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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 (H>O;) production in erythrocytes measured
by assessing catalase inactivation in the presence of aminotriazole; (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 H,O, concentrations. The production of H,O, 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.



By contrast, the behaviour of AG was paradoxical. AG slowly generated H,O 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 HO, was also found to enhance the in vitro AR activity.
Exposure of the lenses to vglucose 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
Acknowledgements
Abbreviations
Abstract
Contents
Lists of figures and table

Chapter 1: General Introduction

1.1.  Oxidative Stress aﬁd H,0, Metabolism

1.1.1. Oxidative stress and H,O, cytotoxicity

1.1.2. Glutathione peroxidase and H,0,

1.1.3. Catalase and H,;0,

1.14. Catalase assay and catalase inhibition by aminotriazole

1.2. Characterisation and Assessment of Antioxidant Drugs

1.2.1. Definition of antioxidants

1.2.2. Antioxidants and prooxidants: Vitamin E and Vitamin C

1.2.3. Assessment of antioxidant drugs

1.2.4. Metal chelating agents

1.2.5. “Antidiabetic Drugs™: Thioctic(a-lipoic) acid and aminoguanidine
potentially have both anti- and pro-oxidant activites

1.2.5a. Thioctic (a-Lipoic) acid

1.2.5b. Aminoguanidine

1.3.  Oxidative Stress and Diabetes Mellitus

1.3.1. Diabetic complications and oxidative stress

1.3.2. Involvement of oxygen radicals in tissue damage

in diabetes mellitus

0 NN D W NN a

\O

10
11
11

12



1.3.3.

14.
14.1.
1.4.2.

1.4.3.
144.
1.5.

1.5.1.
1.5.2.

1.5.3.
1.5.3a.
1.5.3b
1.6.

Alteration in tissue oxidative and anti-oxidative systems

in diabetes mellitus

Transition Metals in Diabetes Mellitus

Process of metal-induced free radical formation
Availability of free metal and increased oxidative stress
in diabetes

Copper and diabetes mellitus

Iron and diabetes mellitus

Possible Reactions for Increased Oxidative Stress in Diabetes Mellitus

“Autoxidation” of Glucose

Non-enzymatic glycosylation (glycation) as cause of
tissue damage in diabetes

Polyol pathway and oxidative stress

Polyol pathway and diabetic complications

Polyol pathway and increase in oxidative stress

Purpose of the present study

Chapter 2: General Methods

2.1

2.2

22.1.
222
2.23.
224
2.3.

231
23.2.
2.33.
234.
23.5.
23.6.

Materials
Methods for Studying Lipid and Glycated Protein

Preparation of artificial liposomes

Preparation of artificial lipoprotein

Preparation of glycated protein and glycated lipoprotein
Protein assay with BCA reagent

Methods for Studying Oxidative Stress

H,0, production with FOX-1 assay

Lipid hydroperoxide measurement with FOX-2 assay
MDA formation with TBA assay

Glutathione (GSH) content in erythrocytes
Measurement of carbonyl content

Lipid-derived fluorophores of glycated protein

12
13
13

15
16
17

17

19
19
20
20
25

26

26
26
26
27
27
28
28
28
29
29
29
30
31



2.4.  Methods for Studying Copper Ion and its Catalytic Activity

24.1. Atomic absorption(AA) spectroscopic method

24.2. Rate of copper-catalysed ascorbate oxidation

243. Oxygen uptake by copper-catalysed ascorbate oxidation
244. Inhibition of copper-catalysed lipid hydroperoxide production

