucose autoxidation in the buffer, compared to the rate of lipid peroxidation 

directly catalyzed by transition metal. However, glucose-mediated reactions can be shown 

to play a role in lipid peroxidation using pre-oxidized glucose or pre-glycated albumin for 

the preparation of artificial lipoproteins. The experiments reported by Bucala and 

colleagues[ Bucala et al., 1993] do not exclude a role for transition metal-catalyzed 

processes in oxidative changes induced in lipids by glucose in vitro. Obviously, however, 

in vitro glucose-stimulated oxidation mediated by transition metals cannot be directly 

extrapolated to the in vivo situation.

6.5.2. Possible role o f glucose autoxidation in lipid peroxidation and oxidative glycation

91



Adventitious metals, such as iron and copper, have been postulated to form a loose 

complex with carbohydrates [Halliwell & Gutteridge,1986, Bayne, 1989], and catalyse 

peroxidation of both glucose and glycosylated collagen [Hicks et al., 1988], Protein- 

bound metal ions may also participate in metal catalysed oxidation reactions in vivo 

[Stadtman,1990]. For example, microsomes contain ferric nonhaem iron which may 

participate in formation of lipid oxidants [Minotti et al., 1991]. Human erythrocytes 

exposed to near physiological levels of ascorbic acid produce intracellular H2O2 possibly 

due to an intracellular metal-catalysed reaction (Chapter 4). Decompartmentalized 

transition metal ions may exist in vivo [Baynes 1994, Wolff 1987, Stadtman,1990] and be 

capable of catalysing oxidative reactions of lipid and protein.
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Chapter 7 Inhibition of metal-catalysed ascorbate oxidation by Thioctic (Lipoic) 

acid in vitro: is Thioctic acid a therapeutic metal-chelating antioxidant ?

7.1. Summary

Thioctic (a-lipoic) acid (TA) has been proposed to act as an antioxidant and to slow 

development of diabetic polyneuropathy. The results reported in this chapter indicate that one 

component of its antioxidant activity may be direct transition metal-chelating activity of the

drug. TA was found to have a profound dose-dependent inhibitory effect upon Cû "*"-

catalysed ascorbic acid oxidation and also increased the partition of Cu^"  ̂ into n-octanol from

an aqueous solution, suggesting that TA forms a lipophilic complex with Cu^" .̂ TA also

inhibited Cu^'^-catalysed liposomal peroxidation. Furthermore, TA inhibited intracellular 

HjOj production in erythrocytes challenged with ascorbate, a process thought to be mediated 

by loosely-chelated Cû '*’ within the erythrocyte as discussed previously in Chapter 4.

These data, taken together, suggest that prior intracellular reduction of TA to dihydrolipoic 

acid is not an obligatory mechanism for an antioxidant effect of the drug, which may also 

operate via Cu '̂'‘-chelation. The R-enantiomer and racemic mixture of the drug (a-TA) 

generally seemed more effective than the S-enantiomer in these assays of metal chelation. The 

protective mechanism of TA acting as antioxidant may be related to drug-copper complex 

formation, which prevents redox cycling of the metal and the generation of ROS.

7.2. Introduction

Thioctic (lipoic) acid (TA) has been used in Germany for almost four decades for the 

treatment of diabetic polyneuropathy. The antioxidant properties of TA have been proposed 

to interfere with development of diabetic polyneuropathy but the precise mechanism of action
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of TA needs further evaluation. TA has been proposed to act as a chain-breaking antioxidant 

in its reduced form, dihydrolipoic acid (DHLA), interacting with vitamin E to block lipid 

peroxidation [Kagan et al., 1992; Scholich et al., 1989]. Alternatively, TA may react with

oxidants directly [Suzuki et al., 1991; Sott et al , 1994]. It is currently unclear whether any in 

vivo antioxidant effect of TA is a direct effect of the compound or relies upon its prior 

reduction to DHLA.

An alternative, non radical-scavenging mechanism by which TA might feasibly act as an 

antioxidant is via its weak metal-chelating capacity [Grunert,1960; Scott et al , 1994]. This 

proposal is consistent with previous suggestions that the complications of diabetes mellitus are 

related to an increased oxidative stress initiated by decompartmentalized transition metal 

[Baynes, 1991; Wolff, 1993]. The enantiomeric mixture of TA, as well as the individual S- and 

R-forms of the drug are capable of inhibiting Cu-catalysed oxidations in vitro. TA also assists

the partition of Cu^"'" into n-octanol and inhibits the flux of H^O  ̂ induced within erythrocytes 

by exposure to ascorbic acid.

7.3. Experimental

Thioctic (lipoic) acid (TA), the racemic mixture and R- and S-enantiomers were supplied by 

AST A Medica Germany. Other chemicals were obtained from the Sigma Co and Aldrich 

Chemical Co. (Poole, U.K.). The ability of TA to inhibit Cu^^-catalysed ascorbate oxidation in 

vitro was assessed by measurements of (1) rate of ascorbate oxidation, (2) oxygen uptake, (3) 

lipid peroxidation, (4) n-octanol partition of copper, and (5) H2O2 production within the 

erythrocyte. The methods used are described in the previous chapters and the details of the 

incubations are given in the figure legends.

