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GENERAL INTRODUCTION 

For all aerobic organisms molecular oxygen is a 
prerequisite for life, because these organisms 
reduce oxygen to water in the mitochondrial 
electron transport chain for the production of ATP. 
However, because oxygen and certain derivatives of 
oxygen, collectively called reactive oxygen species 
(ROS), are potent oxidants, they can induce 
damage to important cellular structures and 
molecules such as membranes, enzymes and 
nucleic acids. Most living organisms therefore have 
cellular defence mechanisms that protect the 
organism against oxidative damage. Under certain 
pathological conditions the production of reactive 
oxygen species can exceed the antioxidant capacity 
(oxidative stress) which leads to oxidative damage. 
However, it is important to realize that certain 
reactive oxygen species play an important role in 
certain physiological processes. This introduction 
chapter will deal with the most important features 
of reactive oxygen species, their possible sources, 
their reactions, antioxidant defences and the 
cardiovascular diseases where ROS are thought to 
be involved. 

one or a maximum of two electrons. If the orbital 
contains two "paired-up" electrons they will be 
spinning in opposite directions. A free radical can be 
defined as any atom or molecule that has one or 
more unpaired electrons in its orbitals (this unpaired 
electron is symbolized by a period: •). Free radicals 
are more reactive than non-radicals because a 
pairwise arrangement of electrons is more stable 
than a single electron in an orbital. Free radicals will 
attempt to gain or donate electrons from or to other 
molecules which can be radicals and non-radicals. If 
the free radical reacts with a non-radical this will 
give rise to a new radical: 

X« + A -> X - A + B. 

This is why free radical reactions tend to proceed as 
chain reactions. When two free radicals react with 
each other their two unpaired electrons join to form 
a covalent bond (a shared electron pair) and a non
radical will be formed and the chain reaction will be 
broken: 

X. x . -> X - X 

Free radicals and reactive oxygen species 

In an atom electrons normally rotate in distinct 
regions around the nucleus. The regions in which 
there is the greatest probability of finding particular 
electrons are called orbitals. Each orbital can hold 

Molecular oxygen possesses two unpaired electrons 
in its orbitals (see figure 1 ) and is per definition a bi-
radical. However, because these electrons have 
parallel spinning directions oxygen itself is less 
reactive than one would expect from a radical. The 
inversion of spinning direction and transfer to a 



Auto-oxidation processes 
Many biological molecules such as catecholamines, 
sugers, thiols and flavins can oxidize on contact 
with oxygen in the presence of trace amounts of 
transition metals (Misra an Fridovich, 1972; Singal 
et al., 1983). The first event in this oxidation 
reaction involves the transfer of an electron from 
these molecules to molecular oxygen generating 
superoxide anions. Several studies have shown that 
these reactions also occur in vivo (Singal et al.,1982 
and 1983). 

The mitochondrial electron transport chain 
In the mitochondrium molecular oxygen is reduced 
to water in the electron transport chain (figure 2): 

0 2 + 4H+ + 4e- -> 2H20 

It has been shown that during this tetravalent 
reduction of oxygen a fraction of the electrons can 
leak out of the respiration chain (Loschen et al., 
1974; Turrens and Boveris, 1980). Main leakage 
sites are NADH dehydrogenase and co-enzyme Q 
(Turrens and Boveris, 1980, Dionisi et al., 1975). 
The electrons leaking out can be taken up by 
molecular oxygen and superoxide anions are 
formed. 
Dismutation of superoxide anions by mitochondrial 
superoxide dismutase will give rise to the formation 
of hydrogen peroxide. 
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< Figure 2 

Mitochondrial electron transport 
chain. Electron leakage from the 
transport chain is a major source 
of reactive oxygen species. For 
details see text. 

The xanthine dehydrogenase/oxidase system 
The enzyme xanthine dehydrogenase catalyzes the 
oxidation of hypoxanthine (HX) or xanthine (X) 
(degradation products of purines) to uric acid; 

HX/X + NAD+ H20 -> Uric acid + NADH + H+ 

Under certain pathological conditions the enzyme 
can be converted by protease activity to xanthine 
oxidase (Boveris and Chance, 1973; Turrens and 
Boveris 1980, Saugstad and Aasen, 1980; Rinaldo 
and Gorry, 1990). The oxidase form of the enzyme 
is thought to be a source of superoxide anions 
(McCord and fridovich, 1968; Knowles et al., 
1969). The oxidase uses molecular oxygen as an 
electron acceptor; 
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Figure 3 • 

Free radical generation in 
arachidonic acid metabolism by 

cyclooxygenase. 

HX/X + 0 2 + H20 H> Uric acid + NADH + W 

However, there exist large differences in xanthine 
oxidase activity among various animal species and 

therefore the relative contribution of ROS 
generated by xanthine oxidase in some animal 
species is questionable (Eddy et al., 1986; Kehreret 
al., 1 987; Janssen et al., 1993). 