25. A Method Modified for Measuring Lipophilicity and Formation
of Drug-copper Complex: n-octanol/water partition

2.6.  Methods for Studying Aldose Reductase in Rat Lens

2.6.1. NADPH oxidation
2.6.2. NADP formation
2.6.3. Sorbitol formation in rat whole lens incubations

2.7.  Preparation and Incubation of Tissues

2.7.1. Human erythrocytes
272 Rat lens homogenate and incubation
2.7.3. Rat liver slices

2.8.  Statistics

Chapter 3. Development of FOX assay for catalase determination and its

application to the study of H,O; fluxes within erythrocytes

3.1. Summary
3.2. Introduction
3.3. Experimental

33.1L Discontinuous measurement of erythrocyte catalase

33.2 Measurement of catalase in the presence of aminotriazole

3.4. Results

34.1. Kinetic of catalase activity measured discontinuously with FOX
342 Measurements of catalase inactivation and estimation of

production intracellular H,O,
3.4.2a. Catalase inactivation in the presence of AMT

3.4.2b. Catalase inactivation and H,O, flux with erythrocytes

31
31
32
32
33

33
34
34
36
36
37
37
37
38
38

40

40
40
41
41
42
42
42

R



3.45.

Discussion

Chapter 4. HO3 production in erythrocytes exposed to ascorbic acid

4.1
42.
43.
4.4.

44.1.

442.

4.43.

44.4.

445.

4.4.6.
4.4.7.

4.5.

45.1.

4.5.2

and glucose: Role of transition metals

Summary
Introduction
Experimental
Results
H,0, production and intracellular catalase inactivation
by ascorbic acid
Estimation of intracellular H,O, production by ascorbic acid
Transition ﬁletal involvement in erythrocyte catalase inactivation
Effect of copper and/or OPT on ascorbate-induced
catalase inactivation
Relative rate of ascorbate oxidation in vitro and erythrocytes:
Copper versus iron
Relative rate of H,O, production: Glucose versus ascorbate
Oxidative damage and catalase inactivation in erythrocytes
Discussion
Hyperglycaemia, ascorbic acid and transition metal: what is a
major crucial mechanism in the increase of H,O, production
in the cell ?
Role of glucose and ascorbate in the increase of oxidant

production with relevance to diabetes

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

5.1

in diabetes, generates H,O; and inhibits catalase

in erythrocytes and rat liver in vitro

Summary

49

50
50
51
51
51
51
53
53
55
58
58
59
63

63

63

65

65



5.2
5.3.
5.4.

54.1.

5.4.2.
5.43.

544
545
5.5.

5.5.1
552
553

554

Introduction
Experimental

Results

AG increases H,0, production from glucose during

glycation in vitro

H,0; formation by AG

Route to H,O, from AG

Inhibition of catalase by AG and aminotriazole (AMT)
Inhibition of catalase by AG in human erythrocytes and rat liver

Discussion

AG generation of H,0, and its potential as a pro-oxidant
Pathway of AG generating H,O,

Inhibitory effect of AG with comparison to AMT

with respect to the cytotoxicity

The paradox of AG

Chapter 6. Glycation and lipid-derived glycoxidation:

6.1.
6.2.
6.3.
6.4.

6.4.1.
6.4.2.
6.4.3.
6.4.4.
6.4.5.
6.4.6.

6.5.

6.5.1.

role of transition metal

Summary
Introduction

Experimental

Effect of glucose on PC peroxidation

Effects of glucose on PC and PE peroxidation

Metal involvement and effect of metal-chelating agents
Polyunsaturated fatty acid (PUFA) in PC and PE

Role of glucose autoxidation in lipoproteins oxidative damage
Susceptibility of glycated protein, lipoprotein and glycated

lipoprotein to copper-catalysed oxidation

Discussion

Glucose as a poor oxidant and the role of transition metal

65
66
66

66
68
68
71
73
76
76
76

77
78

79

79
79
81
81
81.
81
84
84
86

90
91
91



6.5.2.

Possible mechanism of glucose autoxidation in lipid

peroxidation and oxidative glycation

Chapter 7 Inhibition of metal-catalysed ascorbate oxidation by

7.1.
7.2.
7.3.
7.4.
74.1.
7.4.2.
7.4.3.
7.4.4

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

therapeutic metal-chelating antioxidant ?