7.4. Results and Discussion

7.4.1. Thioctic acid inhibits ascorbic acid oxidation
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Copper-catalysed ascorbate oxidation proceeds according to the mechanism [Khan & 

Martell,1969]:

(1) Cu  ̂ + AH'  > Cu^ + AH- + H^

Ascorbate Semidehydroascorbate
anion radical anion

(2) 2 A H ------------- > AH' +DHA

Dehydroascorbate

(3) Cu* + [ 0 2 ]  < ---------- ->Cu’  ̂ + O2-

Superoxide 
radical anion

(4) O]— + O]—  > H2O2 + O

Overall, the rate of ascorbate consumption is limited by the concentration of Cu^\ Agents 

which lower free Cu^  ̂will reduce ascorbate oxidation.

Figure 7.1 A shows the effects of histidine, a known copper ion complexing agent, and various 

forms of TA (lOOmM) on ascorbic acid oxidation. TA inhibited ascorbic acid oxidation by 

90%; R-TA inhibited ascorbic acid oxidation by 92% and S-TA inhibited ascorbic acid 

oxidation by 85%. All forms of TA seem capable of complexing Cû "*" although the a- and R- 

forms of the drug seemed slightly more effective in this assay of metal complexing ability than 

the S-form.

The ability of TA to inhibit copper-catalysed ascorbic acid oxidation was confirmed using the 

oxygen electrode for the three forms of the drug (Figure 7. IB). Although the two assays are 

of different sensitivities as shown in Figure 7.1, it shows a consistent order of potency for the 

several drugs to inhibit Cu^^-catalysed ascorbate oxidation.
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Figure 7.1 Thioctic acid (TA) inhibits Cu^^-catalysed ascobate oxidation
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(A) Rate of ascorbate oxidation( -OD 265nm/min): Oxidation of ascorbic acid 
(100|iM) was initiated by the addition of (200 nM) in the presence and absence 
of a-TA, R-TA, S-TA or histidine (all at 100 pM). Oxidation of ascorbate was 
monitored for 3 min at 265 nm at 37°C.
(B) Oxygen uptake: Oxidation of ascorbate (ImM) in potassium phosphate buffer 
(20mM, pH 7.4) was initiated by injection of 20 pL Cu^  ̂solution at a final 
concentration of 5 pM. Oxygen uptake was calculated as a percentage of the 
total oxygen in solution. All drugs were present at 250 pM.
* versus* p < 0.001; ** versus ** p < 0.05.

96



Figure7.2 Dose-response inhibition of Cu^*-catalysed ascorbate oxidation by TA
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Figure7.3 TA inhibits Cu^-catalysed lipid peroxidation of liposomes
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Liposomes (containing PC 2.5 mg/ml) in PBS were incubated with 500nM

(control) at 37°C for 20 hrs. Drugs were incubated in a final concentration o f 250 pM. 
Lipid hydroperoxide was measured by FOX assay.

97



Dose-dependent inhibition of O2 uptake by TA was also observed (Figure 7.2). However, by 

comparing the effect of a single concentration of the various forms of TA both assays also 

indicated that the a- and R-forms of the drug seemed to inhibit Cu^"^-catalysed ascorbic acid 

oxidation with the same efficacy, and to a slightly greater extent than the S-form.

7.4.2 Thioctic acid inhibits lipid peroxidation

The ability of TA to inhibit Cu^"^-catalysed liposomal peroxidation was also examined by 

measurement of lipid hydroperoxide production during the incubation of L-a- 

phosphatidylcholine (PC) with Cu^  ̂(0.5 uM) in the presence and absence of TA (Figure 7.3). 

Previous studies in this laboratory have shown that measurement of hydroperoxide 

accumulation is a more sensitive measure of liposomal peroxidation than the measurement of 

peroxidation-derived aldehydes using thiobarbituric acid [Wolff, 1994]. Figure 7.3 shows data 

for the inhibition of Cu^'^-catalysed liposomal peroxidation by TA. The R-form of the drug 

inhibited hydroperoxide accumulation by 52% and was more effective than a-TA and S-TA 

which inhibited by only 32% and 31%, respectively.

7.4.3. Thioctic acidfacilitates the partition o f copper into octanol

Direct evidence for the Cu-complexing activity of TA was obtained by examining the ability of 

TA to facilitate the partition of Cu^^ into n-octanol. This manoeuvre can be employed where 

there is a need to examine the lipophilicity of a drug [Cassidy et al , 1988]. In principle, drugs 

which form lipophilic complexes with Cû "*" would be expected to increase the partitioning of 

the metal into n-octanol.

