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Preface 

"Oxidative stress" is used as the generic term describing the involve­
ment of reactive oxygen species in various human diseases. The scope of 
such a topic is becoming increasingly wide. The recent interest in 
radicals such as nitric oxide and the discovery of new mechanisms such 
as the effect of free radicals on redox sensitive proteins and genes are 
enlarging our understanding of the physiological role of free radicals. 
Oxidative stress is involved in numerous pathological. processes such as 
ageing, respiratory or cardiovascular diseases, cancer, neurological 
pathologies such as dementia or Parkinson's disease. It still remains 
difficult, however, to demonstrate by chemical measurement the in vivo 
production of free radicals and even more to realise their speciation. 
Therefore, the development of new tools and indicators is engrossing 
many researchers working in this field. Reliable indicators are abso­
lutely necessary not only to monitor the evolution of oxidative stress in 
patients but also to evaluate the efficiency of new antioxidant treat­
ments. 

The French Free radical club of Grenoble, the CERLIB has been 
involved for many years in the organisation of international training 
programs on methodology, in order to provide both theoretical and 
practical help to researchers from various countries. Such training 
sessions have been highly successful and participants value the oppor­
tunity to learn reliable techniques. This positive echo explains why 
the researchers of CERLIB decided, with the help of Prof. Dr. B. 
Kalyanaraman, to publish selected techniques on free radical re­
search. 

The main aim of this book is to provide a comprehensive survey on 
recent methodological aspects of the measurement of damage within 
cellular targets, information which may be used as an indicator of 
oxidative stress. In this respect, both practical aspects and general 
considerations including discussions on the applications and limitations 
of the assays are critically reviewed. One of the major features of the 
book is· the description of high-performance methods, taking into con­
sideration recent achievements. The book should be useful to a large 
scientific community including biologists, chemists, and clinicians work­
ing on the chemical and biological effects of oxidative stress. It will also 
be pertinent to applied research carried out in the fields of drugs, 
cosmetics and new foods. 



x 

We thank all the authors for their contributions. We hope this book, 
with excellent reviews covering the field in general and selected methods, 
will be beneficial to young as well as experienced scientists. 

Grenoble, France 
February, 1995 

Alain Favier 
Jean Cadet 
Balaraman Kalyanaraman 
Marc Fontecave 
Jean Louis Pierre 
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Chemistry of dioxygen and its activated species 

J . -L. Pierre 

Laboratoire de Chimie Biomimlitique, LEDSS (URA CNRS 332), Universite Joseph Fourier, 
BP 53, F-3804J Grenoble CMex 9, France 

Summary. In this article the physico-chemical properties and the chemical reactivities of 
dioxygen and its activated species are reviewed. The understanding of this chemistry is an 
essential prerequisite for a comprehensive description of the reactions which are involved in 
the oxidative stress and, then, for the design of drugs capable of preventing the deleterious 
effects of active oxygen species. 

Introduction 

Molecular oxygen is ubiquitous in nature, i.e., it is indispensable for 
aerobic life. However, once its concentration is higher than normal, it 
becomes dangerous for living systems. Chemical data for oxygen are 
necessary for the understanding of oxygen toxicity. In this chapter, 
some of these aspects will be reviewed. 

The predominant role in oxygen toxicity is attributed to free radicals 
derived from oxygen, formed during cell metabolism, but which may 
also have an exogenous origin [1- 3]. 

The O2 molecule 

Molecular oxygen or diatomic oxygen °2 , is triplet (02) in its ground 
state (Fig. 1). It is paramagnetic and cannot react with diamagnetic 
molecules without removing spin restriction. 

The chemistry of O2 primarily involves reactions with paramagnetic 
species (reactions not concerned with spin restriction), with "one-elec­
tron donors", or with light. O2 is the substrate of some enzymes 
(oxygenases, oxidases) and the product of others (superoxide dismu­
tases, catalases). 

Analytical chemistry of oxygen using O2 electrode has been exten­
sively described in earlier works. Due to its relatively non-polar nature, 
oxygen is much more soluble in organic media than in water. 

Singlet oxygen 

102 is an excited state (22 kcal/mole for 1 d g 0 2 ) which removes spin 
restriction and is thus more reactive (Fig. 2). 
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Singlet oxygen is formed in biological systems via photosensitized 
reactions (the sensitizer in the excited electronic state transfers energy to 
oxygen), or by chemical excitation reactions which do not involve light 
excitation. Excitation proceeds either by radical-radical interaction or 
by the transfer of oxygen using iron(III) of heme, e.g., cytochrome 
P450): 

[Fe(III)] + R- O- O- H ~ [Fe=O] + R- OH 

[Fe=O] + R- O- O- H ~ [Fe(III)] + R- OH + '02 

In vitro, '02 can be obtained by non-photochemical methods using 
powerful oxidizing agents such as NaOCl, which can react directly with 
oxidizable species. The best source is an aromatic endoperoxide: 

~heat 
~ ~ 
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Fig. 2. Singlet oxygen . 

102 diffuses across membranes. Its formation in cells is (for example) 
shown by detecting the photoemission accompanying the reaction: 

102 + 102 ---7 230 2 + hv (634 nm, 703 nm) 

Its biological targets are membranes, nucleic acids and proteins. 
A number of compounds can deactivate 102 , e.g., f3-carotene, some 

amines, N)", phenols, etc.; 102 can be trapped and form stable products. 
The most stable capture products are anthracenes and cholesterol which 
yield a 5-C( hydroperoxide as the only product. 

Reductions of dioxygen 

O2 is reduced to H2 0 during cellular respiration in mitochondria (two 
electrons reduction for each oxygen molecule, catalyzed by cytochrome 
oxidase or other oxidases). One-electron reductions occur in certain 
cases. Figure 3 shows successive electron transfers, as well as proton 
transfers which depend on the pH of the medium. Several redox 
potentials (constituting basic information to predict or justify the direc­
tion of electron transfers) are reported [4] . 
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Fig. 3. Chemistry of oxygen: electron and proton transfers. 

Metal ions play an important role in these reactions. Thus, the 
Haber-Weiss reaction: H2 0 2 + 0;- ~ O2 + HO- + HO' is too slow to 
be taken into consideration in the absence of the catalyst. When 
catalyzed by Fe++ or other ions, it will play an important role. 

The superoxide anion radical Oi-

Like O2 , the superoxide is paramagnetic, with a single electron occupy­
ing one of the n* orbitals (Fig. 4). Its chemistry is primary that of 
reaction with "one-electron donors" or with paramagnetic species. One 
electron reduction yields 02' - (in practice H20 2 in protic media, as a 
result of its pK), which is diamagnetic (Fig. 4). 

0;- in aqueous solution is unstable (20;- + 2H+ ~ H20 z + O2 ) and 
stability in organic medium is limited. HO; forms in acidic medium 
(pK = 4.8). 0;- can be oxidized to 102 by strong oxidizing agents such 
as diacyl peroxides [5-7]. 

Preparation of 0;- (in vitro) 

O;-can be obtained electrochemically in proton-free medium (DMSO, 
MeCN, etc.). The electrolysis of oxygen at controlled pH furnishes very 
pure solution of 0;-. 0;- can also be obtained by dissolving K02 in 
water or in MeCN in the presence of crown ether. Pulsed radio lysis of 
oxygenated solutions of formiate can be used to transiently produce 0;­
in water. 0;- can be produced biologically (e.g., the reduction of O2 by 
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the xanthine-xanthine oxidase system or by reduced flavins). The herbi­
cides diquat and paraquat can furnish 0;-: 

Similarly, quinone drugs such as adriamycin or daunomycin (daunoru­
bicin) also furnish 02 by "redox recycling processes", but it is probable 
that this damage is responsible for its cardiotoxicity: 

So, vitamin K can produce 0;-, as can all the quinones. 

Analytical chemistry 

0; - can be detected by electron paramagnetic resonance spectroscopy in 
frozen solution [gil = 2.1; g.l = 2.00 in H2 0 at 102°K and gil = 2.08; 
g.l = 2.008 in MeCN] or by UV spectroscopy [in H20: 245 nm 
(E = 2350) for 0;- and 225 nm (E = 1400) for HO;; in MeCN: 255 nm 
(E = 1460) for 0;-], but these direct methods are not applicable in 
biological media. 0;- and HO; can be captured and identified by radical 
scavengers (spin-trapping) such as DMPO: 

~H 
~. 
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Fig. 4. Superoxide and peroxide anions. 

The adduct gives a characteristic EPR spectrum. Cytochrome c and NBT 
assays are the most frequently used analytical tests; they are well 
described in specialized works. Chemical methods for measuring O2- in 
water are based on its capture by appropriate indicators and by observing 
the effect of adding exogenous superoxide dismutase as inhibitor. 

Chemical reactivity 

- 0;- is an oxidizing agent or a reducing agent and participates in 
electron transfers: 

-e- +e-
02-0;-~02-

Examples 
- 0;- + Cu2+ -02 + Cu+ (first step of the catalytic cycle of super oxide 

dismutase) 

- Fe(lII)-EDTA, Fe(CNH-, Mo(CNH-, etc. are reduced by 0;-. 

- 0;- + Cu+ + 2H+ - Cu2+ + H20 2 (second step of the catalytic cycle 
of superoxide dismutase) 
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In water, the dismutation of superoxide is often more rapid than 
oxidation by 0;-; on the contrary, HOi oxidizes Fe(CN):-, 
Mo( CNH-, etc. 

- 0;- is a nucleophile 

(L:'~' 
~l ---r-- Y / +Y-

-__tt_ .. O-O~ 

- 0;- + RX - R-O-O· + X- (SN2 process), then RO; gtves: 
RO; + 0;- - ROi + O2 and ROi + RX - R-O-O-R + X-

- 0;- is a base 

This reaction causes the concomitant dismutation: 

H02 + 0;- - H02- + O2 

- 0;- is a radical 

O£· + NO --.. -OONO (peroxynitrite) 

Peroxynitrite is a strongly toxic species. 

HO; (perhydroxyl) 

Formed in acid medium by the protonation of the superoxide anion 
radical 0; (pK = 4.8; at pH: 7, [0;-]/[H02 ] "-' 100), the radical HOi is 
much more liposoluble than 0i. In water, dismutation is much more 
rapid than that of Oi: 

0;- -02 + Oi-(H20 2) k:::; 0.3 mol-I S-I 

k = 8.6105 mol- 1 S-l 
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The radical HO; adds to C=N double bond and to nitrones. It is not 
very active as electron donor but is a good acceptor: it is a more 
powerful oxidizing agent than 0;- (it is also said, referring to the same 
result, that H+ catalyzes the oxidations by 0;-). This results in the HOi 
anion, a strong base which becomes protonated to form H2 0 2 • The 
HOi radical can abstract H' from allylic C-H bonds and thus cause 
lipid perexidation. 

The formation of hydrogen peroxide from water requires high energy; it 
is produced by ionizing radiation. Formation from 0;- by one-electron 
reduction is catalyzed by metal ions: 

Example 

- 0;- + Fe2+ + 2H+ ---+ H2 0 2 + Fe3 + 

H2 0 2 leads to HO' radical, either by use of ultra-violet light or by the 
Fenton reaction, catalyzed by Fe2+ or Cu + for example: 

H2 0 2 + Fe2+ ---+ HO- + HO' + Fe3+ 

Other species can be produced, e.g., ferry] ions: 

H2 0 2 + Fe2 + ---+ (Fe-OH)3+ + HO- or (FeO)2+ + H2 0 

Biologically, H20 2 is normally formed from 0;- in a reaction consid­
ered to be a natural defence against 0;-, catalyzed by superoxide 
dismutase (SOD): 

0;- + SOD[Cu2 + state] ---+ O2 + SOD[CU+ state] 

0;- + SOD[Cu+ state] + 2H+ ~ SOD[Cu2+ state] + H2 0 2 

Hydrogen peroxide is toxic as a result of the Fenton reaction, but it is 
dismuted into H2 0 and O2 by a process catalyzed by catalases, another 
set of defensive enzymes against the toxicity of oxygen. H20 2 can also 
be produced by peroxidases. 

The bydroxyl radical (DO') 

The SOMO (Single Occupied Molecular Orbital) of this paramagnetic 
species is similar to that of 0;-. Its EPR spectrum can be obtained in 
frozen solution (gil = 2.06 and g.l = 2.01). The most used spin-trap is 
DMPO. There exist various chemical methods for detecting HO'. 
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Formation of HO' 

Formation from water requires high energy which can be supplied by 
ionizing radiation or ultrasound. Photolysis of water at 350 nm also 
produces HO·. Its chemical formation from H20 2 is obtained either by 
UV light or. by catalysis with a complex of Fe(l!), Cu(l), Ti(III), etc. A 
number of pollutants influences its formation directly or indirectly 
(EtOH, CCI4 , asbestos, paraquat, etc.). 