Summary
Introduction
Experimental
Results and Discussion
TA inhibits ascorbic acid oxidation
TA inhibitéllipid peroxidation
TA facilitates the partition of copper ions into octanol

TA inhibits HyO7 production within the erythrocytes

Chapter 8  Roles of glucose and transition metal in activation of

8.1.
8.2
8.3.
8.4.
8.4.1.

8.4.2.

8.4.3.
8.4.3a.

aldose reductase (AR), and inhibition by aldose

reductase inhibitors (ARISs) in rat lens

Summary
Introduction
Experimental
Results
Increase of sorbitol accumulation and activity of AR in
rat lens induced by glucose
Inhibition of glucose activated AR activity by metal
chelating agents '
Effects of metal chelation by aldose reductase inhibitors (ARIs)

Inhibition of Cu**-catalysed ascorbate oxidation

92

93

93
93
94
94
94
98
98
100

103

103

104
104

105

108

111
111



8.4.3b. ARIs inhibit copper-catalysed lipid peroxidation and
facilitate copper partition ion into n-octanol

8.4.3c. ARIs and metal chelators inhibit HO, production by
ascorbate oxidation in human erythrocytes

8.5. Discussion

8.5.1. Glucose autoxidation and AR activation

8.5.2. Possible oxidat-ve mechanism of sorbitol pathway in lens
8.5.3. ARIs: metal-chelating antioxidants ?

Concluding Remarks

References

Appendix: Publications from this thesis (1993 -1995)

Lists of figures and tables

Chapter 1:

Figure:

1.1.  Mechanisms of H,O, removal in the erythrocyte

1.2.  Interactions of catalase with H,O, and aminotriazole

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

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

1.5.  The polyol pathway

1.6.  Integrative model of polyol pathway and non-enzymatic glycation
1.7.  NADPH competition for AR and gluthathione reductase

Chapter 2:
Figure:

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

complex: n-Octanol/water partition coefficient

111

112
115
115
115
116

119
121
133

10
20
22
24

35



Chapter 3:

Figure:

3.1.  Catalase activity: Dose-response decomposition of H,O,
with the FOX assay

3.2.  Measurement of catalase activity in human erythrocyte
and rat liver homogenates with the FOX assay

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

3.4. A steady flux of H,O, generated from the glucose-glucose
oxidase system inactivates catalase in the presence of AMT

Chapter 4:

Figure:

4.1. Dose-response relationship between added ascorbic acid,
inactivation of catalase and H,O, generation

42. Inhibition of ascorbate-induced catalase inactivation
requires pre-incubation with metal chelating agent (OPT)

4.3.  OPT enhances both Cu**-induced catalase inactivation and H,O,
production during Cu®* - catalysed ascorbate oxidation but
inhibits Cu**-catalysed ascorbate oxidation

4.4. Comparison of iron and copper in catalysing ascorbate
oxidation in vitro and erythrocytes

4.5. Time-course of inactivation of intracellular catalase by ascorbate
and glucose in the presence of AMT

4.6. Methemogloblin formation during the incubation of human
erythrocytes with glucose, ascorbate or/and copper

Table

4.1. H,0, generation, catalase inactivation and oxidative damage in

erythrocytes exposed to glucose-glucose oxidase in the presence
of AMT

43

45
46

47

50

52

57

60

61

62

54



Chapter 5

Figure:

5.1.  The accumulation and Cu®* - catalysed production of H,0, from AG

5.2.  AG increases H,O; production in vitro

5.3.  Effect of catalase on hydroperoxide generated by AG

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

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

5.6.  AG inhibits catalase in liver slices but not in erythrocytes in the
absence of an H,0, -generating system

5.7.  AG inhibits erythrocyte catalase in the presence of Cu*'/ascorbate

Chapter 6
Figure:
6.1.  Effects of glucose and copper on peroxidation of PC liposomes
6.2.  Effects of glucose on peroxidation of two phospholipid
liposomes: PE and PC
6.3. Inhibitory effects of EDTA and DETAPAC on peroxidation
of PE and PC in the presence of glucose
6.4.  GC profiles of polyunsaturated fatty acid (PUFA) in PC and PE
6.5.  Oxidation of lipoproteins induced by pre-oxidised glucose
and copper
6.6.  Susceptibility of glucose modified (glycated) protein and
lipoprotein to Cu®*-catalysed oxidation
Table:
6.1.  Composition of polyunsaturated fatty acid in PC and PE