98



Figure 7.4 Thioctic acid, like OPT, partitions copper irons into octanol
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2 ml of a solution of (5mM) and test drugs (2.5mM) in PBS were mixed 

vigorously with 2 ml of n-octanol [ pre-equilibrated with PBS]. The n-octanol layer 

was then removed and evaporated to dryness. The residue was redissolved in 
concentrated nitric acid and analysed for Cu^  ̂concentration by calibrated atomic 
absorption spectrometry. ( * versus * p < 0.05; ** versus ** p < 0.05)
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Figure 7.4 shows the results of an experiment in which TA and various known metal- 

complexing agents were incubated with Cû """ prior to the vigorous mixing of the solutions 

with n-octanol and subsequent atomic absorption analysis of the n-octanol layer. The metal- 

chelator ortho-phenanthroline (OPT) increased the concentration of Cu^^ in the octanol layer 

by 6-fold. By contrast, DETAPAC which may chelate Cu^^ to form a negatively charged, still 

hydrophilic complex, barely increased Cû **" partition into n-octanol. a-TA and R-TA both 

doubled the level of Cû """ detected in n-octanol relative to the control, and were slightly more 

effective than S-TA, in agreement with the data obtained for inhibition of ascorbic acid 

oxidation. Since inhibition of ascorbic acid oxidation and partition of metal into n-octanol 

mediated by TA are purely chemical assays of metal complexation it would suggest that the 

stereochemistry of TA must play some small role in the complexation process.

7.4.4. TA inhibits H2 O2  production in erythrocytes exposed to ascorbate

It has been shown that the exposure of erythrocytes to ascorbic acid in vitro is associated with 

a flux of H2O2 probably generated by the reaction of ascorbic acid with redox-active Cu "̂'" 

[Ou & Wolff, 1994] within the erythrocytes. Experimentally, this flux of H2O2 is detected by 

the inhibition of erythrocyte catalase in the presence of aminotriazole (AMT), which acts as a 

mechanism-based substrate for catalase in the presence of an H2O2 flux.

Figure 7.5 A shows the inhibitory effect of TA on erythrocyte catalase inactivation produced by 

ascorbic acid (250 pM) in the presence of AMT (50mM). a-TA was found to be as active as 

the R-form of the drug in the inhibition of catalase inactivation under these conditions and was 

more effective than S-TA (Figure 7.5B). The inhibitory effect of OPT, a known membrane- 

permeant chelating agent, is also shown for comparative purposes. In this experiment, the 

possibility that TA is undergoing intracellular reduction to dihydrolipoic acid (DHLA), which 

may be preferential for the physiological R-form, cannot be excluded. DHLA might protect 

catalase via metal complexation or other effects. However, the results are consistent with the 

hypothesis that TA can complex Cu^^ and thus protects catalase via inhibition of ascorbic acid 

oxidation.
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Figure 7  s  TA inhibits intracellular H 2 O 2  production (catalase inactivation in 
presence o f  A M T ) in erythrocytes exposed to ascorbic acid
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(A) Dose-response inhibition of ascorbic acid-mediated catalase activation 
by a-T  A; Effects of a-, R-, S-TA and ortho-phenanthroline (OPT) 
(all at 100 pM) on ascorbic acid-mediated catalase inactivation.
Human erythrocytes (5%,v/v) were pre-incubated for 5 min with drugs 
prior to addition of ascorbate (250 pM) and AMT (50mM) in PBS and 
then incubated at 3TC with shaking for another 30 min. Inactivation (%) 
of catalase in the cells was measured using the method as described in 
Chapter 3. The results shown are mean ± SD of duplicated measurements. 
(* versus * p <0.005,** versus ** p < 0.01).
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In conclusion, the data presented here suggest that TA in its oxidised form may be an 

antioxidant via its ability to complex Cû "*". In addition, there is the suggestion that the R-form 

and enantiomeric mixtures of the compound are more effective than the S-form in a battery of 

tests of metal complexation. The protective mechanism of TA acting as an antioxidant may 

thus be related to its ability to form complexes with Cu^ ,̂ thereby preventing redox cycling of 

the metal and the generation of ROS. The ability of TA to act as a metal-chelator would be 

consonant with the view that the complications of diabetes mellitus involve transition metal 

overload.
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Chapter 8 ROLES OF GLUCOSE AND TRANSITION METAL IN ACTIVATION 

OF ALDOSE REDUCTASE AND INHIBITION OF THE ENZYME BY 

ALDOSE REDUCTASE INHIBITORS

8.1. Summary

Aldose reductase activity and sorbitol formation have been implicated as causative factors in 

diabetic complications. It was observed here that sorbitol accumulation in rat lenses incubated 

with glucose was related to glucose-dependent activation of aldose reductase. Activation of 

aldose reductase by high levels of glucose, including increased formation of sorbitol and 

enhanced activity of the enzyme measured in vitro may be attributed to oxidant formation by 

glucose autoxidation or glycoxidation (oxidative glycation), since the activation was inhibited 

by metal chelating antioxidant drugs such as thiotic (a-lipoic) acid (TA), 0- 

phenanthroline(OPT) and aldose reductase inhibitors (ARIs), which have been previously 

shown to complex Cu^ .̂

This study further examined the metal chelation capacities of several ARIs. The results 

indicate that ARIs inhibit copper-dependent oxidation of ascorbic acid, lipid peroxidation, and 

H2O2 production in erythrocytes. Direct evidence for metal-binding capacity of the drugs was 

also found in the ability of ARIs, TA as well as OPT to increase the partition of cupper into n- 

octanol, indicating formation of a lipophilic drug-metal complex.