HO' forms in the reactions of numerous reduced metalloproteins; if 
the reducing agent is O2 , the Haber-Weiss reaction occurs, catalyzed by 
iron: 

HO' + HO- Fe (III) 

Fe (II) 

0;- + Fe(III) ----7 O2 + Fe(II) 

Fe(II) + H20 2 ----7 Fe(III) + HO- + HO' (Fenton) 

0;- + H2 0 2 ----7 HO- + HO' + O2 (Haber-Weiss) 

0;- can be replaced by monoelectron donors (e.g., semiquinone). 

Reactivity of HO' 

The hydroxyl radical is one of the most chemically reactive species 
known. In biological media, it reacts at the site of formation, i.e., where 
the catalytic metallic center is located. It attacks lipids, proteins, DNA, 
sugars, etc., causing a wide variety of damage. The following are 
examples of chemical reactions: 

Hydrogen abstraction and radical formation (first step of a chain reaction) 

" -; C-H +HO· 
/ 

·C:---

" 
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Hydroxylation of aromatic rings 

+ 

Electron transfers 

HO' behaves as an acceptor (oxidizing agent). 

Examples. HO' + 1- -+ HO- + 1" and also HO' + 12 -+ HO- + 12+ 

Conclusion 

Oxygen may be the source of toxic species. The design of suitable drugs 
to prevent or to overcome the deleterious effects of these species 
(antioxidant therapy) requires the knowledge of the molecular process 
of oxygen toxicity. The understanding of the chemistry of oxygen and 
its activated species is an essential prerequisite for defining the reactions 
involved in the degradation of lipids, nucleic acids, proteins, etc., 
mediated by active oxygen. 
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Biological sources of reduced oxygen species 

V. Niviere and M. Fontecave 

Laboratoire de Chimie Bioinorganique, LEDSS 5, Universite J. Fourier, URA CNRS 332, 
BP 53x, F-38041 Grenoble Cedex 9, France 

Summary. This paper reviews the various enzymatic sources of superoxide radical, hydrogen 
peroxide and hydroxyl radical, and their localization within the cell. In the first part, we will 
consider electron transfer reactions directly from a biological macromolecule (essentially 
reductases) to oxygen. In the second part, we will consider reactions during which electrons 
are transferred from the reductase to oxygen via a small molecule whicjl behaves as a substrate 
of the enzymatic system. 

Introduction 

Dioxygen is present in all living organisms. Its concentration in the 
different organs and tissues varies to a great extent, the highest being in 
the lung, the skin and the heart, and the lowest in the intestine and the 
bile. However, one can approximately estimate the steady-state concen­
tration of dioxygen to be ca. 10 ,uM. One can also estimate the concen­
trations of reduced oxygen species, under non-pathological conditions 
as follows: 

superoxide: 0.01-0.001 nM 
- hydrogen peroxide: 1-100 nM 

In general, major contributions of the total cellular production of 
these oxygen metabolites come from membrane-bound enzymes. In 
particular, the aerobic life is consistent with the existence of powerful 
reducing agents (NADPH, NADH) as well as elaborate electron-trans­
fer chains for the reduction of molecular oxygen to water, in respiring 
cells. This four-electron reduction is accomplished by the cytochrome 
oxidase complex. However, a small but significant amount of intermedi­
ate products, superoxide and hydrogen peroxide, is liberated during the 
reaction. Since cytochrome oxidase is inhibited by cyanide, one can use 
the cyanide-resistance respiration as an upper limit measure of super ox­
ide production. In E. coli, this amounts to 3% of total respiration. 
Mammalian liver has been estimated to generate 24 nmol of super oxide 
per min per g. However, the action of superoxide dismutase leads to a 
very low steady-state concentration of superoxide. 

Other reductases, which are not involved in the respiratory chain, 
may also be responsible for one-electron or two-electron reduction of 
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oxygen. In some cases, these reactions are enzymatically controlled 
(production of reduced oxygen species by phagocytic cells or produc­
tion of hydrogen peroxide by oxidases). In other cases, they are due to 
aberrant reaction pathway, i.e., production of superoxide by the cy­
tochrome P-450 reductase, for example. 

Several chemical compounds, from our environment, have been 
shown to" be excellent electron acceptors from biological reductases. The 
reduced form of these substrates is capable of transferring electrons to 
oxygen. Thus reducing equivalents, which should normally participate 
in basic biological processes, are consumed disproportionately to pro­
duce reduced oxygen species. 

This chapter reviews the various enzymatic sources of superoxide 
radical, hydrogen peroxide and hydroxyl radical. In the first part, we 
will consider electron transfer reactions directly from a biological 
macromolecule (essentially reductases) to oxygen.-. In the second part, 
we will consider reactions during which electrons are transferred from 
the reductase to oxygen via a small molecule, which behaves as a 
substrate of the enzymatic system (Fig. 1). 

Enzymatic activation of molecular oxygen 

Formation of superoxide 

The cellular sources of superoxide are essentially located in: 
Mitochondria. Among enzymes of the electron transfer chain two 

enzymatic sites of the mitochondrial membrane have been clearly iden­
tified as major sources for one-electron reduction of oxygen: ubiquinone-

NATURAL 
SUBSTRATE 

~~rH 
REDUCTASE SMALL 

MOLECULE 

Fig. 1. Scheme of the various enzymatic sources of oxygen toxic radicals in the cell 
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Fig. 2. Autoxidation of the ubisemiquinone (a) and semiftavin (b) in the presence of02 • 

cytochrome c reductase and NADH dehydrogenase (85 and 15% superox­
ide respectively). This is due to autoxidation of the ubi semiquinone, in 
the first system, and of the semiflavin cofactor (one-electron reduction 
of the isoalloxazine moiety), in the second system (Fig. 2). It is generally 
accepted that mitochondrial hydrogen peroxide (which corresponds to 
approximately 1% of the mitochondrial reduction of oxygen) is derived 
from the dismutation of superoxide. 

The membrane of the endoplasmic reticulum. Superoxide radicals are 
produced by the oxy complex of cytochrome P-450 and by the action of 
NADPH-cytochrome P-450 reductase, a flavoprotein. Hydrogen perox­
ide is also generated from dismutation of superoxide. It has been shown 
that this reductase is the major electron source during the activation of 
exogenous compounds (see below). 

The plasmatic membrane of speicalized cells such as leukocytes, from 
electron transfer chains containing a NADPH oxidase. The latter is a 
complex system consisting of a flavoprotein dehydrogenase, ubiqui­
none-50 and a cytochrome b. This system is at the origin of the specific 
generation of large amounts of superoxide during phagocytic processes 
achieved by polymorphonuclear leukocytes (PMNL) or other phago­
cytic cells. Actually, superoxide radicals have been shown to play an 
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important role in the host defense mechanism against microorganisms 
and they contribute to the phagocytic bactericidal activity. PMNL 
ingest opsonized particles by encompassing them within phagocytic 
vesicles formed from the plasma membrane. The NADPH oxidase is 
rapidly activated followed by a rapid cyanide-insensitive respiratory 
burst forming superoxide, hydrogen peroxide and hydroxyl radical. The 
latter is derived from the Haber-Weiss reaction catalyzed by ferric iron: 

Fe3+ 

O2 +H202~·OH+OH- +02 

In addition, other oxidants are also produced, as the hypochlorite 
derived from the activity of myeloperoxidase: 

The importance of superoxide and hydrogen peroxide production in 
PMNL is underscored by the genetic disorder, chronic granulomatous 
disease, in which the instability to produce reduced oxygen species is 
associated with a serious impairment of the microbicidal action of the 
phagocytes and a consequent susceptibility to infection. This disease is 
due to the abnormally low activity of NADPH oxidase. One should 
note that part of these radicals is liberated into the extracellular 
medium. This certainly explains some tissue damage observed during 
any inflammatory process and the antiinflammatory effect of superoxide 
dismutase. 

The cytoplasm. Various endogenous or exogenous molecules react 
with oxygen and undergo autoxidation. Virtually all autoxidations 
result in the formation of toxic reduced oxygen intermediates. Autoxida­
tion of ascorbate, glutathione, pyrogallol, catecholamines such as 
adrenaline, reduced flavins (generated by NAD(P)H : flavin oxidoreduc­
tases [1]) leads to the formation of superoxide. Also, superoxide radicals 
are released when methemoglobin is formed from oxyhemoglobin. 

The following is a summary of sources of superoxide formed in 
biological systems: 

Autoxidation reactions: 
- Flavins (FADH2' FMN H2) 

Hemoglobin 
Catecholamines 
Tetrahydropteridines 
Aromatic nitro compounds, aromatic hydroxylamines 
Redox dyes (paraquat, adriamycin, antimycin) 
Cu(II) and Fe(II) complexes 
Hydroquinones 
Thiols (glutathione) 
Melanin 
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Enzymatic reactions: 
- Microsomal electron transport chain (Cytochrome P450), NADH­

cytochrome b5 reductase, NADPH-cytochrome P450 reductase) 
Mitochondrial respiratory chain (cytochrome oxidase) 
Photosynthetic oxygen reduction (chloroplast photosystem I) 
Leukocytes and macrophages during bactericidal activity (NADPH 
oxidase in the plasma membrane) 
Oxidases (xanthine oxidase, aldehyde oxidase) 
Ferredoxins 
Metabolism of iron (NADPH : flavin oxidoreductases) 

Environmental factors: 
- Ultraviolet light, X-rays, metal ions, ultrasound, 'lJ-fays. 

Formation of hydrogen peroxide 

The major process of generation of hydrogen peroxide is the dismuta­
tion of superoxide radicals. However, hydrogen peroxide is also gener­
ated directly during two-electron reductions of oxygen by oxidases: 

- acyl-coA oxidase 
- D-aminoacid oxidase 
- glycolate or urate oxidase 
- xanthine oxidase 
- glutathione oxidase 
- monoamine oxidase 

glycolate oxidase 

coo-
I 
CHO 

xanthine oxidase 

Fig. 3. Various oxidases involved in the formation of steady state concentrations of hydrogen 
peroxide 
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Most oxidases are located in peroxisomes, where large concentrations 
of catalase are generally detected. However, significant amounts of 
hydrogen peroxide can gain access to the cytosolic compartment. Figure 
3 shows the various oxidases involved in the formation of steady-state 
concentrations of hydrogen peroxide. 

Formation of hydroxyl radicals 

Oxygen reduction leads to the simultaneous formation of superoxide 
radicals and hydrogen peroxide. The reaction between O2 and H2 0 2 , 

the Haber- Weiss reaction, results in the formation of hydroxyl radicals, 
but this reaction is kinetically too slow to account for the biological 
generation of these radicals. However, it can be greatly accelerated by 
catalytic amounts of metal salts (iron or copper).-. 

The mechanism of this reaction is shown below: 

Fe2+ + H20 2 ~ Fe3 + + OH- + ·OH 
Fe3 + + O2 ~ Fe2 + + O2 

This mechanism requires the iron complex to be: 

- in the ferric form, reducible by superoxide anions, 
- in the ferrous form to be able to transfer electrons to hydrogen 

peroxide (Fenton reaction) 

The evidence for the presence of hydroxyl radicals in biological media 
has led to the hypothesis of the biological significance of a pool of 
low-molecular weight iron complexes. The nature of this pool has not 
been elucidated, but iron-citrate or iron-nucleotide complexes have been 
proposed as possible candidates. 

Activation of molecular oxygen catalyzed by small molecules 

Endogenous or exogenous low-molecular weight molecules can catalyze 
the electron transfer to oxygen from various reductases. NADPH cy­
tochrome P-450 reductase, within the endoplasmic reticulum, is believed 
to playa major role in the toxic activation of most of these compounds. 
Other reductases have also to be considered, including NADH cy­
tochrome b5 reductase, NADH dehydrogenase, xanthine dehydroge­
nase, aldehyde oxidase, ferredoxin-NADP reductase. 

This reaction leads to the formation of superoxide radical which 
dismutates to form hydrogen peroxide. 

Such a cycle requires that: 
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(a) The redox potential of the redox agent is within the good range to 
fit with a one-electron reduction of the oxidized form by the reductase 
system as well as with the oxidation of the reduced form by oxygen. 