The cyclooxygenase and lipoxygenase pathway 
The arachidonic acid pathway is thought to be 
involved in free radical generation (Egan et al., 1976; 
Kontos et al., 1980). Prostaglandin H2 synthase 
displays two distinct enzymatic activities: 
endoperoxidase activity that oxygenates and 
cyclizes arachidonic acid to the cyclic endoperoxide 
PGG, and a hydroperoxidase activity that converts 
PGG into PGH (see figure 3). During this 
conversion of arachidonic acid superoxide anions, 
singlet oxygen and free radical intermediates are 
formed (Cadenas et al., 1983; Kukreja et al., 1986). 

Phagocytic cells 
Leukocytes use ROS as antimicrobial compounds 
and are considered as a main source of ROS. In 
activated leukocytes the NADPH-dependent 
oxidase system on the membrane surface is 
responsible for the generation of superoxide anions 
(Morel et al., 1991) (see figure 4). In patients with 
chronic granulomatous disease there exists an 
inborne defect of the NADPH oxidase system 
(Curnette and Babior, 1987). The phagocytes of 
these patients can normally take up micro
organisms by phagocytosis but fail to kill them, 
which results in multiple and persistent infections. 
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Another defence mechanism used by neutrophils is 
the myeloperoxidase system (see figure 4). In the 
presence of hydrogen peroxide (formed by the 
dismutation of superoxide anions) myeloperoxidase 
will oxidize chloride ions to hypochlorous acid 
(HOCI) (Weiss, 1989). This process can also result 
in the formation of singlet oxygen (Rosen and 
Klebanoff, 1977). Because myeloperoxidase is 
secreted by the azurophilic granules into intra- and 
extracellular compartments, HOCI is generated 
both inside and outside the cell. 

Endothelial cells 
Endothelial cells also produce free radicals: nitric 
oxide as well as superoxide anions. Nitric oxide is 
synthesized by virtually al mammalian cells from L-

arginine by means of constitutive or inducible NO-
synthases (NOS) (Moncada et al., 1989; Rees et 
al., 1990; Nathan, 1992). NOS is a cytochrome 
P450 enzyme containing a reductase as well as a 
heme domain (White and Marietta, 1992). At low 
arginine concentrations NOS has been shown to 
produce superoxide anions as well (Xia et al., 1996). 

Reactions of reactive oxygen species 

Lipid peroxidation 
One of the best studied free radical reactions in 
biological systems is the lipid peroxidation chain 
reaction. The unsaturated bonds of fatty acids in 
membrane lipids can readily react with free radicals 
and undergo peroxidation (see figure 5). The first 
step in this chain reaction involves the abstraction 
of a hydrogen atom from a fatty acid by for instance 
a hydroxyl radical which leads to the formation of a 
carbon centred radical: 

LH + .OH -> L. + H20 

A conjugated diene is formed by conformational 
change, and the diene than can react with molecular 
oxygen to a lipid peroxyl radical: 

L. + 0 2 -> LOO« 

The lipid peroxyl radical can react with an 

<< Figure 4 

ROS formation by activated 
leukocytes. The NADPH 
dehydrogenase complex is a 
potent source of superoxide 
anions. The dismutation of 
superoxide leads to the generation 
of hydrogen peroxide which is used 
by myeloperoxidase (MPO) to 
generate hypochlorite. 
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unsaturated fatty acid by extracting a hydrogen 
atom. This reaction gives rise to a non-radical lipid 
peroxide and a carbon centred lipid radical, thereby 
propagating the chain reaction: 

LOO« LH -> LOOH + L. 

Transition metals can accelerate lipid peroxidation 

by initiating the formation of alkoxy or peroxyl 
radicals from lipid peroxides: 

LOOH + Fe2+ -> LO. Fe3+ + OH-

LOOH + Fe3+ -> LOO« + Fe2+ + H+ 

The end products of these (transition metal 

Figure 5 • 

Lipid peroxidation chain reaction. 
For details see text. 
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catalyzed) breakdown of lipid peroxides include 
malondialdehyde, 4-hydroxynonenal, ethane and 
pentane (Esterbauer et al., 1988). Lipid 
peroxidation causes alterations of membrane 
fluidity and the semipermeable characteristics of 
membranes. 

Reactions with nucleic acids 
The mutagenic and cell killing effects of radiation 
and some chemotherapeutic drugs are largely due 
to the formation of free radicals (Breimer, 1988). 
Hydroxyl radicals can readily react with the sugar-
phosphate backbone and the bases in DNA and 
RNA, leading to strand breaks and base 
modifications (Aruoma et al., 1989). 