The ability of ARIs, acting as metal chelators, to inhibit the hyperglycaemic activation of 

aldose reductase further supports the hypothesis that an increase in oxidative stress mediated 

by transition metals may be involved in complications of diabetes previously associated with 

the aldose reductase pathway. ARIs, ftinctioning as metal-chelating antioxidants, may have a 

therapeutic role in the prevention of certain diabetic complications.

8.2. Introduction
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In the chronic hyperglycaemic state, increased ROS production and elevated GSH 

consumption may contribute to biochemical and functional abnormalities. Hyperglycaemia 

has been suggested to cause an increase in the specific activity of aldose reductase in 

erythrocytes of diabetic subjects since the level of aldose reductase activity correlates well 

with plasma glucose [Srivastava et al , 1986]. Aldose reductase inhibitors (ARIs) have been 

shown to inhibit the development of diabetic cataract as well as renal and neurologic 

complications in experimental diabetes [Gillion et al, 1983; Greene & Lattimer 1984]. 

Treatment with ARIs was found to increase the GSH/GSSG ratio[Bamett et al. 1986], 

which is decreased in hyperglyceamia, perhaps secondary to activation of the polyol pathway 

[Mattia et al. 1994]. Such data suggest that increases in oxidative stress found in diabetic 

patients may be partially related to activity of aldose reductase.

It has also been suggested that some inhibitors of the NADPH-dependent enzyme aldose 

reductase are potent inhibitors of copper and iron-catalysed ascorbate oxidation and thus 

possess the potential for antioxidant effects through metal chelation [Jiang et al, 1993]. In 

ocular tissue, there are abundant biological reductants which are susceptible to metal-catalysed 

oxidation such as ascorbic acid, reducing sugars (such as glucose and fi-uctose) and thiols. 

These reductants may be prone to oxidation and/or destruction in the presence of 

“decompartmentalized” transition metals, possibly leading to cumulative oxidative tissue 

damage [Wolfif et al,1987]. This chapter describes preliminary studies aimed at further 

investigating the possible mechanisms of aldose reductase activation and the action of ARIs 

with respect to transition metals.

8.3. Experimental

Preparation of rat lenses and lens homogenates are described in the General Methods (Chapter 

2). Further experimental details of incubations involving lenses are given in the figure legends. 

Aldose reductase (AR) activity was measured in vitro by (1) a spectrophotometric method 

measuring NADPH oxidation and (2) a fluorometric method measuring NADP formation. 

Sorbitol formation during whole lens incubation was measured by gas chromatography (GC).
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Ability of various drugs to chelate Cu was assessed by inhibition of (1) ascorbate oxidation,

(2) oxygen consumption, (3) H2O2 production in erythrocytes and (4) partition of drug-Cu 

complexes into n-octanol. Details of the methods are given in Chapter 2.

8.4. Results

8.4.1. Increase o f sorbitol accumulation and activity o f aldose reductase in rat lens induced 

by glucose

Rat lenses exposed to varying concentrations of glucose accumulated sorbitol, as described 

previously (Figure 8.1). The sorbitol content in lenses incubated with 50mM and lOOmM 

glucose for 20 hours were 39.7 ± 3.2 and 44.6 nmol/lOOmg tissue respectively, which were 4- 

6 fold higher than control lenses exposed to physiological levels of glucose (5mM).

This increased lens sorbitol induced by glucose was paralleled by an increase in aldose 

reductase activity in homogenates prepared from the same lenses measured using DL- 

glyceraldehyde as substrate while monitoring NADPH oxidation and NADP formation) 

(Figure 8.2A, Table 8.1). Thus sorbitol formation is related not merely to a flux of glucose 

through the enzyme but is attended by increased activity of the enzyme, as determined in vitro.

Wolff has proposed that ROS are involved in in vitro aldose reductase activation in some 

manner [Wolff & Crabbe, 1985; Wolff, 1987]. Since long term incubation of glucose with 

lenses may lead to ROS production through glucose autoxidation, the ability of H2O2 to 

modify AR activity was also examined by incubation of rat lens homogenate with H2O2 

(250mM) (Figure 8.2B). H2O2 seemed to increase the activity of AR. Simultaneous treatment 

of the rat lens homogenate with catalase prevented the H202-mediated activation of AR 

activity. Interference with H2O2 detoxification by AR activation was also shown that the rate of 

H2O2 removal by the lens was related to H2O2 concentration in the incubating medium [Cheng 

& Gonzalez, 1986]. Thus a high concentration of H2O2 in the lens may directly stimulate 

increase of AR activity which acts as a protective mechanism.
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Figure 8 .1

GC profile o f sorbitol accumulation in rat lens caused by glucose

GC profile of sugar standards:

Standards o f fructose (F), glucose (G), 
mannhol (M) and sorbitol (S) were 
prc-trt>4tcd with Tri-sil-TBT and ineasured 
by a GC (model 5730A) with WCOT Fused 
Silica capillary column (25m x 0.25 mm).