(b) The hydrophobic or hydrophilic properties of the redox agent 
favor its penetration into the cellular compartment (membrane or 
cytosol) containing the reductase. Moreover, the small molecule must 
have access to the active site of the protein where the electron transfer 
is achieved. 

(c) The intermediate one-electron reduced metabolite has to be stable 
enough so that no reaction occurs with other electron acceptors, for 
example amino acid residues of the active site of the protein. 
A redox cycle explains the toxic effects of several exogenous com­
pounds: 

Nitro-aromatic or nitro-heterocyclic derivatives 

This is the case for nitrobenzene as well as for various antimicrobial 
drugs (nitrofurantoin, responsible for lung fibrosis of the type induced 
by paraquat; nitrofurazone, a powerful bactericidal agent, mutagen and 
carcinogen in the rat). Specific reductases are capable of reducing the 
nitro group to the corresponding anion-radical form, which rapidly 
returns to the nitro form by transferring one electron to oxygen (see 
Fig. 4). 

Quinone derivatives 

This includes antimitotic antibiotics which are metabolized by 
NADPH : cytochrome P-450 reductase into very reactive semiquinones 
(adriamycin, daunomycin, streptonigrin). 

NADPH oxidized form '0-0' 

reduced form 1"0-0-1 

, J-"'OH 
H-D-O-H 

Fig. 4. Toxic effects of nitro-aromatic or nitro-heterocyclic derivatives. 
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NADPH}J oxidized form 

NADPH 
<. cytochrome P45 

reductase 

NADP+ reduced form 
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reduced semiquinone 

reduced paraquat 

~} + 'OH 

H-0-<rH 

Fig. 5. Reoxidation of reduced semiquinone and reduced paraquat leads to the formation of 
superoxide. 

Reoxidation of the semiquinone leads to the formation of superoxide 
radicals and hydroxyl radicals (Fig. 5). These toxic metabolites are 
partly at the origin of chromosome damage observed in cancer cells 
treated by these antibiotics. However, these drugs may accumulate 
within other tissues and be responsible for the generation of reduced 
oxygen species in healthy cells. The cardiotoxicity of adryamycin could 
be due to such processes. 

Pyridinium salts, such as paraquat or diquat 

Paraquat is a very toxic herbicide which may induce lung fibrosis and 
death. It can be reduced by NADPH cytochrome P-450 reductase to a 
stable radical-cation, very reactive towards oxygen (Fig. 5). Reduced 
oxygen species then initiate a very strong peroxidation of membrane 
lipids, during the first step of the fibrosis. 

Iron complexes 

When iron is bound by phosphate, nuc1eotides such as ADP or A TP, 
EDT A, oxalate or malonate, it can catalyze one-electron transfer to 
oxygen (Fig. 6). The origin of the electron is not clearly identified. 
Ascorbate, glutathione, cysteine may reduce most of the ferric com­
plexes. However, it is also likely that specific reductases are involved in 
this reaction. 

Iron is stored as ferric oxides and hydroxides within ferritin, the iron 
storage protein. It is liberated as ferrous iron. The specific physiological 
reducing system has not been identified. However, it has been shown 
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Fig. 6. Formation of superoxide in the presence of iron complexes. 

that reduced flavins are excellent reducing agents for mobilization of 
iron from ferritin. This suggests that NAD(P)H : flavin oxidoreductases 
might be involved in the reduction of ferritin iron. Thus, it is likely that 
liberation of ferrous iron under aerobic conditions is' accompanied by 
the formation of significant amounts of reduced oxygen species. Such a 
process has to be highly controlled by protective enzymes. However 
these systems may be saturated during situations of iron overload 
(hemochromatosis, blood transfusions for thalassemia patients) and 
oxidative stresses catalyzed by iron complexes can be dramatic. 

An interesting example of such iron complexes involved in the gener­
ation of toxic reduced oxygen species is the iron-bleomycin complex. 
Bleomycin is a glycopeptidic antibiotic used as an anticancer agent. It is 
able to bind iron both at the ferric and the ferrous state. It is generally 
accepted that the antimitotic properties of bleomycin are in fact due to 
the iron complex. Actually, while the ligand behaves as a DNA interca­
lator, it is the metal ion which catalyzes the formation of superoxide, 
hydrogen peroxide and hydroxyl radicals. These toxic species are re­
sponsible for DNA-strand breaks. In the absence of iron, bleomycin is 
not able to damage DNA to an appreciable extent. 
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Summary. Nitric oxide plays a role in regulation of the vascular tone and platelet aggregation, 
neuronal transmission and cytostasis. It is generated within cells during oxidation of L­
arginine catalyzed by NO synthases. Nitric oxide is a radical speci~~, very reactive towards 
molecular oxygen, superoxide radical, organic radicals and transition "metals. During these 
reactions, 'NO can be converted to NO+, the nitrosonium ion, NO-, the nitroxyl anion or to 
ONOO-, the peroxynitrite anion. Synthetic 'NO donors are compounds which can decompose 
into 'NO and may have applications as vasodilators or antiproliferative agents. 

Introduction 

Nitric oxide ("NO) has been implicated in a number of diverse physio­
logical processes, including vasodilatation and regulation of vascular 
tone, inhibition of platelet aggregation, neuronal transmission and 
cytostasis. Excellent reviews on biological aspects of 'NO have recently 
been discussed [1-6]. The concentration of 'NO has to be highly 
regulated and situations in which 'NO levels are either too low or too 
high may lead to serious adverse effects. In tissues where 'NO controls 
normal vascular tone, low levels can result in pulmonary hypertension, 
platelet aggregation. It has been suggested that 'NO gas or 'NO donors 
such as organic nitrates or sodium nitroprusside are extremely useful in 
the treatment of this type of hypertension. On the other hand, abnor­
mally high levels of 'NO are also involved in the hypotension associated 
with endotoxic shock, inflammatory response-induced tissue injury, 
mutagenesis and neuronal destruction in vascular stroke. In those cases, 
inhibitors of NO synthases may provide a strategy for treatment. In this 
paper, we will describe the basic mechanisms by which 'NO regulates 
blood pressure, neurotransmission and macrophage cytotoxicity. We 
will also give a general picture of the biochemical process which is 
responsible for the generation of 'NO, i.e. the oxidation of L-arginine 
catalyzed by NO-synthases. It is also important to understand the 
chemical nature of NO, which is a free radical but may be converted to 
the reduced NO- form or the oxidized NO+ form, both of them 
displaying chemical reactivities very different from 'NO itself. The redox 
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control of the different forms of ·NO may explain the balance between 
the toxic and protective effects of ·NO. Finally, we will review briefly the 
various synthetic ·NO donors, which might be useful both for in vitro 
studies or for therapeutic purposes. 

The biological effects of ·NO 

• NO and vasodilatation 

A relation between relaxation of smooth muscle present in vascular 
cell walls and the accumulation of cyclic guanosine monophosphate 
(cGMP) is established. Nitrovasodilators such as organic nitrates or 
sodium nitroprusside mediate smooth muscle relaxation after decompo­
sition to ·NO which activates the enzyme guanylate cyclase and thus 
stimulates cGMP accumulation. Nitrovasodilators are not, however, 
the only compounds that effect arterial muscle relaxation. Among 
others is acetylcholine. The relaxing effect of acetylcholine upon a piece 
of aorta is completely destroyed if the endothelial cells (on the inner 
surface of the vessel in contact with the blood) of the aorta were 
removed. In fact acetylcholine stimulates the endothelial cells to pro­
duce a messenger which diffuses out and reaches the vascular smooth 
muscle where it activates guanylate cyclase to bring about muscle 
relaxation. This messenger was previously called EDRF (endothelium 
derived relaxing factor) and later identified as ·NO. The generation of 
·NO is due to the presence of a constitutive Ca2+ /calmodulin-dependent 
form of NO synthases in vascular endothelial cells, anchored to the 
inner surface of the cell membrane, by a myristyl side chain [7]. In 
response to acetylcholine or other drugs, Ca2+ channels in the plasma 
membrane open and the resulting Ca2 + influx activates the NO synthase 
(NOS), responsible for the oxidation of L-arginine to ·NO and cit­
rulline. The activation is due to the binding of the Ca2 + -calmodulin 
complex to the NOS. 

From endothelial cells, ·NO can also increase cGMP in blood 
platelets. As a result platelet affinity for both the vascular endothelial 
surface (platelet adhesion) and for each other (platelet aggregation) are 
increased. 

Maintaining normal blood pressure seems to require continuous 
synthesis of ·NO in vascular endothelial cells. However, in some patho­
logical states such as atherosclerosis, this production is not enough to 
decrease vasoconstriction and hypertension. The vasorelaxant therapy 
can thus be achieved by treatment with pharmacological agents able to 
release ·NO, such as nitroglycerin. ·NO gas itself seems to be rather 
efficient to treat vasoconstriction in patients with adult respiratory 
distress syndrome. 
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Nitric oxide and neurotransmission 

'NO is one of the main neurotransmitters in the central and peripheral 
nervous system, even though its precise physiological role is not fully 
known. It mediates intestinal relaxation in peristalsis, penile erection 
and the action of glutamate on cGMP levels in the brain. It may also 
playa role- in long-term potentiation and memory. It may mediate 
major neuronal damage in stroke and neurodegenerative diseases. Most 
neuronal destruction in stroke seems to result from a massive release, 
from a stimulated neuron, of glutamate, which, acting through the 
NMDA receptor of an adjacent neuron, causes neuronal death. Actu­
ally, NMDA receptor activation triggers a massive influx of Ca2 + into 
the neuron which, together with calmodulin, activates the constitutive 
NO synthase. 'NO diffuses to adjacent cells and kills them. This model 
is supported by the ability of NOS inhibitors to block-the neurotoxicity 
of glutamate and NMDA in brain cultures. Moreover, drugs which are 
NMDA receptor antagonists provide marked protection against neu­
ronal damage following vascular occlusion. 

However, in some studies 'NO seems to have neuroprotective effects. 
The molecular basis of such a paradox will be described later. 

Nitric oxide and cytotoxicity 

When macrophages are stimulated by interferon-y (lFNy), tumor necro­
sis factor (TNFa), interleukins and lipopolysaccharide (LPS), transcrip­
tion of the gene of an inducible NOS is increased, and an active enzyme 
is generated even in the absence of Ca2 +. As a consequence, large 
amounts of 'NO are produced during several hours following stimula­
tion of NOS synthesis. 

'NO diffuses out and can reach adjacent cells where it reacts with the 
iron-sulfur centers of several important macromolecules (aconitase, 
complexes I and II of the mitochondrial electron transport chain) and 
inhibits ribonucleotide reductase, the enzyme that converts ribonucle­
otides to the deoxyribonucleotides necessary for DNA synthesis. By this 
process DNA synthesis is inhibited and cell proliferation ceases. This 
may be the mechanism by which macro phages inhibit growth of rapidly 
dividing tumor cells or intracellular parasites. 

NO synthases 

There are two categories of NO synthases [8]: (i) a constitutive form 
regulated by Ca2 + and calmodulin; (ii) a cytokine-inducible form that is 
known to be regulated post-transcriptionally [9]. NOS are dimers of 
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as co-substrates. As shown in Figure 1, the enzyme catalyzes the oxida­
tion of L-arginine to nitric oxide and citrulline. Until recently all types 
of NOS were just considered as cytosolic enzymes .. However, a constitu­
tive endothelial NOS isoform was found to be membrane associated. 
There are now several pieces of evidence showing that the fatty myristic 
acid is covalently bound to the N-terminal part of the protein [7]. 
Mutation ofNH2-terminal Gly abolished the radiolabeling of endothelial 
NOS by radioactive myristic acid and rendered the enzyme soluble. The 
co-translational myristoylation of the enzyme thus allows the association 
to the membrane. The amino acid sequences derived from the isolated 
cDNAS for both constitutive and inducible NOS display significant 
homologies to NADPH-cytochrome P-450 reductase. In particular, the 
nucleotide binding sequence as well as those sequences associated with 
FAD and FMN binding were highly conserved when compared with 
P-450 reductase from rat liver. The sequences from the constitutive NOSs 
show a consensus for calmodulin recognition. Interestingly, the inducible 
NOS also has a calmodulin recognition sequence even though this 
enzyme has not shown a requirement for Ca2+ and calmodulin. 

As predicted from the sequence comparison, NOS were shown to 
contain one equivalent each of FAD and FMN per subunit and to 
require NADPH for activity. It is thus tempting to speculate that 
electron flow would follow the same path as in the reductase, namely 
the NADPH would reduce FAD, which in turn reduces FMN. 