Reactions with proteins 
Proteins can be damaged by free radical attack with 
possible functional consequences. Free radicals and 
other reactive oxygen species can react with 
different sites in the protein such as metal binding 
sites, aromatic amino acids, disulphide bonds and 
thiol groups which may lead to fragmentation, 
cross-linking and aggregation. ROS can induce 
carbonyl group generation into amino acid residues 
which results in an increased susceptibility to 
proteolysis (Wollf and Dean, 1986). Furthermore, it 
has been reported that ROS-induced changes in 
primary, secondary, tertiary and quaternary 
structure will lead to an increased proteolysis and 
hydrophobicity (Pacifici and Davies, 1990). 

Antioxidant defences 

Because ROS readily react with lipids, nucleic acids 
and proteins, most organisms have developed an 
antioxidant defence system to protect cells against 
the deleterious actions of ROS. Organisms may use 
enzymatic as well as non-enzymatic processes to 
eliminate ROS (scavenging, primary defences) or to 
prevent oxidative damage by ROS (secondary 
defences). 

Enzymatic defences 
Superoxide dismutases (SOD) are metallo-proteins 
that catalyze the dismutation of superoxide anions 
to hydrogen peroxide (Fridovich, 1974). The 
spontaneous dismutation of superoxide anions has 
a rate constant of 5-10s M ' s ' , whereas the rate 
constant for the SOD catalyzed reaction amounts to 
1.6-109 M-1 s-' (Fridovich, 1983). There are different 
types of SOD which contain different metallic 
prosthetic groups. In humans three types of SOD 
have so far been characterized: copper/zinc 
(Cu/Zn), manganese (Mn) and extracellular (EC) 
SOD (McCord, 1979; Marklund, 1984). The Cu/Zn-
SOD is present in the cytosol and nucleus of various 
cells, whereas the Mn-SOD is mainly found in 
mitochondria (Slot et al., 1986). The Cu/Zn 
containing EC-SOD can be found in plasma and 
bound to heparin sulfate on the surface of 
endothelial cells (Karlsson and Marklund, 1988). 
Catalase is a cytoplasmic heme containing enzyme 
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that catalyzes the decomposition of hydrogen 
peroxide to yield oxygen and water: 

2H202 -> 0 2 + 2H20 

Catalase is present in all organs with the highest 
activity in the liver and erythrocytes (Schönbaum 
and Chance, 1976; Marklund et al., 1982). In 
contrast, the catalase activity in the heart is low 
(Doroshow et al., 1 980). Within the cell the highest 
catalase activity can be found in the peroxisomes. 
Probably more important in the decomposition of 
hydrogen peroxide is the glutathion peroxidase 
(GSH-px) system. GSH-px uses hydrogen peroxide 
to oxidize reduced glutathion (GSH) into oxidized 
glutathion (GSSG): 

2GSH + H202 -> GSSG + 2H20 

GSH-px is a seleno enzyme containing a seleno-
cysteine (R-SeH) residue in its active site. On the 
cellular level GSH-px is present in the cytoplasm 
and mitochondria (Flohe and Schlegel, 1971). There 
are several iso-enzymes of GSH-px. Glutathion-S-
transferase (GSH-st) catalyzes the decomposition 
of lipid peroxides: 

by phospholipase activity are reduced by GSH-st 
(Sevanian and Kim, 1985). A third type of (selenium 
containing) GSH-px has been described that can 
reduce phospholipid peroxides in membranes 
(Ursini et al., 1986). Oxidized glutathion (GSSG) 
can be regenerated by glutathion reductase (GSH-
red): 

2GSH + NADP-

LOOH + 2GSH -» GSSG + LOH + H20 

GSSG + NADPH + H' 

Non-enzymatic defences 

Vitamin E consists of a family of lipophilic 
tocopherols that reside in lipid membranes and 
lipoproteins. oc-Tocopherol is in vivo the most 
abundant and most bioactive tocopherol isomer. 
Vitamin E has a reactive phenolic hydroxyl group 
(see figures 6 and 7) of which the hydrogen atom 
can be easily donated to lipid peroxy- and alkoxy 
radicals. The long phytyl chain is assumed to be 
there to retain the molecule in the membrane (Niki 
et al., 1985). By donating a hydrogen atom the 
tocopheroxyl radical is formed which is rather stable 
because of resonance stabilization of the unpaired 
electron in the chroman head of the molecule 
(Burton et al., 1980). 

GSH-st is present in the cytosol and does not 
contain selenium. Only peroxides that are liberated 

Tocopherol (vitamin E) + LOO» —> Tocopheroxyl 
(vitamin E«) + LOOH 



This reaction will stop the lipid peroxidation chain 
reaction. Thus, vitamin E is a so called chain 
breaking antioxidant. 