Chapter 7

Figure: _

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

7.2.  Dose-response inhibition of Cu**-catalysed ascorbate oxidation by TA
7.3.  TA inhibits Cu?*-catalysed lipid peroxidation of liposomes

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

67
69
70
72
72

74
75

82

83

85
87

88

89

86

96
97
97
99



Chapter 8
Figure:

8.1.
8.2.

8.3.
8.4.
8.5,
8.6.
8.7.

8.8.

Table:
8.1.

GC profile of sorbitol accumulation in rat lens caused by glucose
Aldose reductase (AR) in rat lens activated by glucose and

H,0, in vitro

Inhibition of AR activity by OPT, thioctic (lipoic)acid and
sorbinil in rat lens ]

Aldose reductase inhibitors (ARIs) inhibit Cu**-catalysed
ascorbate oxidation in vitro

ARIs inhibit Cu**-catalysed lipid peroxidation

ARIs and OPT facilitate copper partition into n-octanol

ARIs and other metal chelators inhibit ascorbate-metal

induced H;0, production in erythrocytes

Structures of hydantoin, histidine and aldose reductase inhibitors
used in this study

Glucose activated AR and sorbitol formation, and the
inhibition by ARIs, TA and OPT in the rat lenses

106

107

108

109

113

113

114

118

108



Chapter 1 GENERAL INTRODUCTION

1.1. Oxidative Stress and H,0, Metabolism

1.1.1. Oxidative stress and H,O; cytotoxicity

In the presence of O,, Fe’* and Cu2+, 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 (H;0;). H,0, is a relatively stable and unreactive molecule. Since H,0, has no
unpaired electrons, H,0, 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 H,O, (which is not a radical) [Halliwell & Gutteridge,
1989]. H,0; may arise from a number of enzymatic and nonenzymatic pathways, most often

through the intermediacy of O,”. Superoxide dismutase (SOD) engages in a dismutation

reaction, involving oxidation of one O;" to oxygen and reduction of another O, to H;O;:

0" + Oy +2H -eooee > H,0; +0;

H,0, itself is a weak oxidising agent. However, the oxidative potency of H,0, may be
magnified 10 - 1000 times in the presence of trace amounts of the transition metals [Repine et
al, 1981; Balla et al.,1990]. Being uncharged and relatively small, H,O, can cross cell

membranes rapidly. Once inside the cell, H,O, 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 of H,O, [Eaton,1991].



1.1.2. Glutathione peroxidase (GSH-Px) and H>O,

All aerobic organisms possess enzymatic systems that protect against H,O, cytotoxicity. These

systems include two types of enzymes: the catalases, which catalyse the two step reaction:
2H,0, ---—--->2H,0 + 0O,

and the peroxidases, which bring about the general reaction:
SH, +H,0, ----> S +2H,0

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 H;0; 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 H,0, by catalysing the oxidation of reduced glutathione (GSH) to oxidised
glutathione (GSSG):

2GSH + H,0, ------>2H,0 + GSSG

The relative importance of GSH-Px versus catalase (see next section) may depend on the
source and extent of H,O, exposure [Gaetani et al., 1989]. For many kinds of cells, catalase
may be the most important in protection against high H,O, 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 H,0,, because it is located in the

same subcellular compartments(cytosol and mitochondria) as SOD [Cohen & Hochetein,1964;
Halliwell, 1991].