It is now well established that NOSs also contain a cytochrome P-450 
type iron-protoporphyrin IX prosthetic group that functions in the 
turnover of L-arginine [8]. It thus seems reasonable to make the 
hypothesis of a unique electron transfer flow, within a single polypep­
tide chain: 

NADPH ------+ FAD ------+ FMN ------+ heme. 

The need for reduction of the heme moiety is probably related to the 
function of this prosthetic group during O2 activation. Thus, this allow~ 
the generation of iron-bond reduced oxygen species reactive enough to 
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transfer one oxygen atom to L-arginine and carry out further oxidation 
of the intermediate N-hydroxyarginine to citrulline and 'NO. That the 
oxygen atom in citrulline and 'NO is derived from O2 has been deter­
mined from isotope studies using 180 2 (Fig. 1). In agreement with such 
a mechanism, it was found that CO, a very good ligand for heme iron, 
is an inhibitor of NOS. 

Only in the case of the constitutive NOS, Ca2 - and calmodulin were 
required for activity. Intracellular Ca2+ thus can regulate NOS activity 
in cells that harbor this isoform. For example, NOS and thus guanylate 
cyclase are activated in the central nervous system by increases of 
intracellular Ca2 + levels mediated by glutamate and NMDA receptors. 

As immunoprecipitated from host cells, all three NOS isoforms are 
phosphorylated, serine being identified as the phosphate acceptor. How­
ever, information is lacking as far as the effect of this phosphorylation 
on enzyme activity is concerned. 

Finally, (6R)-tetrahydro-L-biopterin is also a cofactor of NOS. How­
ever, a clear function for this cofactor has yet to emerge. Several 
hypotheses have been reported: (i) a direct role in the hydroxylation 
chemistry; (ii) an allosteric effector role; (iii) stabilization of the enzyme. 
Recently it was shown that NOS exhibits a highly specific site for the 
tetrahydrobiopterin, which allosterically interacts with the substrate 
domain and may be located proximal to the prosthetic heme group of 
the enzyme. Moreover, the cofactor is required for assembly of the 
active dimer from its subunits in vitro [10]. 

L-arginine analogs are specific inhibitors of NOS. L-NAME and 
L-NMMA are widely used in in vitro studies to determine whether the 
biological effect is related to the NOS activity and generation of 'NO. 
NOS inhibition will also likely be therapeutically important in certain 
clinical situations. It should be mentioned that L-NMMA was shown to 
release low amounts of 'NO during enzymatic oxidation by NOS. 

It was observed recently that under conditions of L-arginine or 
tetrahydrobiopterin deficiency, NOS produces superoxide radicals 
rather than 'NO. This univalent reduction of oxygen may arise at the 
level of the flavins as shown for cytochrome P450 reductase. This now 
explains why glutamate receptors induce a burst of superoxide in 
arginine-depleted neurons [11]. 

The chemical reactivity of 'NO 

'NO has one unpaired electron and thus can be described as a free 
radical. Its free radical nature readily explains most of its reactivity. It 
reacts very efficiently with paramagnetic species such as molecular 
oxygen, superoxide radicals, transition metal ions and free radicals [I, 5, 
12, 13 and references therein]. 



26 C. Garrel and M. Fontecave 

Reaction with molecular oxygen 

In aerobic aqueous solutions, nitrite is the only product of the reaction 
(no nitrate), according to the following equation: 

4NO + O2 + 2H20 ------+ 4NOi +4H+ 

The C6rrect rate law is -(d[NO]/dt) = k(02)(NO)2 with k = 8-
9 106 M-2 S-I at 25°C. That the reaction is second order in ["NO] has a 
great implication as far as the stability and thus availability of "NO in 
biological fluids are concerned. Indeed, the known instability of "NO in 
the presence of oxygen has raised important doubts regarding the 
possibility that "NO could serve as a biological messenger in a variety of 
physiological processes, travelling from one cell to another, from one 
intracellular compartment to another and so on. In fact, even in O2 

saturated solutions, at a concentration of 0.1 or 0.01 mM, likely to be 
found for bioregulatory processes (blood pressure regulation, neuro­
transmission, etc.), "NO should be sufficiently long-lived (half-life from 
20 min to several hours!). These numbers might even be larger if one 
considers that O2 concentration in biological media can be very low 
(a few JlM). 

Reaction with superoxide 

In deaerated aqueous alkaline solutions (pH 12-13), superoxide reacts 
with nitric oxide to form the stable peroxonitrite anion. 

0i + NO ------+ -OONO 

Under physiological pH condition the rate constant is 
k = 6.7109 M-I S-I with d[-OONO]/dt = k[NO][02] (faster than the 
dismutation (2.109 M-I S-I). On the other hand, at neutral pH, perox­
onitrite is partially protonated to peroxynitrous acid (pKa = 6.8 at 
37°C), which rapidly decomposes with a first-order kinetics (rate con­
stant: 0.6 - 1.4 S-I). The half-life of peroxonitrite at pH 7 is about 
1-2 s. 

The biological relevance of these reactions has to be discussed. 
Considering the previous kinetic data and the concentrations of reac­
tants likely to occur in normal biological solutions (for example, 
10- 11 M and 10-7 M for 0i and "NO, respectively), we end up with very 
low peroxonitrite concentrations ( < 10-9 M). This may not significantly 
contribute to the oxidizing (toxic) properties of the solution. 

However, there are situations in which both "NO and 0i are pro­
duced in relatively larger amounts. One example is during activation of 
phagocytic cells. Consequently, under pathological conditions peroxoni­
trite is expected to be produced in much higher steady-state concentra-
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tions (1 pM), which then might be cytotoxic, because of its strong 
reactivity. Accordingly, peroxonitrite has been detected dming activa­
tion of macrophages and shown to display bactericidal properties. 
Another example is dming decomposition of SIN 1, the active metabo­
lite of the vasorelaxant drug molsidomine. The spontaneous hydrolysis 
of SIN 1 is accompanied by an oxygen-dependent release of 'NO with 
the concomitant production of superoxide. 

When both 'NO and 0;- are produced, 'NO concentration may be 
underestimated during assays because of such a reaction. It is advisable 
to use SOD under these conditions. 

Reactivity of peroxonitrite 

Peroxonitrite is a potent oxidant. However, little is known about its real 
oxidizing potential and the mechanisms of the reactions. Theoretical 
values for redox potentials have been found at around 1.2-1.4 V at 
pH 7. Peroxonitrite is able to hydroxylate benzene and oxidize DMSO 
at acidic pH. Recently, it was demonstrated that peroxonitrite was a 
much more efficient oxidant than H20} during reaction with protein 
and non protein cysteines. This is an interesting observation since thiols 
are critical to the active site of many enzymes and for maintaining the 
native conformation of proteins. Such oxidations may be important 
mechanisms of NO/OONO dependent toxicity. 

In all probability, peroxonitrite has the potential to oxidize a great 
diversity of important biological molecules including lipids, DNA, etc. 
This however remains to be established. 

There is some uncertainty concerning the mechanisms of the reac­
tions. Several recent data indicate that one cannot rule out a direct 
oxidizing effect of peroxonitrite with no need for a decomposition step. 
It has also been suggested that peroxynitrous acid decomposes at 
physiological pH into hydroxyl radicals, with no requirement for metal 
IOns. 

HOONO ----Jo HO' + NO; 

Recently, it was shown that SIN 1 gives rise to OR' radicals during 
decomposition, probably because of the intermediate coupling of 'NO 
with 0;- . From a practical point of view, this now indicates that SIN 1 
may, as a vasodilator, have strong toxic secondary effects. Peroxonitrite 
can also be a source of nitrating species especially in the presence of 
transition metal ions such as Cu2 + or Fe3+. The Cu2 + center of superox­
ide dismutase catalyzes the nitration of Tyr 108 by peroxonitrite. 

Peroxynitrite mediated nitrosation of tyrosines was also observed 
with Mn- and Fe-containing SOD as well as other Cu-proteins. More 
generally, Fe(III)-EDTA was also found to catalyze the nitration of 
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phenolic substrates by peroxonitrite. It is clear that such a process, 
harmful to proteins, might contribute to the toxicity of peroxonitrite 
in vivo. 

Hydrogen atom abstraction 

Abstraction of hydrogen atoms from neutral molecules is very efficiently 
performed by hydroxyl radicals. °NO is much less efficient and very few 
examples have been reported so far. An interesting one concerns phe­
nols, including a-tocopherol, which can be transformed to phenoxy 
radicals by °NO. 

Radical coupling 

°NO has the ability to react with organic free radicals such as R3C, 
R-O°, RSo. Those radicals are expected to be short-lived intermediates 
during enzymatic reactions or during degradative processes such as 
those involved in oxidative stress conditions: lipid, protein, DNA perox­
idation. 

+R· 
RO + NO ------+ R-NO ------+ R-N-O° 

nitroso I nitroxide 
R 

RSO + NO ------+ RS-NO thionitrite 

RO° + NO ------+ RO-NO alkylnitrite 

The importance of all these reactions under biological conditions is 
very difficult to estimate so far. However, one may speculate that such 
reactions have to be considered in the case of proteins containing stable 
amino acid radicals in their active site. One example is ribonucleotide 
reductase, whose small subunit carries a stable tyrosyl radical absolutely 
required for enzymatic activity. We have shown by EPR spectroscopy 
that, during incubation of the enzyme with NO, the tyrosyl radical is 
scavenged transiently and reappears once °NO is eliminated from the 
solution [14]. Such a mechanism may contribute to the observed inhibi­
tion of ribonucleotide reductase and DNA synthesis by °NO and to the 
cytotoxic effects of activated macrophages. The observed reversibility of 
the scavenging might be a part of a regulatory mechanism: 

Tyr -@-o" + NO __ .... Tyr -@-ONO 
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Reaction with transition metals and metal nitrosyl complexes 

'NO reacts with a great variety of transition metal complexes (Ni, Mo, 
Cr, Fe, Ru) generating highly stable and colored nitrosyl complexes. 

During binding to the metal ion, internal electron transfer between 
the metal and 'NO may take place. The actual electron density of the 
M-NO bond will be better described as one of the three limit forms 
depicted below, whose proportion will depend on both the metal and its 
ligands: 

[M(n - 1)+, NO+] +---? [Mn+, NO] +---? [M(n+ 1)+, NO-] 

As a consequence, NO bound to a metal ion may exhibit a wide range 
of chemical behaviors due to a change from 'NO to NO+ or NO-. 
Thus, while free 'NO is essentially a free radical with poor electrophilic 
or nucleophilic properties, coordinated 'NO may display both. This 
might suggest that, under biological conditions, metals (low-molecular 
mass complexes or metalloproteins) can activate 'NO and be a source of 
NO+ or NO-. 

One well-known example of biological nitrosyl complexes is deoxy­
hemoglobin which binds 'NO with a much greater affinity than O2 and 
CO. Nitrosyl hemoglobin is paramagnetic and can be easily detected by 
EPR spectroscopy at 77 K, offering a convenient method for NO spin 
trapping. In the presence of oxygen, the iron center is oxidized. 
Methemoglobin is formed together with nitrite and nitrate. It should be 
noted that unlike O2 , 'NO binds to both iron(lI) and iron(lII) por­
phyrins. The great reactivity of 'NO towards hemoglobin suggests that 
in red blood cells 'NO will be converted to NO)" rapidly and thus 
rapidly eliminated. 

Another hemoprotein sensitive to 'NO is guanylate cyclase. This 
enzyme is responsible for vascular muscle relaxation since, once acti­
vated, it catalyzes the conversion of guanosine triphosphate GTP into 
cyclic guanosine monophosphate cGMP, the accumulation of which, in 
muscle cells, is accompanied by muscle relaxation. It is assumed that the 
activation of the enzyme is due to the binding of 'NO to the iron of the 
heme moiety. 

Non-heme iron centers are also able to make nitrosyl complexes. 