Vitamin C (ascorbic acid) is able to reduce the 
tocopheroxyl radical back to tocopherol (Packer et 
al., 1979; Niki et al., 1982) thereby permitting 
vitamin E to function as a chain breaking antioxidant 

again. Vitamin C is a hydrophilic antioxidant and 
therefore the unpaired electron is transferred away 
from the endangered membrane fraction to the 
cytosol (see figure 6) (Niki et al., 1984). Because of 
its strong reducing capacity ascorbic acid as well as 
other antioxidants can also be pro-oxidants (Bast et 
al., 1991). Especially in combination with transition 
metals ascorbic acid is a potent oxidant (Buettner 

cytoplasm ascorbic acid 

Membrane 

< Figure 6 

Function of vitamin E (tocopherol) 
in lipid peroxidation and the 
regeneration of vitamin E by 
vitamin C (ascorbic acid). 
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Figure 7 •• 

Molecular structures of non-
enzymatic naturally occurring 

antioxidants. Note that all these 
antioxidants have a reactive 

phenolic group. 

and Jurkiewicz, 1996). The pro-oxidant activity of 
ascorbic acid in the presence of transition metals is 
due to an increased pro-oxidant chemistry by 
reduction of these metals: 

Fe3+ + Ascorbic acid (vitamin C) —> Fe2+ + 
Ascorbyl radical (vitamin O ) + 2H + 

In addition, the oxidation of ascorbic acid will give 
rise to the formation of hydrogen peroxide: 

2 Ascorbate + 0 2 —» 2 Dihydroascorbate + H202 

In general, at low concentrations, vitamin C should 
be considered as a pro-oxidant, and at higher 
concentrations as an antioxidant (Bast et al., 1991; 
Buettner and Jurkiewicz, 1996). This profile is 
different from that of vitamin E, which at higher 
concentrations can act as a pro-oxidant: 

Tocopherol (vitamin E) + LOOH -
(vitamin E») + L O + 

> Tocopheroxyl 
H20 

It so far remains unknown whether the pro-oxidant 
actions of antioxidants play an important role in 
vivo. 

Ubiquinols (reduced ubiquinons) are chain breaking 
antioxidants residing in membranes. Ubiquinol 
(reduced coenzyme Q10) is most abundant in the 
mitochondrial inner membrane (Frei et al., 1990). 

ß-carotene (provitamin A) 

flavonol 

ascorbic acid (vitamin C) 

tocopherol (vitamin E) 

Reduced coenzyme Q10 is a more potent 
antioxidant than vitamin E (Stocker et al., 1991) 
however, the concentration of ubiquinol in 
membranes (except for mitochondrial membranes) 
is much lower than that of vitamin E (Frei et al., 
1990). 

Flavanoids are a large group of naturally occurring 
phenolic compounds found in plants. Flavonoids and 
vitamin E share the same chromane moiety (see 
figure 7). Flavanoids can be found in tea, red wine, 
onions, garlic, apples and other fruits and 
vegetables (Rice-Evans, 1995, Manach et al., 
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1996). Roughly, there are two important activities of 
flavonoids. Firstly, inhibition of particular enzymes 
(such as phospholipase C, protein kinase C, cyclo-
and lipoxygenases, NADPH oxidase, xanthine 
oxidase and myeloperoxidase (Middleton and 
Kandaswami, 1992)) and secondly their specific 
antioxidant activities (Cotelle et al., 1996; de Groot 
and Rauen, 1998). Thus, flavonoids can reduce the 
generation of ROS (primary defence) and prevent 
oxidative damage by ROS (secondary defence). 

ß-Carotene (provitamin A) is a potent singlet 
oxygen quencher (reducing the excited state) that 
circulates in association with lipoproteins (Foote 
and Denny, 1968). The major source of carotenoids 
are fruits and vegetables. 

Uric acid has been shown to be a scavenger of ROS 
such as hydroxyl radicals and superoxide anions 
(Ames et al., 1981 ). Uric acid can be found in rather 
high concentrations (3 mM) in blood plasma (Ames 
et al., 1981 ). In plasma, uric acid can protect vitamin 
C from oxidation (Sevanian et al., 1985). 

Another important antioxidant defence is the 
chelation of transition metals since bound metal 
ions are not capable to catalyze free radical 
reactions. Iron is transported in the plasma by 
transferrin, a protein that binds two ferric ions, and 
stored in tissues inside molecules of ferritin which 
can hold as many as 4500 ferric ions. 

Reactive oxygen species in cardiovascular disease 

As already mentioned, in certain disease states the 
amount of reactive oxygen species may overwhelm 
the antioxidant capacity leading to a situation called 
oxidative stress. Oxidative stress can be the result 
of an increased production of ROS or a decrease of 
(local) antioxidant defences or both. Since ROS are 
very reactive an excess of ROS can lead to 
undesired modifications of important cellular 
structures and molecules. In this section we will 
briefly discuss several important cardiovascular 
disease states in which ROS have been shown to 
play an important role. 