Glucose(5mM) Glucose(50mM) Glucose! 100 mM)

Whole rat lenses ( n = 6 ) were incubated with varying concentrations of glucose 
in PBS at 22°C under sterile condition. After 20 hrs, the lenses were washed and 
homogenised in cold PBS. The lens homogenates were pre-treated with silylating 
agent (Tri-sil-TBT) and measured for sorbitol formation by calibration to the standard 
sugar using Gas Chromatography (GC).
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F igures. 2

Aldose reductase (AR) in rat lens activated by glucose and H2O 2 in vitro
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(A). Increase of AR by glucose was shown in incubation o f whole rat lenses (n = 6) 
with varying concentrations o f glucose. After 20 hrs, the lenses were washed and 
homogenised in cold PBS. The activity of AR was measured using the methods of 
spetrophotometiy for NADPH oxidation (-0D 340/min) and fluorometry for NADP 
formation (EX.360nm,Em.460nm). Sorbitol formation in the lens was also measured 
by GC (Figure 1).
(B). AR activated by H2O2 in vitro. Rat lenses homogenate (SOmg/ml) was incubated 
with H2O2 in the presence or absence o f catalase for 1 hrs at 3TC. AR activity o f the 
lens tissue was measured using the same method as described above.
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8.4.2. Inhibition of glucose activated AR activity by metal-chelating agents

The data above suggest that production of H2O2 by glucose autoxidation or other processes 

associated with hyperglycaemia is the rate-limiting step in AR activation during exposure of 

lenses to glucose. To investigate the possibility of transition metal involvement in oxidative 

modification of the enzyme, rat lenses (n = 6) were incubated with several metal chelating 

agents; OPT, sorbinil (SEN) and a-TA in the presence of glucose (100 mM) for 20 hours. The 

increased sorbitol accumulation in lenses exposed to glucose (lOOmM) was greatly inhibited by 

OPT (61.3 %), a-TA (75.5%) and SEN (both 97.8%) (Figure 8.3, Table 8.1).

Table 8.1. Sorbitol formation and aldose reductase activity in rat lenses incubated
with glucose in the presence or absence of ARIs, a-LA or OPT (all drugs at 
200pM) at 20"C for 20 hours.

Lens

(lOOmg/ml)

AR activity in vitro 

Unit(-fjM/min) + (Yo) - (%)

Sorbitol formation 

nmol/IOOmg + (Yo)

G(5mM) 3.65 ±0.18 100 7.09 ± 0.4 100

G (50mM) 4.27 ± 0.09 117 39.7 ±3.3 559

G(lOOmM) 5.09 ± 0.06 140 44.6 ±5.2 628

G(lOOmM) 1.72 ±0.07 66.3 0.81 ±0.1 97.8

+ SEN

G(lOOmM) 2.61 ±0.12 48.7 10.8 ±2.1 75.5

+ a-TA

G(lOOmM) 2.87 ±0.18 43.6 16.8 ±3.4 61.3

+ OPT

* + (%) increased rate; - (%) decreased rate
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Figure 8 .3  Inhibition of aldose reductase (AR) activity by #-phenanthroUne 
a-lipoic acid and sorbinil in rat lens
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Rat whole lenses (n = 6) were incubated respectively with drugs(all at 200|iM) 
sorbinil, (SBN), 0-phenanthroline(OPT), a-lipoic acid(a-T A) in the presence of 
glucose(G; lOOmM) at 22°C for 20 hrs After the incubation, the rat lenses were then 
measured for sorbitol formation using GC (A) and activity of AR (B) assessed by the 
methods of fluorometry for NADP formation and spetrophotometry for NADPH 
oxidation as described above.
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Figure 8.4 Aldose reductase inhibitors (ARIs) inhibit Cu^ -catalysed
ascorbate oxidation in vitro