Examples 

Lipoxygenase 
Ferritin. The protein involved in the intracellular storage of iron as 
polymeric ferric hydroxide and oxide (",4500 Fe atoms/molecule). It 
has been claimed that the reaction between ferritin and 'NO could lead 
to iron release from the protein. However, experiments in our labora­
tory clearly show that this may not be the case (J.P. Laulhere, unpub­
lished results). 
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Iron-sulfur proteins. There is now accumulating evidence that 'NO, 
produced for example during activation of macrophages, modifies the 
catalytic site of some mitochondrial enzymes by coordinating to iron at 
their Fe-S clusters, thus inhibiting the whole mitochondrial respiration. 
This could be one of the mechanisms by which 'NO is cytotoxic. In the 
case of mitochondrial aconitase 'NO could convert the active [4Fe-4S] 
cluster to the inactive [3Fe-4S] form by binding to the labile iron and 
removing it out of the cluster. 'NO might also modulate the post-tran­
scriptional regulation of genes involved in iron homeostasis by interact­
ing with the iron-sulfur center of the iron regulatory factor, a 
cytoplasmic aconitase, which controls both ferritin mRNA translation 
and transferrin receptor mRNA stability. 

It should be added that iron-sulfur-nitrosyl complexes are paramag­
netic species with characteristic EPR signals. This makes EPR spec­
troscopy a very useful method for observing nitro.sation of iron-sulfur 
proteins in biological solutions. 

Some synthetic iron complexes have to be mentioned since they have 
been used in a biological context. First, iron-nitrosyl complexes may 
provide a source of 'NO. The most widely studied complex in this 
regard is the nitroprusside anion Fe(CN)5(NO)2- which, under specific 
conditions, generates fluxes of 'NO. The complex has been used for 
inducing hypotension during surgery on the vascular system. Another 
example is the anion of Roussin's Black Salt [Fe4 S3 (NOh] -. 

Second, iron complexes have been used as traps of 'NO yielding 
EPR-detectable paramagnetic iron-nitrosyl complexes. One example is 
the diethyldithiocarbamate-Fe complex. However, 'NO can only be 
trapped in lipophilic compartments since diethyldithiocarbamate is not 
water soluble. This problem has been recently solved by the utilization 
of N-methyl D-glucamine dithiocarbamate which gives water soluble 
iron-nitrosyl complexes and allows spin-trapping of 'NO in vivo [15]. 

Nitric oxide reacts with other metal ions, such as copper. Nitrosyl 
complexes are formed during reaction of 'NO with copper proteins 
containing blue sites or binuclear copper centers (tyrosinase, hemo­
cyanin). 

NO+ and NO-

'NO can be converted to NO+, the nitrosonium ion, and NO-, the 
nitroxyl anion, during one-electron transfer reactions. Only limited 
information is available concerning the corresponding redox potentials 
in water at pH 7.0. 

It seems rather easy to generate NO- from 'NO even though nothing 
is known about reducing agents and conditions for the reaction. In 
aqueous solutions, NO- generation can be accomplished by decomposi-
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tion of sodium trioxodinitrate, decomposition of N-hydroxybenzene 
sulfonamide, or oxidation of cyanamide. 

The protonated form of NO-, HNO, is a weak acid with a pKa value 
of 4.7, indicating that at physiological pH, NO- is the predominant 
form in aqueous solution. NO- decomposes rapidly to yield nitrous 
oxide N2 0 following dimerization and dehydration. 

NO- chemistry is essentially dominated by its propensity to lose one 
electron and give back 'NO. Electron acceptors may be O2 , flavins, 
metal ions such as Cu2 +. NO- reacts with Fe(III) heme proteins such as 
methemoglobin and cytochrome c to form NO-adducts (reductive nitro­
sylation). NO- has been described to be a potent vasorelaxant. 

The conversion of 'NO to NO+ is also possible but is achieved at 
rather high redox potentials. It is possible that NO+ or a related species 
is transiently formed during oxidation of 'NO by O2 • Then this would 
explain why, only under aerobic conditions, can NO -carry out nitrosa­
tion of thiols and amines. In fact, 'NO is not an electrophilic nitrosating 
agent, unless it is transformed to NO+. 

NO+ is actually a very strong nitrosating species, during reactions 
with thiols, alcohols and amines. It thus may modify essential cysteines 
in enzymes. In particular there is now quite convincing evidence that 
S-nitroso proteins can accumulate during exposure to 'NO under aero­
bic conditions. Even though the S-nitrosocysteines within polypeptide 
chains are much more stable than the free S-nitrosocysteine, this modifi­
cation is reversible. Such a process might thus have important implica­
tions in terms of regulation of enzyme activities by 'NO. One example 
is the nitrosation of essential cysteines of ribonucleotide reductase. This 
might be a way to use 'NO for regulating deoxyribonucleotide and 
DNA synthesis. Inside cells, because of the high concentration of 
glutathione, S-nitrosoglutathione may accumulate and partly mediate 
the effects of 'NO. 

Also, nitrosation amine groups of deoxynucleotides and DNA result­
ing in deamination has been observed, which may contribute to 'NO­
dependent genomic alterations. 

The following example shows that 'NO can exist in distinct redox 
states which have very different biological actions. 'NO has been impli­
cated as a mediator of neuronal destruction in vascular stroke. In some 
studies, however, it seems to have neuroprotective effects. This paradox 
may be resolved by the observation of Lipton et a1. recently reported 
[16]. The authors find that 'NO might exert both effects, depending on 
its redox state. The evidence is that the neurotoxic actions of 'NO derive 
from the neutral radical form of the molecule which reacts with super­
oxide to form peroxonitrite, probably the final neurotoxic agent. On the 
other hand, when 'NO is converted to NO+, it reacts with the thiol 
group of the NMDA receptor to block neurotransmission. Thus, in 
cerebral cortical cultures, conditions favoring 'NO give rise to neurotox-
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icity, whereas neuroprotective effects occur in the presence ofNO+. This 
may have great therapeutic implications against neuronal stroke dam­
age. A good therapeutic agent should prevent the fonnation of ·NO and 
enhance that of NO+. Alternatively, one might seek to develop drugs 
that are converted only to NO+ and not to ·NO. The electrophilic 
reactivity of NO+ (nitrosations) has, in that case, to be controlled, to 
avoid unselective and toxic reactions of such a drug. 

Chemical ·NO donors 

Different ·NO donors can be used for in vitro studies, when "NO gas is 
difficult to manipulate. Most of these compounds have, in addition, 
been used as therapeutic agents in particular because of their vasorelax­
ant properties. 

Organic nitrates 

Nitroclycerin has been used as a vasodilator (substance which enlarge 
blood vessels) for the treatment of angina pectoris. Its vasodilatory 
effects are related to its metabolism to ·NO within the endothelium. 

However, the release of ·NO from organic nitrates is not spontaneous 
and requires activation through mechanisms (enzymatic?) which have 
not been unambiguously identified. Thiols might be involved in that 
activation. 

Iron-nitrosyl complexes 

Sodium nitroprusside SNP has also been used as a vasodilator. How­
ever, in vitro, SNP does not spontaneously liberate ·NO. It also requires 
either reductive (for example with a thiol) or light activation. This is 
very often not sufficiently appreciated in experiments using SNP as a 
source of ·NO. 

In fact, SNP is rather a source of nitrosonium NO+, and thus behaves 
as a nitro sating electrophilic species. It has been shown to covert amines 
to nitrosamines, ketones to oximes. 

Sydnonimines 

These molecules are heterocyclic compounds derived from morpholine. 
The liberation of ·NO requires both alkaline pH and the presence of 
oxygen: 
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There is one drawback to this ·NO generation, i.e., lhe stoichiometric 
production of superoxide radicals. The reaction between "NO and O2 
generates hydroxyl radicals. 

C -nitroso compounds 

Upon exposure to light, C-nitroso compounds may undergo a ho­
molytic cleavage of the C-NO bond and generate ·NO . 

\ 
-C-NO 

/ 
hv I 

---I~~ NO + C . 
/'\. 

.)1, 
---I~~ N-O· 
tBuNO -7( 

Secondary amine/NO complex ions R2N[N(O)NO] - (so called 
NONOates) 

These compounds have the following interesting properties: 

- They stabilize ·NO during storage in a solid form. 
They are highly soluble in water. 
They are able to release ·NO at rates that can be adjusted reliably 
over a wide range with judicious choice of the carrier nucleophile 
R2NH. 
The release of ·NO is spontaneous and does not require redox or light 
activation. 
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, ,-H 
These compounds have both vasorelaxant and antiproliferative (inhi­

bition of DNA synthesis in tumor cells) activities. However, they are 
powerful mutagens, and therefore caution should be exercised. 

Thionitrites (or nitrosothiols) 

Thionitrites are red or green colored compounds which can be easily 
obtained during treatment of thiols with a variety·of nitrosating agents 
[17]. The most commonly synthetic reactions are: 

NaN02 
RSH ----+ RSNO 

HCI 

RSH ----+ RSNO 
!BuONO 

Thionitrites are usually quite unstable in water at physiological pH. 
They spontaneously release ·NO without redox or photochemical acti­
vation, even though light greatly accelerates the reaction. Moreover, the 
decomposition is strongly catalyzed by Cu2+ or Fe3+, even as contami­
nants of aqueous buffered solutions, and thus inhibited by chelators. 
The reaction proceeds through a homolytic cleavage of the S-N bond 
generating a thiyl radical together with ·NO: 

RSNO ----+ RS· + NO 

2RS· ----+ RSSR 

These ·NO generators are also very interesting since it is possible to 
get a wide range of rates of production of ·NO by simple chemical 
modifications of the R group of RSNO. Highest stabilities are obtained 
with tertiary thionitrites. 
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Summary. Nitric oxide reacts preferentially with other free radicals. Reaction of nitric oxide 
with oxygen yields nitrogen dioxide, a potent oxidant. However, this reaction may be too slow 
to be relevant in vivo. Reaction of nitric oxide with superoxide occurs extremely rapidly and 
generates peroxynitrite. This latter molecule undergoes many deleterious oxidative reactions 
with biological molecules such as amino acids, sugars and lipids. In an analagous reaction 
nitric oxide may also react with peroxyl radicals, such as lipid peroxyl radicals, and inhibit free 
radical chain reactions such as lipid peroxidation. " 

This chapter discusses experimental sources of nitric oxide and peroxyntirite and the 
potential pro-oxidant and antioxidant effects of nitric oxide in biological systems. 

Introduction 

Nitric oxide (NO) is an intriguing and multifaceted molecule in biolog­
ical systems. The chemical and physical properties of NO place it in a 
unique class of endogenously synthesized biological molecules - there is 
really nothing quite like NO. The number of diverse and, at times, 
contradictory biological activities of NO reported in the literature 
continues to grow. NO is often refered to as a "reactive free radical" but 
this qualitative statement denies the essential property of nitric oxide 
and that is its selective reactivity towards other free radicals. As will be 
discussed here, this property can lead to both potentially advantageous 
and profoundly deleterious consequences. 

NO reacts with molecular oxygen (Eq. (1)) in third-order process 
with a rate constant of 6 x 106 M- 2s- 1 [1]. 

( 1) 

Consequently, the reaction rate decreases sharply as the concentrations 
of nitric oxide and oxygen are reduced. Thus, at mM concentrations the 
rate of this reaction is fast, but at lower physiological concentrations 
(nM) the reaction may be slow enough to be ignored [2]. The use of 
"half-time" as an index of NO persistence is misleading because of the 
concentration dependence of this parameter. Perhaps a more useful 
indicator of the biological persistence of NO is the steady-state concen­
tration that can be sustained by a set rate of NO production in the 
presence of a constant concentration of oxygen. This is shown in Table 
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Table I. The calculated maximum achievable steady-state concentrations of NO when 
generated at different rates in the presence of 250 JIM and 20 JIM oxygen 

Rate of NO [NO]steady state(JiM) in [NO]steady state(JiM} in 
production 250 JIM O2 20 JiM O2 

100mM/s 7070 25000 
10mM/s 2240 7900 

I mM/s - 707 2500 

100 JiM/s 224 790 
10 JiM/s 70.7 250 

I JiM/s 22.4 79 

100 nM/s 7.07 25 
IOnM/s 2.24 7.9 

I nM/s 0.707 2.5 

100 pM/s 0.224 0.790 
10 pM/s 0.0707 0.250 

I pM/s 0.0224 0.Q79 

1 for various rates of NO production in the presence of 250 ,uM oxygen 
(acerated water/buffer) and 20,uM oxygen (approximate tissue concen­
tration). Biological rates of NO production are approximately 1-
10 nM/s [3] and thus if the reaction with oxygen is the fastest route of 
NO decomposition, biology could sustain steady-state concentrations of 
NO in the low ,uM range. Steady-state concentrations of NO have been 
measured as approximately 100 nM [4] suggesting that oxygen is not the 
primary route of NO decomposition. 