Ischaemia/reperfusion injury 
It is a well established fact that (myocardial) 
ischaemia/reperfusion leads to the production of 
various ROS. ROS are mainly formed during and 
after the reperfusion phase (McCord, 1985; 
Simpson and Lucchesi, 1987; Bolli, 1988). Although 
the reintroduction of oxygen in the ischaemic region 
is a prerequisite for survival of the cardiomyocytes 
in that region, the restoration of blood flow will also 
lead to undesirable ROS production. This 
controversy is known as the oxygen paradox. During 
reperfusion ROS can arise from different sites in 
the ischaemic region. Prolonged ischaemia will lead 
to a disruption of the mitochondrial electron 
transport chain because oxygen is not readily 
available. Restoration of the electron transport 

14 
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Figure 8> • 

Activation of the xanthine oxidase 
system during ischaemia/ 

reperfusion, a possible source of of 
reactive oxygen species. 
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chain primes electron leakage from the respiratory 
chain (Marklund, 1988). In addition ROS 
themselves are known to induce mitochondrial 
damage. In ischaemia the uncoupling- of the 
respiratory chain will give rise to decreased ATP 
levels and a subsequent accumulation of purine 
breakdown products, increased intracellular Ca2+ 

levels as well as a decreased intracellular pH as a 
result of anaerobic glycolysis. Under these 
circumstances , xanthine dehydrogenase can be 
converted by a Ca2+-dependent protease to 
xanthine oxidase (Saugstad and Aasen, 1980). 
Xanthine oxidase is a possible source of superoxide 

anions and uses ATP-breakdown product as 
substrates (see figure 8). However, as mentioned 
previously, there exists considerable doubt 
concerning the role of xanthine oxidase in human 
ischaemia/reperfusion injury. During ischemia/ 
reperfusion, increased phospholipase A2 activities 
will lead to increased levels of arachidonic acid and 
concomitant eicosanoid synthesis via 
cyclooxygenase/lipoxygenase pathways (Downey, 
1990), which are additional sources of ROS. ROS 
generated in the ischaemic/reperfused myocardium 
induce extensive lipid peroxidation, enzyme and 
DNA modifications which in combination with the 
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metabolic inhibition will induce cell death, and may 
subsequently result in a decreased contractility and 
arrhythmias . In a later phase, accumulating 
neutrophils may induce further oxidative damage 
and myocyte necrosis by producing a variety of 
ROS (Lucchesi et al., 1989)(see figure 4). 

Oxidation of LDL and atherosclerosis 
In the blood lipids are transported as lipoproteins 
(Schaeffer and Levy, 1985). Low density 

lipoproteins (LDL) are the major cholesterol-
carrying lipoproteins in human plasma. LDL are 
spherical complexes consisting of a hydrophobic 
core of cholesterol esters, triglycerides and on the 
surface free cholesterol, phospholipids and the 
apolipoproteins E and B. In these particles several 
antioxidants such as vitamin E, ubiquinol and ß-
carotene can be found. LDL can bind to specific 
receptors on various cells and thus stimulating the 
uptake of cholesterol. The intracellular cholesterol 

thrombus 

foam cells 

OX-LDL uptake 

i Figure 9 

The possible role of reactive 
oxygen species in the aetiology of 
atherosclerosis. For details see 
text. 
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synthesis plays only a minor role. The specific LDL 
binding is regulated by the cholesterol content of 
each individual cell. Because of the high lipid 
content of LDL these particles are very sensitive to 
oxidative modification by ROS, generating oxidized 
LDL (ox-LDL) (Morel et al., 1983). Oxidative 
modification of LDL not only concerns the lipid 
fraction of the particle but also the protein fraction. 
This will lead to a loss of recognition by LDL-
receptors and to a shift of recognition by 
scavenging and ox-LDL-receptors. Scavenging 
receptors can be found in liver, spleen, smooth 
muscle cells and macrophages (Nagelkerke et al., 
1984; Goldstein et al., 1979). Via these receptors 
ox-LDL is taken-up independently of the cholesterol 
content of the cell (Brown and Goldstein, 1983). At 
high levels of ox-LDL this process leads to a 
massive uptake of ox-LDL by for instance 
macrophages. Such cholesterol-loaded cells are 
characterized by numerous lipid droplets and 
because of their foamy appearance they are called 
foam-cells. 

It has been hypothesized that, among a variety of 
other factors, oxidation of LDL is one of the first 
events in the process of atherosclerosis (Witztum, 
1994). LDL-oxidation is not likely to occur in plasma, 
but takes place in the subendothelial layer by ROS 
that could be generated by endothelial cells, smooth 
muscle cells and/or macrophages (Morel et al., 
1983). Oxidized LDL has several properties that 
can induce or accelerate the atherosclerotic 

process. For instance, ox-LDL has been shown to 
enhance monocyte adhesion to endothelial cells and 
to be a chemoatractant for macrophages (Quinn et 
al., 1987; Navab et al., 1991). Activated 
macrophages produce ROS that can oxidize trapped 
LDL to a further extent (see figure 9). 