Q)-4->(dIh
ao
od

XO
Q)
Id

oo
<

8.0

7.0

6.0

5.0

\  4.0
S
o 3.0

2.0

1.0

0.0
a h - cu2 +  + z p ia +  3BN +  AL1578
(Control) (100/ilO (lOOfiU) (lOO/ilO

(A) Cu^ -̂dependent ascorbate oxidation was measured by -OD 265nm/min. 1ml 
of reaction mixture in potassium phosphate buffer (20 mM, pH7.4) was composed 
of Cû  ̂(200nM), ARIs (200pM): zopolrestat (ZPLS), sorbinil (SBN) and AL-1576. 
The reaction was initiated by the addition of ascorbic acid (AH: 100 pM) and monitored 
at 3TC for 3 min. Data shown are means ± SD of triplicate samples.
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(B) Dose-response inhibition o f Cu^^^-dependent ascorbate oxidation by ARIs was 
measured by oxygen electrode. 10 ml of reaction mixtures consisting of 0.5 jiM 
Cû "̂  and varying amounts o f sorbinil in the buffer. O2 uptake was immediately 
recorded after the addition o f ascorbic acid (AH:1 mM) for 3 min (at 3TC).
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The drugs' inhibitory effects on glucose activation of aldose reductase was further 

demonstrated by direct measurement of the enzyme activity in vitro (Figure 8.3B). A 

comparison of aldose reductase activation by glucose and inhibition by the agents is shown in 

Table 8.1. The results with in vitro inhibition of AR activity and sorbitol formation are 

internally consistent with respect to the inhibitory effects of the drugs. The data suggest that 

(1) sorbitol accumulation in lenses may be related to activation of sorbitol-producing processes 

by transition metal-catalyzed processes and (2) since TA and OPT were shown very poor 

direct inhibitors of th i enzyme activity in vitro (IC50 > 500 pM compared to < IpM for 

sorbinil was observed from this study), ARIs may inhibit sorbitol formation not solely by direct 

inhibition of the enzyme.

8.4.3. Effects of metal chelation by aldose reductase inhibitors (ARIs)

8.4.3a Inhibition o f copper-catalysed ascorbate oxidation

The ability of ARIs to act as transition metal chelators was examined in a range of metal- 

chelating assays described in previous chapters. Aldose reductase inhibitors were examined for 

their ability to chelate metal by assessment of the Cu^ - dependent oxidation of ascorbic acid. 

The inhibitors zopolrestat (ZPLS), sorbinil (SBN) and AL-1576 were shown to inhibit 

ascorbate oxidation by 34%, 78.2% and 92.1% respectively by the spectrophotometric assay 

(Figure 8.4a). The dose-dependent inhibition of Cu^^-dependent ascorbate oxidation by 

sorbinil was further determined by oxygen electrode (Figure 8.4b).

8.4.3b. ARIs inhibit copper-catalysed lipid peroxidation and facilitate copper partition in 

n-octanol

The ability of the ARIs to inhibit transition metal-catalysed oxidation is not restricted to their 

effects upon copper-catalysed ascorbate oxidation, but also extends to Cu-dependent lipid 

peroxidation. Copper is a potent catalyst for lipid peroxidation, causing substantial increases
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of lipid hydroperoxide content in liposomes (Figure 5a). When artificial liposomes were 

exposed to 0.5|iM CUSO4 , the resultant production of lipid hydroperoxide was significantly 

inhibited in the presence of (all at 200jjM), sorbinil (SBN), zopolrestat (ZPLS) and Al-1576 

(Figure 8.5)

Possible chelation of Cu^^by these ARIs was tested using partition into octanol ( Figure 8 .6 ). 

All ARIs tested (2.5 pM) increased the partition of copper into n-octanol. OPT, a membrane- 

permeate chelating agent [Krishnamurti et al., 1980] showed a greater extent of metal 

partition into n-octanol by comparison with the metal chelator EDTA, which has little effect (P 

> 0.05). As observed in previous chapters, the ability of octanol to take up drug-metal 

complexes is related to lipophilicity.

8.4.3c ARIs and metal chelators inhibit H2O2 production by ascorbate oxidation in 

suspensions o f human erythrocytes

Catalase inactivation in the presence of aminotriazole (AMT) was used as a model for 

estimation of intracellular H2O2 production catalysed by metals within the cell [Liebowitz & 

Cohen, 1968; Ou & Wolff 1993,1994]. In this study, human erythrocytes incubated with 

ascorbate (AH:100pM) showed a 63% inhibition of catalase activity in the presence of AMT 

(Figure 7a), probably reflecting H2O2 production fi-om ascorbate oxidation, an oxidation 

possibly catalysed by copper ions within the cell [Ou & Wolff^l994]. The ARIs sorbinil 

(SBN), zopolrestat (ZPLS) and AL-1576 decreased catalase inactivation under these 

conditions by 33%, 62% and 75% respectively. The inhibition of intracellular catalase (H2O2 

production) due to ascorbate oxidation was also caused by well characterized chelators such as 