The question arises as to how NO is destroyed in vivo. One potential 
pathway of NO decomposition is the reaction with oxygen, bound to 
the heme group of hemoglobin and myoglobin, to generate nitrate and 
the ferric hemeprotein (k ~ 4 x 107 M-1s- 1) [5]. This could be a major 
pathway of NO destruction if NO diffuses into the blood stream and in 
tissues rich in myoglobin such as skeletal muscle. The fastest biologi­
cally relevant reaction of NO is that with superoxide, as will be 
discussed later. 

In this chapter the advantages and disadvantages of various sources 
of NO will be discussed, together with the pro-oxidant and antioxidant 
reactions of NO. 

Sour.ces of NO 

Nitrosothiols 

Nitrosothiols, previously referred to as thionitrites, contain the 
R-S-NO functional group and are unique among the compounds used 
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to generate nitric oxide as they are formed in vivo. Protein nitrosothiols 
have been detected in human plasma, predominantly as S-nitroso serum 
albumin [6]. The mechanism offormation of these compounds in vivo is 
poorly understood, but in vitro synthesis can be achieved by reaction of 
most thiols with the nitrosonium cation [7]. This is usually achieved 
using acidified nitrite (reactions 2-4). 

NOi + H+ ----+ HN02 (2) 

HN02 + H+ ----+ H20 + NO+ (3) 

NO+ + RSH ----+ RSNO + H+ (4) 

The most commonly used nitrosothiols are S-nitrosogIutathione 
(GSNO), S-nitroso-N-acetyl penicillamine (SNAP), and S-nitrosocys­
teine (SNOC). Nitrosation of protein thiols has also been achieved with 
bovine and human serum albumins [8]. 

All nitrosothiols are intrinsically stable and require the action of a 
secondary agent before decomposition and NO release occurs. The 
simplest and best understood mechanism of nitrosothiol decomposition 
is photolytic homolysis. Ultraviolet light excites the S-N bond resulting 
in a homolytic cleavage forming NO and the thiyl radical. Visible light 
of about 550-600 nm will also result in decomposition, but with a much 
lower efficiency. This is expected as the UV-vis absorbance spectrum of 
nitrosothiols has a strong band at about 330 nm and a much weaker 
band (e ~ 10-20 M-1cm- 1 at 550-600 nm) in the visible region. The 
thiyl radical, in the absence of competing reactions, will dimerize 
forming the disulfide [9]. Nitrosothiols are also susceptible to catalytic 
decomposition by transition metal ions, such as iron and copper, that 
are (usually) contaminants of water and buffers [10]. This has given rise 
to the erroneous idea that these compounds spontaneously release NO. 
Thus measurements of half-life given in the literature are specific to the 
buffer or the source of water. It is apparent, however, that nitrosothiols 
have vastly different susceptibilities to this mechanism of release [11]. 
For this reason SNAP is regarded as a more rapid releaser of NO than 
GSNO. The mechanism of transition metal ion decomposition is un­
clear and may involve either redox cycling of the metal ion or transitory 
metal-thiol bonds. With Hg2+, an agent often used to decompose 
nitrosothiols, the reaction is not catalytic and a mercury-sulfur bond is 
formed [10]. The mechanism of NO release from nitrosothiols in biolog­
ical systems is poorly understood. 

RSNO + R'H ----+ RSH + R'NO (5) 

Another important reaction of nitrosothiols is transnitrosylation (Eq. 
(5)). This represents the donation of NO+ from a nitrosothiol to a thiol. 
Thus in a system where a nitrosothiol is added to a mixture of thiols the 
equilibrium constants for these reactions will determine the eventual 



40 N. Hogg 

location of nitric oxide [12]. It is vitally important to consider the 
transnitrosylation reaction in biological systems as the effects of nit­
rosothiols on receptor/enzyme activity may be due to NO+ transfer 
to protein thiols rather than the generation of NO [13]. 

Sodium nitroprusside (SNP) 

SNP has been used for many years as a therapeutic agent for hyperten­
sion and angina pectoris. The benefits of such treatment are extremely 
well documented and are likely due to nitric oxide release. However, the 
use of this agent to release controlled amounts of nitric oxide is fraught 
with problems. As with nitrosothiols, SNP is an intrinsically stable 
molecule and consists of NO+ bound to ferrous iron. The remaining five 
ligands are cyanide ions. Photo activation of SNP causes a charge 
transfer from the iron to NO+ resulting in release o(NO and oxidation 
of the iron to the ferric form [14]. However, SNP can undergo many 
other reactions that make it a particularly problematic source of NO. 
These reactions include cyanide release, Fen + release, and superoxide 
production [15]. 

NONOates 

NONOates are the most recently available generic class of NO releasing 
compounds. These are stable under basic conditions and decay to 
release two molecules of NO per molecule of compound at physiological 
pH. Decomposition is a first-order process that appears to be sponta­
neous. These compounds represent the most reliable and unambiguous 
source of NO to date. Compounds with variable half lives have been 
reported. Two that are commercially available are spermineNONOate 
with a half-life of 40 min and diethylamineNONOate with a half-time of 
2 min [16]. A major advantage of these compounds is that each 
molecule of NONOate decays to give two molecUles of nitric oxide to 
leave a non-radical product (e.g., spermine). 

NO gas 

The techniques for handling NO gas and solutions of NO have been 
detailed elsewhere [17]. Strict anaerobic conditions are required and the 
stream of gas must be passed through a solution of sodium hydroxide to 
remove higher oxides of nitrogen. NO gas dissolves in water to a 
concentration of approximately 2 mM at room temperature. Unless an 
adequate delivery system is used, NO gas is not a good model for 
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biological nitric oxide. Bolus addition of NO solution will create a much 
higher concentration of NO than is ever experienced in vivo and under 
these conditions, the reaction of NO with oxygen is favored, thus 
generating N02 , N2 0 3 , N2 0 4 , and perhaps other oxides of nitrogen. 
Attempts to solve the problem of delivery of NO solutions have been 
made. Passage of NO through the bore of gas permeable tubing allows 
diffusion into the surrounding solution [18]. Slow injection of NO 
solution using a motor driven gas tight syringe has also been employed 
[19]. The advantage of these methods over NO-donor compounds is 
that only pure NO is administered to the system. However, they may be 
impractical for multi-sample systems and cell culture. 

SIN-J 

SIN-I (or 3-morpholino sydnonimine) has been considered as a source 
of NO, although in fact it would be more correctly termed a peroxyni­
trite donor. SIN-I decays spontaneously by a three-step process. The 
first step is a base-catalyzed ring opening event to generate SIN-lA, 
which is followed by one electron oxidation by molecular oxygen to give 
superoxide and the free radical SIN-I B. This latter compound sponta­
neously releases NO to give the stable end product SIN-IC [20]. NO 
and superoxide, produced simultaneously will rapidly combine to give 
peroxynitrite. This compound is an extremely useful model for the 
cellular generation of nitric oxide and superoxide and for slow continu­
ous peroxynitrite synthesis [21]. SIN-IC is commercially available for 
use in control experiments. 

NO synthase 

NO can be generated in cellular systems by the endogenous NO syn­
thase machinery. Constitutive enzyme present in endothelial cells will 
generate low levels of NO that can be stimulated using vasodilators such 
as bradykinin and the calcium ionophore A23187. Higher levels of NO 
can be generated by cytokinefendotoxin stimulated cells (usually 
macrophages) which will synthesize inducible NO synthase in response 
to these stimuli. Cellular generation of NO has been extensively dis­
cussed elsewhere [22]. 

Other sources 

There are several other sources of NO including organic nitrates and 
nitrites which appear to generate NO through a thiol-dependent enzy-
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matic process [16]. An interesting new compound is GEA 3162, a 
SIN-I-like compound that does not generate superoxide [23]. 

Peroxynitrite synthesis 

Peroxynitrile is most usually snthesized by the reactions shown in 
Equations (6-8). 

HN02 + H+ ------> NO+ + H2 0 

NO+ + H2 0 2 ------> ONOOH + H+ 

ONOOH ------> ONOO- + H+ 

(6) 

(7) 

(8) 

Sodium mtrIte (0.7 M) is mixed with hydrogen peroxide (0.6 M) in 
sulfuric acid (0.8 M). The NO+ generated from nitrous acid reacts with 
hydrogen peroxide to give peroxynitrous acid. This compound is 
unstable, but rapidly raising the pH by the addition of sodium hydrox­
ide yields the stable peroxynitrite anion. The final solution is bright 
yellow in color with an absorbance maximum at 302 nm (e = 

1670 M-1cm- 1). All solutions must be pre-cooled on ice before mixing. 
The use of a quenched flow reactor gives the greatest yields of peroxyni­
trite as the time before quenching can be controlled [24]. However, 
yields of 30-50 mM peroxynitrite can be achieved by successively (and 
rapidly) emptying acidified hydrogen peroxide and then sodium hydrox­
ide into a beaker containing sodium nitrite [25]. Peroxynitrite solutions 
can be concentrated by freezing. During this process peroxynitrite 
partitions to the surface and can be removed. The success of this 
operation depends upon the type of tube in which the solution is frozen. 
Excess unreacted hydrogen peroxide can be removed by addition of 
manganese dioxide granules. It is essential to keep the solution cold 
during this process as manganese dioxide-catalyzed decomposition of 
hydrogen peroxide generates heat which can dramatically reduce the 
yield of peroxynitrite. 

Other methods of peroxynitrite production have been described. 
Potassium superoxide reacts with NO at neutral pH to generate per­
oxynitrite [26]. The reaction of nitroxyl anion, generated for example 
for the decomposition of Angeli's salt (Na2 N2 0 3 ), reacts with oxygen to 
give peroxynitrite [27]. Peroxynitrite can also be generated from the 
reaction of organic nitrites with hydrogen peroxide in strong base [28]. 
The reaction of N02 with hydroxyl radical forms nitrate through the 
intermediate formation of peroxynitrite [29] and finally, ilTadiation of 
potassium nitrate crystals with UV light results in the formation of 
peroxynitrite in the solid phase [30]. These methods give valuable 
insight into the chemical nature of nitrogen oxides, but are less suited as 
routes of practical synthesis. 
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Pro-oxidant effects of NO 

NO as an oxidant 

NO is a poor oxidant. The redox potential (EN) of the NO/NO- couple 
is 0.39 V [29]. This value makes the oxidation of glutathione to the 
glutathionyl radical thermodynamically unfavorable (PI of GS·/GSH is 
0.8 V). The oxidation of ascorbate to the ascorbyl radical is thermody­
namically favourable (PI of ascorbyl radical/ascorbate is 0.3 V). but 
does not appear to occur at an appreciable rate. NO is also unable to 
initiate lipid peroxidation by the abstraction of hydrogen from unsatu­
rated fatty acids [31, 41]. Direct oxidative effects of NO gas on protein 
amino acids have been reported [32]. It is likely that in situations where 
nitric oxide is observed to be a pro-oxidant higher oxides of nitrogen 
such as NOz , N z0 3 , N z0 4 and peroxynitrite are being generated. 
Alternatively, NO may stimulate the release of other pro-oxidant species 
such as iron [33]. 

'Oxidative effects of peroxynitrite 

On combination with superoxide, nitric oxide generates peroxynitrite 
[26], a powerful biological oxidant [34]. The rate constant for this 
reaction has been determined as 6.7 x 109 M-1s-1 [35]. Peroxynitrite 
anion is stable and has a pKa of 6.9 at 37°C. Thus at physiological pH, 
peroxynitrite will be partially protonated. Peroxynitrous acid is unstable 
and rearranges to form nitric acid. To achieve this intermolecular 
rearrangement the molecule must pass through a high-energy transition 
state intermediate that has properties similar to those of the hydroxyl 
radical [29, 34]. This hydroxyl radical-like activity has also been ob­
served in systems where NO and superoxide are generated simulta­
neously by either SIN-lor a combination of xanthine oxidase, 
acetaldehyde and SNAP [21, 36]. Conventional methods of OH" detec­
tion are unable to distinguish between Fenton reaction derived hydroxyl 
radical and the peroxynitrite decomposition intermediate. In vitro, this 
activity of peroxynitrite has been used to degrade DNA for footprinting 
studies [37]. The arguments often used to discredit the involvement of 
the hydroxyl radical as a biologically relevant oxidant (Le., short 
diffusion distance, indiscriminate oxidation) can also be made against 
this intermediate. However it is likely that most of the pathological 
potential of peroxynitrite does not involve the OH" like activity. Perox­
ynitrite and or peroxynitrous acid will rapidly oxidize thiols [38] and 
methionine [39] and will initiate lipid peroxidation [40, 41]. Interest­
ingly, peroxynitrite has been shown to release copper from caeriloplas­
min [42]. This represents a potential mechanism whereby the short-lived 
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oxidative effects of peroxynitrite are transformed to the persistent 
oxidative effects of free copper ions. Both peroxynitrite and the simulta­
neous generation of NO and superoxide will oxidize vitamin E to vitamin 
E quinone [36, 43, 44] and have also been shown to modify low-density 
lipoprotein (LDL) to a potentially atherogenic form [41, 45]. The 
bactericidal activity of peroxynitrite has also been reported [46]. 