Congestive heart failure, hypertension and 
diabetes 
More and more evidence is accumulating that ROS 
are implicated in the aetiology and/or 
pathophysiology of congestive heart failure, 
hypertension and diabetes. Congestive heart failure 
is characterized by a decrease in mechanical 
performance and hypertrophy of the heart as well as 
the activation of noxious neuroendocrine 
compensatory mechanisms such as an activation of 
the sympathetic nervous system and the renin-
angiotensine-aldosterone system. The activation of 
the sympathetic nervous system will result in 
elevated plasma catecholamine levels. Auto-
oxidation of these catecholamines is a possible 
source of ROS and may induce cardiomyopathy 
(Singal et al., 1982 and 1983). In addition, it has 
been shown that due to aortic stenosis there is an 
increased production of ROS by polymorphonuclear 
leukocytes in heart failure (Prasad et al., 1989). In 
patients with chronic heart failure secondary to 
ischaemic heart disease abnormalities in two 
plasma markers of oxidative stress were found (Mc 
Murray et al., 1990) and the concentration of these 
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markers correspond with the residual left ventricular 
ejection fraction (Belch et al., 1991). More recently 
McMurray et al. (1993) have shown that chronic 
heart failure, regardless of its aetiology, is 
associated with abnormalities in a variety of 
markers of oxidative stress. 
There also exists a potential role for ROS in 
hypertension. Superoxide anions and hydroxyl 
radicals can react with endothelium derived nitric 
oxide and may thus lead to defective vasodilation 
(Krzanowski, 1991). However, the involvement of an 
impaired NO-system in hypertension is 
questionable. Possible sources of ROS in 
hypertension are elevated catecholamine levels and 
higher ROS production by leukocytes in 
hypertensive subjects (Pontremoli et al., 1989). 
In patients with diabetes mellitus the higher 
incidence of atherosclerosis, ischaemic heart 
disease and retinopathy may be partially related to 
a higher production of ROS (Katz, 1986; Uzel et al., 
1987, Armstrong and Al-Awadi, 1991) that might 
arise from autooxidation of glucose and an impaired 
tissue perfusion (Brownlee and Cerami, 1981). 
Several studies in human subjects and animal 
models have indicated that diabetes mellitus is 
associated with oxidative stress. For instance; 
diabetic patients have higher lipid peroxide levels in 
their serum lipid proteins (Nishigaki et al., 1981) 
and decreased SOD mRNA levels have been 
reported in streptozotocin-induced diabetic rats 
(Kamata and Kobayashi, 1996). 

Pharmacological interventions: Antioxidant therapies 

Because ROS are implicated in the above 
mentioned disease states, the question arises 
whether antioxidants may display protective effects 
in these disease states. Large epidemiological 
studies indicate that a high dietary intake of vitamin 
E and ß-carotene (and in a lesser extent vitamin C) 
is associated with a significant reduction in the risk 
of coronary heart disease (Lapidus et al., 1987; 
Riemersma et al., 1990; Gey et al., 1991; Enstrom 
et al., 1992; Gaziano et al., 1993; Stampfer et al., 
1993; Rimm et al., 1993; Hodis et al., 1995). These 
epidemiological studies, however, are of limited 
value since confounding factors may disturb the 
outcome of these investigations. For instance, a 
higher dietary or supplemental intake of antioxidant 
vitamins might be linked to a healthier lifestyle in 
general. Several large clinical trials of antioxidant 
supplements in coronary heart disease patients 
have been performed or are ongoing. The 
Cambridge Heart Antioxidant Study (CHAOS) was 
one of the first large scale trials that investigated 
the effects of oc-tocopherol in the prevention of non
fatal myocardial infarction and cardiovascular death 
in patients with angiographically proven coronary 
atherosclerosis (Stephens et al., 1996). In this 
double-blind, placebo-controlled study 2002 
patients were randomized to 400 or 800 I.U. of oc-
tocopherol or placebo and were followed-up for an 
average period of 510 days. This study showed that 
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oc-tocopherol decreased the primary end-points (the 
combination of non-fatal myocardial infarction and 
cardiovascular death) by 47%. Non-fatal myocardial 
infarction was even decreased by 77%. However, in 
the tocopherol group there was an 18% increase in 
all cause mortality. It should be realized that the 
tocopherol dose used was very high compared to 
other studies. More or less similar results were 
obtained in the Alpha-Tocopherol Beta-Carotene 
Cancer Prevention Study (ATBCS) (1994). In this 
trial the impact of tocopherol and ß-carotene in a 
group of 29133 Finish smokers (age: 50-69 years) 
on the prevention of lung cancer was investigated. 
There was no significant effect seen on the total 
number of major coronary events in any of the 
supplementation groups, but there was a 
statistically significant decrease in the risk of non
fatal myocardial infarction (relative risk: 0.62) 
compared to placebo. However, all active 
supplements increased the risk of fatal coronary 
heart disease (oc-tocopherol: 1.33 (ns); the 
combination of a-tocopherol and ß-carotene: 1.58; 
and ß-carotene alone: 1.75). 
In the Physicians Health Study, a randomized, 
placebo-controlled, double-blind trial, the effects of 
aspirin and ß-carotene in the prevention of 
cardiovascular disease and cancer in 22071 US 
physicians (age: 40-84 years) is studied 
(Hennekens and Eberlain, 1985). In a small 
subgroup of 333 patients with pre-existing coronary 
heart disease without myocardial infarction, 160 