imidazole (IMDZ), histidine (HSTD) and OPT (Figure 8.7b).
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Figure8 .5  Aldose reductase inhibitors (ARIs) inhibit Cu^-catalysed lipid
peroxidation
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Artificial liposomes (consisting of phosphatidylcholine 2.5 mg/ml) were incubated 
with (O.SpMXcontrol) or in the presence of ARIs (all at 200pM): Zopolrestat 
(ZPLS), sorbinil(SBN) and AL-1576 in PBS for 6 hrs at 37"C. Lipid hydroperoxide 
was measured using FOX-II assay.
*.** represent P < 0.05 or P < 0.01 respectively (compared to control).
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Drugs (all at 2.5mM) prepared in PBS were mixed with 1 mM of copper(II) ion 
and added into 2ml of n-octanoL Copper with n-octanol was used as control 
The mixtures were shaken for 3 min and centrifiiged for Imin at lOOOg. Octanol 
layer was analysed for copper content using AA spectrophotometer. <
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Figure 8.7 ARIs and other metal chelators inhibit ascorbate-metal mediated 
H2O2 production (catalase inactivation in the presence of AMT) 
in erythrocytes
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(A) Prevention of AMT-mediated catalase inhibition by ARIs. Human RBCs 
(3% hematocrit) were incubated with sorbinil (SBN), zopolrestat (ZPLS) and 
AL-1576 respectively ( all at lOOpM) for Imin at 37°C in PBS (containing AMT 
50 mM). Ascorbate (AH;100|iM) was then added into the samples, incubating for 
another 15 min. The cell suspension was analysed for catalase inactivation(%) 
using the methods as described in Chapter 3 and 4.
(B) Inhibition by metal-chelating agents. Under the same conditions as ARIs, RBCs 
were incubated with imidizole(IMDZ), histidine(HSTD) and OPT in the presence of 
AH.
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8.5. Discussion

8.5.1. Glucose autoxidation and aldose reductase activation

The preliminary data presented in this chapter suggest that the current understanding of 
sorbitol accumulation and aldose reductase in relation to the complications of diabetes is 
incomplete. Rat lenses incubated with glucose (50 -100 mM) accumulate sorbitol but the 
increased activity of aldose reductase from such glucose-exposed lenses is hard to reconcile 
with a simple mass action effect of increased substrate (glucose). Furthermore, ARIs, which 
are believed to operate via direct inhibition of AR, may instead act, at least in part, through 
blockade of AR activation by metal-catalyzed processes.

The metal dependent activation of aldose reductase is suggested by the observation that metal 
chelating agents have the ability to inhibit activation of AR within lenses incubated with 
glucose. The function of aldose reductase has been shown to depend on reduced sulfhydryl 
groups and its active site of the sulfhydryl groups are believed to react with ARIs [Kador et 
al., 1986]. The sulfhydryl groups are capable of undergoing metal catalysed oxidation. Thus the 
enzyme activation is believed to be the oxidative processes modulated by metal-catalysed 
oxidation. Alternatively, metals may catalyse glucose autoxidation, which then secondarily 
induces the activation of the enzyme.

8.5.2. Possible oxidative mechanism o f sorbitol pathway in lens

The “osmotic stress hypothesis” does not explain chronic damage in diabetic tissues, 
particularly the lens. Aldose reductase from human lenses has a higher Km for glucose than 
aldose reductase from other species,[Jedziniak et al., 1981], and sorbitol accumulation in senile 
diabetic lenses is not high enough to account for a significant osmotic stress (0-0.4 punol/g 
lens)[Pirie, 1965]. Thus chronic damage may be the direct result of elevated glucose levels e.g. 
nonenzymatic glycosylation of enzymes and other proteins, which is associated with the effect 
oxidation on the sorbitol pathway [ Barnett et , 1986].

Glucose autoxidation may proceed and generate H2O2 , which itself might cause activation of
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aldose reductase, which was observed in the lenses incubated with glucose for the 20 hours. 
However, it is by no means clear if the observed activation of the enzyme is real or, possibly, 
artefactual since apparent AR activity (i.e., NADPH oxidation) can be produced by the 
spontaneous autoxidation of monosaccharides [Wolff & Crabbe,1985]. The possiblity of 
artefact may increase if the system is used in the presence of high levelsof glucose.

Although the effect of high-glucose levels on glutathione reductase (GR) activity is difficult to 
establish directly, depletion of GSH and NADPH under high-glucose conditions have been 
documented [Barnett et al., 1986]. H2O2 exposure of the whole lens has also been shown to 
diminish the activity of GR which is believed to compete with AR for NADPH [Jedziniak, et 
al., 1987].

Both aldose reductase (AR) and glutathione reductase (GR) require NADPH as a cofactor. 
Although direct interaction between oxidants and NADPH may occur and increased AR 
activity may also oxidise NADPH , the amounts of NADPH consumed may be insufficient to 
affact the NADP(H) redox balance within a cell. However, it is possible that an active sorbitol 
pathway for NADPH chronically hampers the ability of a tissue to scavenge oxidants, such as 
H2O2 [Giblin et al , 1982]. A possible role for aldose reducatase inhibitors (ARIs) in enhancing 
the lens’s oxidative resistance, by decreasing competition for NADPH by AR is also 
suggested. [Cheng & Gonzalez, 1986].