One of the most important and diagnostic reactions of peroxynitrite 
is the nitration of tyrosine. This reaction is catalyzed by transition metal 
ions and superoxide dismutase [47]. Perhaps more importantly, protein 
tyrosine residues are also susceptible to peroxynitrite-dependent nitra­
tion. The biological conseqences of this are unclear but are expected to 
be deleterious. Moreover, this reaction leaves a nitrotyrosine fingerprint 
that has been successfully detected, using imrnunochemical techniques, 
in atherosclerotic lesions [48]. Several cell types including macrophages 
[49], neutrophills [50] and endothelial cells [51] J;lave been shown to 
generate peroxynitrite in culture, and it has been suggested that perox­
ynitrite may play a central role in the pathological mechanisms of 
cerebral ischemic damage [52] and atherosclerosis [41, 53, 54]. 

Several methods have been employed to detect peroxynitrite. The first 
published method used nitration of 4-hydroxyphenyl acetate as a diag­
nostic marker. The nitrated product, 4-hydroxy-3-nitrophenyl acetate, 
was detected by UV after HPLC separation [45, 46]. Luminol-depen­
dent chemiluminesence [55] has been used to detect peroxynitrite from 
activated Kupfer cells [56] and endothelial cells [51]. More recently, 
dihydroxyrhodamine 123 has been employed as a fluorescent probe for 
peroxynitrite production [57]. 

Antioxidant effects of nitric oxide 

Inhibition of lipid peroxidation 

As mentioned earlier, NO is particularly reactive towards other free 
radicals. In the case of the reaction between NO and superoxide, 
peroxynitrite is formed and further oxidative events can occur. How­
ever, radical-radical reactions are generally perceived as "chain termi­
nation" reactions that result in the formation of stable, non-radical 
products. 

The most important free radical chain reaction that occurs in biolog­
ical systems is lipid peroxidation. After initiation by an external oxi­
dant, the propagation of lipid peroxidation occurs by reactions 9 and 
10, where LH represents an unsaturated lipid; V, a 

V+02~LOO' 

LOO'+LH~LOOH+L' 

(9) 

(10) 
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lipid radical; LOO·, a lipid peroxyl radical and LOOH, a lipid hy­
droperoxide. The net result of this process is the conversion of lipid into 
lipid hydroperoxide. The central role of the peroxyl radical in this 
process can be gleaned from Equations (9) and (10) and compounds 
that scavenge lipid peroxyl radicals, such as butylated hydroxy toluene 
and probucol, are potent inhibitors of lipid peroxidation. 

Induction of NO synthase was shown to inhibit macrophage-depen­
dent LDL oxidation [31, 58]. NO has recently been shown to be a 
potent inhibitor of lipid peroxidation in LDL [58] and free fatty acid 
systems [19]. It is extremely likely that NO inhibits lipid peroxidation by 
scavenging lipid peroxyl radicals (reaction 11). The rate constant for the 
reaction between NO and organic peroxyl radicals has been measured as 
1-3 x 109 M-1s-I [60]. Reaction 11 leads to the formation of nitrosy­
lated lipid products and 

LOO· + NO ---4 LOONO (11) 

such compounds have been detected during the oxidation of linolenic 
acid in the presence of NO [19]. The reactivity and pharmacology of 
these NO-lipids adducts have yet to be established. 

Other potential antioxidant mechanisms of NO 

Nitric oxide has been shown to inhibit the cytotoxic effects of superox­
ide and hydrogen peroxide to fibroblasts and neuronal cells [61]. The 
mechanism for this protection is unknown, but the possibility arises that 
the reaction between NO and superoxide can, in some circumstances, be 
protective [62]. It can be envisaged that in situations in which either NO 
or superoxide are particularly toxic, the production of peroxynitrite 
may redirect the oxidative event/damage to a site that is more easily 
repaired (e.g., glutathione). The inhibitory effects of NO on hydrogen 
peroxide-induced toxicity are less well established and appear to be 
system dependent as other reports in the literature show enhanced cell 
killing by hydrogen peroxide in the presence of NO [63]. 

NO, in high concentrations, has also been shown to inhibit hydroxyl 
radical formation resulting from either UV irradiation of hydrogen 
peroxide or the Fenton reaction [64]. In the case of UV irradiation, 
direct scavenging of hydroxyl radical by nitric oxide was envisaged. 
It was suggested that inhibition of the Fenton reaction occurred by 
the binding of nitric oxide to a ferrous iron complex preventing redox 
cycling. In vivo it is conceivable that redox active iron is sequestered 
in a thiol-NO complex, however, such complexes remain to be iden­
tified. Complexes of iron (II) and thiols have been used to detect NO 
formation due to their characteristic electron spin resonance signature 
[65]. 
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The effects of NO on potential pro-oxidant enzymes have also been 
studied. It has been reported that NO inhibits the lipid oxidation reactions 
of lip oxygenase and cyclo-oxygenase by a mechanism that involves 
conversion of the catalytic iron to the ferrous form [66, 67], thus 
inactivating the enzyme. Another report indicates activation of cyclo-oxy­
genase by NO in cellular systems [68). NO has also been reported to 
reversibly inhibit xanthine oxidase activity by a direct action on the flavin 
component of the enzyme [69). However, xanthine oxidase was not 
inhibited by slow generation of NO from NO donor compounds or by 
lower, more physiological concentrations of NO [19). Further studies are 
required to clarify which reactions of NO are relevant in vivo. 

Conclusion 

Nitric oxide, since the discovery of its relevance in biological systems, 
has repeatedly been shown to be a two-faced character. The task of 
uncovering the mechanistic basis for this often contradictory behavior is 
complex. The process of lipid peroxidation is unique in that the two 
faces of NO can be explained at the molecular level. It is clear that the 
combined effects of NO and superoxide depend critically on the rates of 
generation of these two free radicals. At stoichiometric, or sub-stoichio­
metric NO, stimulation of lipid peroxidation occurs [19, 41). However, 
as the rate of NO generation surpasses that of superoxide, the antioxi­
dant effects of NO become dominant [19). The extent to which these 
mechanisms contribute to the effects of NO in vivo remain to be 
determined. However, it is compelling to believe that NO is a vital 
regulator of oxidative pathologies. 
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Summary. The main oxidation reactions of the four major purine (adenine, guanine) and 
pyrimidine (cytosine, thymine) bases of DNA and related nucleosides are critically reviewed. 
These include the reactions mediated by hydroxyl radical, singlet oxygen, hydrogen peroxide, 
together with one-electron processes involving the transient formatioff of radical cations. In 
addition, the main available assays for monitoring the formation of oxidized bases within 
cellular DNA are presented (mostly chromatographic methods associated with various 
detection techniques). 

Introduction 

Oxidative reactions of DNA, a critical cellular target, are ubiquitous 
and are involved in mutagenesis, carcinogenesis, aging and cellular 
lethality [1]. These deleterious processes may arise under various condi­
tions of oxidative stress associated in particular with intracellular en­
dogenous oxidants [for recent reviews, see 2-4] (i.e., the leakage of 
reactive oxygen species from mitochondria and endoplasmic reticulum). 
Oxidative processes have been shown to be induced by several environ­
mental carcinogens [5] and diet. Several oxidized DNA bases and 
nucleosides and, in particular, 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-
oxodGuo) have been used as bioindicators of oxidative stress within 
DNA of isolated cells and tissues. In addition, the measurement of the 
above compounds in biological fluids such as urine may be used for 
assessing oxidative damage to DNA [6]. Other important sources of 
oxidation processes are provided by physical agents such as ionizing 
radiation and near-ultraviolet/visible light [7, 8]. In the latter case, 
oxidation of DNA would require the presence of endogenous or exoge­
nous photo sensitizers including flavins and porphyrins. 

Base lesions, abasic sites, DNA strand breaks and DNA-protein 
crosslinks represent the four main classes of oxidative DNA damage [9]. 
Emphasis has been placed in this brief survey on the hydroxyl radical 
and one-electron oxidation mediated decomposition products of the 
base moieties of both DNA and model compounds. In addition, the 
main oxidation reactions of highly specific singlet oxygen with the 
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guanine base of DNA are described. Finally, a survey of the main 
approaches (HPLC separations associated with various spectroscopic 
detections, gas chromatography-mass spectrometry, postlabeling tech­
niques, immunoassays, etc.) involving either initial acid hydrolysis or 
enzymatic digestion of DNA which were recently developed for moni­
toring the formation of oxidative DNA base damage in cells, tissues and 
biological fluids are also presented. 

Oxidative reactions of the purine and pyrimidine base moieties 

The main reactive oxygen species involved in oxidation of DNA are 
listed in Table 1. Their reactivities with DNA components and the 
chemical reactions of base radical cations that are produced by one-elec­
tron reactions are also indicated. It appears that o~r radical and related 
reactive species including ferryl ions, both of which may be generated 
through the Haber-Weiss reaction inside the cell, are the most reactive 
agents. The complex nature of the oxidation reactions of the base 
moieties of DNA is evident for guanine, a nucleobase which presents 
the lowest ionization potential among the DNA components. On the 
other hand, the initial events of the radical oxidation of the thymine 
base are much simpler. However, the final product distribution consists 
of more than 20 compounds due to the occurrence of rearrangement 
processes and the presence of diastereoisomers. 

Oxidative reactions of the DNA guanine base 

Radical processes involving OH radical and one-electron oxidation 
The two overwhelming oxidation products of the purine moiety of 
2'-deoxyguanosine (1; Fig. 1) resulting from either the reaction with 
OH' radical or the transformation of the guanine radical cation (one-

Table 1. Reactive species and radicals involved in oxidative stress 

Species· radicals 

Ferryl ion 
Hydrogen peroxide (H2 O2 ) 

Hydroperoxide radical (H02 ) 

Hydroxyl radical (OH·) 
Peroxinitrite (ONOO-) 
Oxyl (RO·) and peroxyl (RO·) radicals 
Ozone (0,) 
Purine and pyrimidine radical cations 
Singlet oxygen e02 ) 

Superoxide radical (02 ) 

Reactivity with DNA 

Oxidizes bases and sugar moieties 
Oxidizes adenine 
Not detectable reactivity 
Oxidizes bases and sugar moieties 
Oxidizes bases and sugar moieties 
Oxidized sugar moieties 
Oxidizes pyrimidine and purine bases 
Hydration and deprotonation 
Oxidizes guanine 
Not detectable (reduction of ROO·) 
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electron oxidation) have been isolated and identified as 2,2-diamino-4-
[(2-deoxy-,B -D-erythro-pentofuranosyl)amino ]-5(2H)-oxazolone (6; Fig. 
1) and its precursor 2-amino-5-[(2-deoxy-,B-D-erythro-pentofurano­
syl)amino]-4H-imidazol-4-one (5; Fig. 1) [9, 10]. The mechanism of 
their production as shown in Figure 1 may be interpreted in terms of a 
transient formation of the oxidizing guanilyl radical (3; Fig. 1) which 
may arise either from dehydration of the OH' adduct at C-4 (4; Fig. 1) 
or deprotonation of the guanine radical cation (2; Fig. 1). The neutral 
radical (3; Fig. 1) which may exist in several tautomeric forms 1S 
implicated in a rather complicated decomposition pathway. This in­
volves the opening of the pyrimidine ring at the C5-C6 bond, followed 
by the transient formation of a peroxyl radical arising from the addition 
of molecular oxygen to tautomeric C( 5) carbon centred radical and 
subsequent nucleophilic addition of a water molecule across the 7,8-
ethylenic bond. Following rearrangement, this leads to. the formation of 
the unstable imidazolone (5; Fig. 1) (half-life = 10 h in aqueous solution 
at 20°C) which is then quantitatively converted into the oxazolone (6; 
Fig. 1) [9, 10]. 