1.1.3. Catalase and H,0,



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 act:vities: catalatic(Eqs. 1 and 2) and peroxidatic (Eqgs.1
and 3) [Chance, et al.,1979]:

ki
Catalase-Fe** + H,0p -----mm- > Compound I D
k;
Compound I + H;0, --------> catalase-Fe** + H,0 + O, 2)
K;
Compound I + AH, --------- > catalase-Fe** + 2H,0 + A 3)

The above equations show that the full reaction cycle requires sequential reactions with two
molecules of H,0,. Compound I is in steady state with H,O,, acting as both oxidising and
reducing substrate; in this steady state, only a fraction of the catalase haem is in the form of
compound I. The possible mechanism of the component co-operation in destroying H,0; is

illustrated in the Figure 1.1.

1.1.4.  Catalase assay and catalase inhibition by aminotriazole

If the concentration of H;0; is fixed, the initial rate of removal of H,O, will be proportional to
the concentration of catalase present. Determination of catalase activity in tissues is

performed usually by monitoring the disappearance of added H,0,, which is followed by the

3



decreased (H,0,) 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 H,0, is directly measured by FOX' assay as described in Chapter 3. The
specific activity (IU) of catalase is usually expressed as umoles H,O, decomposed per min per

mg protein.

Catalase activity can be irreversibly inhibited by aminotriazole (AMT), its inhibitory action
being exerted via reaction with the catalase:H,0, intermediate, compound I. As a result, AMT
can only inhibit catalase if H,O, is present to allow generation of this intermediate. The
interactions of catalase with AMT and H,0, are illustrated in Figure 1.2. This H,O,-dependent
inhibition of catalase by AMT has been used to measure low rates of H,0O, generation in
erythrocytes in vitro [Liebowitz & Cohen,1968; Chapter 4, this thesis] and brain in vivo [Yusa
et al,1987]. Drug-induced H,0, 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 of 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 O, ); (2) inhibiting the formation of
ROS (e.g. by blocking activation of phagocytes), (3) binding transition metal ions needed for
HO® formation from O, and H,0; 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 1.2 _Interactions of catalase with H,0, and aminotriazole (AMT)

Catalase inhibition
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o e
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Kl
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+AH; (|51

Catalase-F03+ 4 Catalas B-F83+
2HO0 +A 2120 + 02

Peroxidatic Catalatic

Catalase activity

Reactions of catalase with AMT and H,0,

In the catalatic cycle, catalase is initially oxidised by H,O; to form compound 1, which
then reacts either with a second H,0, (reaction 4, catalatic) or with an exogenous H
donor (AH,) such as ethanol or NAD(P)H (reaction 5, peroxidatic). AMT reacts with
compound I to irreversibly inactivate catalase, and the rate of inhibition reflects the
steady state concentration of compound I in dynamic equilibrium with free intracellular
H,0, (reaction 3) [Liebowitz & Cohen,1968]. Compound I may also form Compound
II, 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 uM, may also scavenge O," (although this may require the
conspiracy of transition metals) and HOCI, 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 Cu2* 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 H,0, 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. Iron:ascorbate-
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 of antioxidant activities

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

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

for measuring the rate of reaction of potential antioxidants with H,O,, O,"", HO® as well as
with other oxidants such as those which form when haem proteins react with H,O, and
ascorbic acid reacts with transition metal ions. Methods also exist to measure the ability of
compounds to suppress metal-dependent H,0, 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. Meral 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
ggnerating HO?® and, further, because EDTA helps keep iron in solution phase by discouraging
the formation of insoluble Fe3*(OH),. Furthermore, the Cu:1.10-phenanthroline complex has
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been used as a model of damaging DNA [Dizdaroglu et al., 1990]. Some examples of simple
copper chelates as shown in Figure 1.3 [Lindenbaum,1973].

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

N NH 0]
/ 2
e\ e N\, 0=c7 \|
l Cu® l Cu* l /Cu2+
H,C 0=C 0=C
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 lipoic (Thiotic)acid

S—S

W/\COOH

alipoic acid

HS SH
COOH

dihydrolipoic acid

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 H,O, 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 from a lack of insulin) and progressive
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