were assigned to ß-carotene and 173 to placebo. 
After a mean follow-up of 60.2 months a significant 
reduction in cardiovascular events was seen in the 
ß-carotene group (relative risk: 0.49). However, with 
extended follow-up these effects diminished and a 
(non-significant) increase in cardiovascular death 
was observed. 
Many clinical trials on antioxidants are ongoing and 
will possibly give more insight in the potential value 
of antioxidants (natural or synthetic) in the 
prevention of cardiovascular diseases. At this point, 
however, the data available on secondary 
prevention point towards a decrease in non-fatal 
coronary events but an increase in mortality. 
Therefore it is too early to answer the question 
whether patients with coronary heart disease 
should be treated with supplemental antioxidants. 

The role of ROS in cellular signalling 

Evidence is accumulating that ROS, besides their 
general deleterious effects on tissues, are involved 
in more specific cellular signalling processes 
(Schulze-Osthoff and Wesselborg, 1996; Lander 
1997). Best studied is the role of the nitric oxide 
radical that stimulates cGMP formation, which 
induces vasoralaxation and a reduction in vascular 
tone. In this section we will discuss ROS-induced 
alterations of functional molecules and their 
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potential role in cell signalling. 
Several studies have shown that exogenous ROS 
induce intracellular Ca2+-overload and subsequent 
cardiac dysfunction. Matsubara and Dhalla (1996a 
and b) have shown that ROS, produced by means of 
the xanthine/xanthine oxidase ROS generating 
system, depress sarcolemmal Na + /Ca 2 + exchange 
and calcium pump activities. In addition, ROS can 
inhibit the Ca2+ ATPase activities in the 
sarcoplasmic reticulum (Kukreja et al., 1989 and 
1991). Inhibition of the Na+/K+ ATPase by ROS 
can give rise to an intracellular Na+ accumulation. 
This accumulation will increase the Ca2+ influx via 
the Na + /Ca 2 + exchanger in the reverse mode. Kim 
and Akera have reported decreased N a + / K + 

ATPase activities and ouabain binding in left 
ventricular homogenates due to ROS exposure. In 
addition, the involvement of calcium-leak channels 
in ROS-induced Ca2+-overload has been reported 
(Wang et al., 1995). Beside specific inhibition or 
activation of proteins that promote Ca2+-overload, 
ROS might influence the contractile proteins 
themselves, thus leading to a decreased 
contractility. 

The adrenoceptor system plays an important role in 
the regulation of contraction of the heart and 
vasculature. It also governs heart rate to an 
important degree. By changing the properties of 
these receptors or their second messenger 
systems, ROS can potentially influence contractility 
and heart rate. Only limited and scattered 

information is available on the direct influence of 
ROS on adrenoceptors. Treatment of cardiac 
membranes with ROS increased the density but 
decreased the affinity of ß-adrenoceptors for [3H]-
dihydroxyalprenol (Kaneko et al., 1991). However, 
conflicting results have been found. The treatment 
of cardiac membranes with hydrogen peroxide 
resulted in an increased ß-adrenoceptor density in 
one study (Haenen et al., 1988), whereas other 
groups have reported no changes in density and a 
decrease in affinity (Masuda et al., 1993). Similarly, 
only limited data are available on the direct 
influence of ROS on cardiac and vascular oe-
adrenoceptors. Kaneko et al. (1991) have shown 
that ROS, generated by a H202 /Fe2 + ROS 
generating system, decreased the affinity of rx-
adrenoceptors for [3H]-prazosin, whereas the 
number of a-adrenoceptors was not affected. 
However, Gong and Han (1996) have reported that 
ROS reduce affinity and a-adrenoceptor number. 
The second messenger system of ß-adrenoceptors, 
the Gs-mediated activation of adenylyl cyclase is 
also prone to modification by ROS (Persad et al., 
1997). In general, ROS will decrease the functional 
responses to a- and ß-adrenoceptor stimulation, 
which can be the result of receptor modifications or 
alterations in the signal transduction pathways of 
these receptors, or injuries to the contractile 
aparatus. 