During hyperglycaemia, at blood glucose levels higher than 15 mM, erythrocyte aldose 
reductase was found to be increased [Srivastava et al., 1986], suggesting that the observations 
here are relevant to the in vivo situation. Increases of oxidants generated by metal-catalysed 
glucose autoxidation may be one of the mechanism of increase of AR activity, which may be a 
direct process of activation by H2O2 as shown from study. Simultaneously, as a part of the 
mechanism, inhibited glutathione reductase may reduce its requirement (or competition) for 
NADPH, it may cause a shift of co-factor ratios in generation and consumption which is in 
favour of AR activation.

5.5.3. Do ARIs act as metal-chelating antioxidants?

The enzyme inhibitory effects of the ARIs seem to be dependent upon the presence of a 
spirohydantoin group within the molecule [Jiang, et al , 1991] and/or nitrogen and carboxylate 
groups. The structures of hydantoin, histidine and the ARIs used in this study are shown in
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Figure 8.9. The importance of a spirohydantoin group in the case of AL-1576 and sorbinil is 
supported by the following observations: (1) There is structural analogy between the 
hydantoin group and other metal chelators such as imidazole and histidine. (2) Hydantoin 
itself can inhibit Cu-catalysed ascorbate oxidation [Jiang, et al., 1991]. (3) Hydantoins bear 
some chemical resemblance to the hydroxypyrid-4-ones which are potent Fe chelating agents 
[Jeremy et al., 1988]. Furthermore, in the case of zopolrestat some structural analogy to 
histidine is also apparent.

It has been shown previously that ARIs have activities which suggest some antioxidant effect 
beyond the ability of ARIs to enhance the lens’s oxidative resistance by decreasing competition 
for NADPH by aldose reductase [Cheng & Gonzalez, 1986]. ARIs can also block lipid 
peroxidation in the rat lens and have been shown to raise plasma ascorbate levels in diabetes 
[Yeh & Ashton, 1990]. This effect may be attributed to metal chelation by ARIs. In 
hyperglycaemia, therefore, the therapeutic action of ARIs as antioxidants may be attributed to 
their ability to block redox activity of transition metal. In fact, Wolff & Crabbe [1985] 
suggested the specific hypothesis that ARIs inhibit free radical NADPH oxidation or/and 
prevent the increase of NADPH consumption stimulated by transition metal-catalysed 
monosaccharide enediol oxidation.

In conclusion, these results indicate that simple in vitro exposure of lens to high glucose for 
several hours leads to an apparent activation of aldose reductase. This is probably activation 
rather than induction of enzyme synthesis. Further, this activation may well be caused by a 
glucose-dependent delocalization of intracellular metals because certain chelators (as well as 
known ARIs) diminish or totally prevent the activation (as well as the accumulation of sorbitol 
in intact lenses). Inhibition of aldose reductase by ARIs which act as metal-chelating agents 
should render lenses better able to copy with oxidative stress.

Thus design of selective metal-complexing agents, which form lipophilic complexes with 
chelated metal, might be a useful experimental approach to the treatment of the complications 
of diabetes mellitus.
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Figure g,8. Structures of hydantoin, histidine and aldose reductase 
inhibitors used in this study
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Concluding Remarks

This study was undertaken to investigate possible mechanisms involved in oxidative tissue 

damage in diabetes. The mechanisms potentially associated with increased oxidative stress in 

diabetes include hyperglycaemia per se, glycation and secondary oxidation of proteins and 

(phorpho)lipids, delocalization of transition metals from presently undefined sources and 

activation of the sorbitol pathway.

The results of this study suggest that transition metals, probably copper, could well play a 

central role as catalysts of oxidant reactions. Indeed, minor elevations in reactive transition 

metal levels may be a more important contributory factor to oxidative stress in diabetes than 

hyperglycaemia per se. As shown by the present results, at least in vitro, transition metals are 

clearly involved in promotion of glucose ’aut'oxidation, glycoxidation and sorbitol (polyol) 

pathway activation. In contrast, glucose itself - even at very high concentrations - does little 

to promote H2O2 production or lipid peroxidation in vitro. In this regard, ascorbic acid, an 

antioxidant, generates H2O2 at far greater rates than glucose, a reaction which appears to 

require transition metals.

Overall, the present data support - although certainly do not prove - the general hypothesis 

that development of at least some diabetic complications is a consequence of increased 

oxidative stress. Our results also support the idea that delocalized transition metals, especially 

copper, may be responsible for much of the evident increase in in vivo oxidation. Such metals 

readily catalyze the oxidation of glucose, ascorbic acid and many other biological components.

Assuming that there is a link between the aetiology of diabetic complications and oxidative 

stress, there is very much to learn about the fundamental processes involved and, by extension, 

drugs which might be used to control such oxidation. In this respect, the potential in vivo 

actions of drugs such as aminoguanidine(AG) - which in vitro has both pro- and anti-oxidant 

effects - cannot be predicted without a full knowledge of the pathogenesis of diabetic
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complications, particularly those which have an oxidative component. At present, from the 

limited information available, it would appear that the control of metal catalyzed oxidation 

reactions through the administration of non-toxic chelators may represent one potential 

weapon for effective therapeutic attack on the presently intractable complications of diabetes.
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