Besides the formation of malondialdehyde and 4-
hydroxynonenal in lipid peroxidation processes, 
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other biologically active products are formed during 
this process. Free radical attack on arachidonate, 
residing in phospholipids, is known to generate 
isoprostanes and isoleukotrienes (Morrow et al., 
1992a and b). These compounds share structural 
and biological features of prostaglandins and 
leukotrienes, but are generated independently of 
cyclooxygenase or lipoxygenase. Iso-eicosanoids 
are liberated by phospholipase activity. 
Isoprostanes are formed in vivo in cases of oxidative 
stress (Hoffman et al., 1996) and have potent 
vasoconstrictor effects on the peripheral 
vasculature (Morrow et al.,1992a; Hoffman et al., 
1997). Isoprostanes act via stimulation of 
thromboxane A2/prostaglandin H2 like receptors 
and the biological activities of B4-isoleukotrienes 
can be blocked by a leukotriene B4 receptor 
antagonist (Morrow et al., 1992 a; Harrison and 
Murphy, 1995). The formation of iso-eicosanoids 
might be an important mechanism by which ROS 
serve as lipid mediators of oxidative stress-induced 
tissue damage. 

Recent studies have shown that ROS can activate 
different distinct isoforms of mitogen-activated 
protein kinases (MAPKKGuyton et al., 1996). 
MAPK are dual serine/threonine kinases that are 
activated upon stimulation of receptors with 
intrinsic tyrosine kinase activity, certain G-protein 
coupled receptors, and stress stimuli such as UV-
light, heat and shear stress (Seger and Krebs, 
1995; Guyton et al., 1996; Delia Rocca, 1997). 

Three isoforms of MAPK are known: extracellular-
regulated protein kinase (ERK), cJun-NH2-terminal 
kinase (JNK) and p38 MAP kinase (p38). MAPK are 
involved in cellular growth, differentiation and cell 
survival, and their endogenous substrates are 
transcription factors (cFos, cJun, cMyc), 
phospholipase A2, tyrosine kinase receptors and 
other regulatory proteins (Seger and Krebs, 1995). 
Recent reports have shown that ERK MAPK is 
possibly involved in smooth muscle cell contraction 
(Florian and Watts, 1998). The activation of MAPK 
by ROS might involve arachidonic acid and 
cyclooxygenase and lipoxygenase products 
(Tournier et al., 1997), but remains largely unclear. 
Activation of MAPK by ROS possibly plays a role in 
cell survival in cases of oxidative stress by 
activating regulatory proteins that regulate the 
expression of protective proteins, or control cell 
cycle (apoptosis) (Seger and Krebs, 1995; Guyton 
étal . , 1996). 

It is well known that ROS and other 
proinflammatory stimuli induce a rapid activation of 
the N F - K B transcription factor (Schulze-Osthoff 
and Wesselborg, 1996; Ginn-Pease and Whisler, 
1998). N F - K B regulates the transcription of genes 
coding for cytokines, cytokine receptors, acute-
phase proteins and endothelial adhesion molecules 
(Ginn-Pease and Whisler, 1998). Interestingly, it has 
been shown that N F - K B (independently of the 
nature of the stimulus) is activated intracellular 
solely by ROS (Marumo et al., 1997; Collard et al., 
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1998). Thus activation of N F - K B by cytokines can 
be blocked with antioxidants (Schulze-Osthoff and 
Wesselborg, 1996; Hirano et al., 1998). 
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Aims of the present investigation 

Since ROS are very reactive substances and can 
react with and modify lipids, proteins and DNA, high 
levels of ROS in the cardiovascular system may 
have detrimental effects on contractility and 
responsiveness to external stimuli. 
The research described in this thesis was performed 
to investigate the effects of ROS on cardiac and 
vascular tissues, and to identify possible new 
cellular targets of ROS that are reflected by 
functional and pharmacological changes. For this 
purpose we have developed a suitable method 
(electrolysis) to study the actions of ROS on 
isolated cardiovascular tissues without the need of 
additional drugs or enzymes. So far the influence of 

ROS on cardiovascular tissues and on receptor 
mediated processes in the heart and vasculature 
have been studied but superficially. Only limited and 
scattered literature data is available on the 
influence of ROS on receptor mediated contractile 
responses in cardiovascular tissues. In the present 
study we have therefore investigated the influence 
of ROS on the functional integrity of cardiac and 
vascular tissues. In addition, the functional and 
pharmacological consequences of alterations in the 
receptor/signal transduction cascades of cardiac 
and vascular receptor systems (such as the a- and 
ß-adrenoceptor and M2-muscarinic receptor 
systems) were established. Furthermore, the role of 
mitogen-activated protein kinases in the contractile 
responses to adrenoceptor agonists and endothelin 
has been studied. 
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