It should be noted that the nucleophilic addition of a water molecule 
iIi the sequence of events giving rise to (6; Fig. 1) represents an 
interesting model system for investigating the mechanism of the genera­
tion of DNA-protein cross-links under radical-mediated oxidative con­
ditions [11]. The formation of 8-oxo-7 ,8-dihydro-2' -deoxyguanosine 
(8-oxodGuo) (8; Fig. 1) is a minor process when 2' -deoxyguanosine (1; 
Fig. 1) is exposed to OH radicals in aqueous aerated solution. However, 
the yield of formation of 8-oxodGuo (8; Fig. 1) increases at the expense 
of the oxazolone derivative (6; Fig. 1) in double-stranded DNA [12]. 
This is even more striking, given the transformation reactions of the 
guanine radical cation (2; Fig. 1) within native DNA. Under the latter 
conditions a significant hydration reaction which was not observed 
within the free nucleoside (1; Fig. 1) and short o1igonucleotides was 
found to give rise to the formation of 8-oxodGuo (8; Fig. 1) through the 
transient 8-hydroxy-7,8-dihydro-2'-deoxyguanosyl radical (7; Fig. 1) 
[12]. This illustrates the complexity of the radical oxidation reactions of 
the guanine moiety of DNA and also shows the similarity in the 
decomposition pathways mediated by hydroxyl radical and one-electron 
oxidation. It should be noted that the formamidopyrimidine derivative 
(9; Fig. 1) is not formed in the presence of oxygen, at least at the 
nucleoside level. 

Oxidation of 2'-deoxyguanosine by Fenton reagents 
The use of Fenton reagents to oxidize (1; Fig. 1) leads to a complete 
change in the quantitative product distribution since the formation of 
8-oxo-7,8-dihydro-2'-deoxyguanosine (8; Fig. I) was considerably en-
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hanced, at the expense of (5; Fig. 1) and (6; Fig. 1) which were almost 
abolished. This may be explained in terms of a competition between the 
reduction of the oxidizing guanilyl radical (3; Fig. 1) and its reaction 
with molecular oxygen [13, 14]. 

Singlet oxygen oxidation of the guanine moiety 
The two main products of '02-mediated oxidation of 2'-deoxyguanosine 
(1; Fig. 1) were identified as the 4R* and 4S* diastereoisomers of 
4-hydroxy-8-oxo-4,8-dihydro-2'-deoxyguanosine. A likely mechanism 
for the formation of the latter specific oxidation products involves a 
[ 4 + 2] cyc1oaddition of '02 to the guanine moiety according to the 
Die1s-Alder mechanism producing unstable 4,8-endoperoxides [15, 16]. 
It should be added that 8-oxodGuo (8; Fig. 1) is also produced by the 
reaction of '02 with 2'-deoxyguanosine (1; Fig. 1) but only in a ratio of 
1 to 7 with respect to 4-hydroxy-8-oxo-4,8-dihydro-2'-deoxyguanosine. 
However, in double-stranded DNA, the formation of 8-oxodGuo (8; 
Fig. 1) becomes predominant at the expense of 4-hydroxy-8-oxo-4,8-
dihydro-2'-deoxyguanosine [17]. 

Oxidation reactions of the adenine base 

Radical processes involving OB- radical and one-electron oxidation 
The major oxidation product of the base moiety of 2'-deoxyadenosine 
(dAdo) with OH- radical in aerated aqueous solution has been identified 
as 8-oxo-7,8-dihydro-2'-deoxyadenosine (8-oxodAdo) [13]. A reason­
able mechanism for the formation of 8-oxodAdo involves oxidation of 
the initially generated 8-hydroxy-7,8-dihydro-2'-deoxyadenosyl radical. 
It should be noted that under these conditions the formation of the 
formamidopyrimidine derivative which requires the reduction of the 
latter purine radical [18] is formed in a low yield (Raoul and Cadet, 
unpublished data). In addition, 2'-deoxyinosine (dIno) which derives 
from dehydration of the OH- radical adduct at C-4 of the adenine 
moiety and subsequent conversion of the 6-aminyl radical was- not 
observed. On the other hand, dIno is the predominant decomposition 
product of the one-electron oxidation reaction of dAdo [8]. This may 
occur via the initial formation of adenyl radical cation followed by fast 
deprotonation to give rise to the 6-aminyl radical. 

Non-radical hydrogen peroxide-mediated oxidation 
In the absence of reduced transition metals, hydrogen peroxide is able 
to react specifically with adenine to generate adenine N'-oxide [19]. This 
oxidized base has been detected using a sensitive high performance 
liquid chromatographic (HPLC) _32P-postlabeling assay in bacterial 
DNA upon exposure to hydrogen peroxide [20]. 
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Oxidation reactions of the thymine base 

Hydroxyl radical oxidation 
The main hydroxyl radical-mediated oxidation product of thymidine 
(10; Fig. 2), a DNA model compound, in aerated aqueous solution has 
been isolated and characterized on the basis of extensive NMR and 
mass spectrometric measurements. About SO% of the overall decompo­
sition products are represented by nine hydroperoxides that have been 
assigned as the cis and trans diastereoisomers of 6-hydroperoxy-S­
hydroxy-S,6-dihydrothymidine (16; Fig. 2) and S-hydroperoxy-6-hy­
droxy-S,6-dihydrothymidine (1S; Fig. 2) [21] together with S-hydro­
peroxymethyl-2'-deoxyuridine (17; Fig. 2). Interestingly, the structure 
of the thymidine hydroperoxides was recently confirmed by chemical 
synthesis [22]. It should be stressed that the mixture of the hydroperox­
ides may be completely resolved by reverse phase high performance 
liquid chromatography (RP-HPLC) and each of the peroxides is indi­
vidually detected using a sensitive post-column reaction method [23]. 
The bulk of the stable decomposition products has been also identified. 
This includes the following nucleosides that are ranged in their decreas­
ing order of quantitative importance: N-(2-deoxy-J1-D-erythro-pento­
furanosyl) formamide (20; Fig. 2) > the four cis and trans dias­
tereoisomers of S,6-dihydroxy-S,6-dihydrothymidine (19; Fig. 2) > the 
SR * and SS* forms of 1-(2-deoxy-J1-D-erythro-pentofuranosyl)-S-hy­
droxy-S-methylhydantoin (21; Fig. 2) > the SR* and SS* diastereoiso­
mers of 1-(2-deoxy-J1 -D-erythro-pentofuranosyl) -S-hydroxy-S-methyl­
barbituric acid (18; Fig. 2) > S-hydroxymethyl-2'-deoxyuridine (22; 
Fig. 2) > S-formyl-2'-deoxyuridine (23; Fig. 2) [24-27). Interesting 
information on the structure and the redox properties of the transient 
pyrimidine radicals has been otained using pulse radiolysis methods 
combined with the redox titration technique [28, 29]. Based on the 
product analysis (vide supra), we propose a likely mechanism for the 
OHo-mediated oxidation of the pyrimidine moiety of thymidine (10; 
Fig. 2). The predominant reaction (60%) within the thymine residue is 
the OHO addition at carbon C-S [7, 28, 30] giving rise to the C-6 
centered reducing radical (13; Fig. 2). The formation of the isomeric 
C-S oxidizing radical (12; Fig. 2) which arises from the addition of the 
OHo radical at C-6 occurs with a lower yield (3S%). The third reaction, 
which is a minor process (S%), involves the abstraction of a hydrogen 
atom from the methyl group, generating the aromatic radical (14; Fig. 
2). Then, the pyrimidine radicals (12-14; Fig. 2) are converted into the 
corresponding peroxyl intermediates through a fast reaction with oxy­
gen which is controlled by diffusion [31]. It is likely that about half of 
the latter peroxyl radicals are transformed into the hydroperoxides 
(lS-17; Fig. 2), subsequently to a reduction step involving superoxide 
radicals [32]. The hydrolytic decomposition of the hydroperoxides 
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Fig. 2. Hydroxyl radical-mediated oxidation of the base moiety of thymidine (10) in aerated 
aqueous solution. 

whose lifetimes vary from several days to 1 week at 37°C is quite 
specific. It was shown that the trans and cis diastereoisomers of the 
6-hydroperoxide (16; Fig. 2) are predominantly degraded into (18; Fig. 
2). On the other hand, the major decomposition products of (15; Fig. 2) 
have been identified as the 5R * and 5S* diastereoisomers of (21; Fig. 2) 
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[22]. The rest of the hydroperoxyl pyrimidine radicals ('" SO%) may 
undergo a competitive dismutation reaction giving rise to highJy reac­
tive oxyl radicals [7]. In particular, the oxyl radicals originated from 
(1S; Fig. 2) and (16; Fig. 2) are expected to be involved in a hydrogen 
abstraction reaction leading to the formation of the diol (19; Fig. 2). 

Another reaction to be considered for an oxyl radical is the {3 scission 
process. This may lead to the cleavage of the S,6-pyrimidine bond with 
subsequent loss of a pyruvyl group and ring contraction to provide 
rearrangement products such as SR* and SS* diastereoisomers of 1-(2-
deoxy-{3-D-erythro-pentofuranosyl)-5-hydroxy-S-methylhydantoin (21; 
Fig. 2). This decomposition pathway applies to the OH radical oxida­
tion to the thymine moiety in double-stranded DNA. This is inferred 
from several studies aimed at isolating and characterizing oxidized bases 
or nucleosides after suitable hydrolysis of oxidized DNA. S,6-Dihy­
droxy-5,6-dihydrothymine and S-hydroxy-5-methyQ1ydantoin have been 
found to be generated within [14CH3-thymine] DNA upon exposure to 
OH' radicals [33]. A HPLC-chemical postlabeling assay has been used 
for assessing the radiation-induced induction of S-hydroxymethyl-2' -de­
oxyuridine (13; Fig. 2) and the four cis and trans diastereoisomers of 
(19; Fig. 2) in aerated aqueous solution [34, 3S]. In addition, the 
hydroxyl radical-mediated formation of 5-formyl-2'-deoxyuridine (12; 
Fig. 2) was also shown to occur in DNA [36]. Other assays involving 
the combined use of either gas chromatography or HPLC separation 
methods with mass spectrometric detection have been used for monitor­
ing the formation of OH· radical-induced decomposition products of 
the thymine moiety of DNA after appropriate hydrolysis [37, 38]. 

One-electron oxidation reaction 
Photoexcited 2-methyl-l,4-naphthoquinone (menadione) has been used 
to efficiently generate the pyrimidine radical cation of thymidine (10; 
Fig. 2) through one-electron oxidation. Two main reactions were in­
ferred from the isolation and characterization of the main oxidized 
nucleosides. In this respect the unique formation of the four cis and 
trans diastereoisomers of 5-hydroperoxy-6-hydroxy-5,6-dihydrothy­
midine (15; Fig. 2) may be rationalized in terms of the specific forma­
tion of the oxidizing pyrimidine radical (12; Fig. 2) through hydration 
of the thymidine radical cation [32, 39]. The competitive deprotonation 
reaction of the latter intermediate is likely to explain the formation of 
S-hydroperoxymethyl-2'-deoxyuridine (17; Fig. 2) which represents 
about 40% of the overall production of thymidine hydroperoxides. 

Oxidation reactions of the cytosine base 

Hydroxyl radicals are able to add to the 5,6-ethylenic bond of cytosine 
with a preference for the C-5 carbon [7] in a manner analogous to that 
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observed for thymidine. The formation of the four cis and trans 
diastereoisomers of 5,6-dihydroxy-5,6-dihydro-2' -deoxyuridine is likely 
to result from the fast addition of molecular oxygen to the hydroxyl 
radical adduct at either the C-5 or the C-6 position [40]. The resulting 
peroxyl radicals are expected to behave like the analogous thymine 
hydroxyperoxyl radicals by undergoing a dismutation reaction and/or 
being involv>ed in reduction processes. However, it should be noted that 
the corresponding cytosine hydroxyhydroperoxides have not yet been 
isolated, probably because they are too unstable. In additon, specific 
oxidation products of cytosine have been isolated and characterized. 
These include 5-hydroxy-2'-deoxycytidine, the two trans diastereoiso­
mers of N-( 2-deoxy-fJ -D-erythro-pentofuranosyl)-1-carbamoyl-4,5-di­
hydroxy - imidazolidin - 2 - one, W - (2 -deoxy - fJ -D - erythro - pentofura­
nosyl)-N4-ureidocarboxylic acid and the a and fJ anomers of N-(2-de­
oxy-D-erythro-pentosyl)biuret [40]. A reasonable mechanism for the 
formation of the latter three classes of modified nucleosides involves an 
intramolecular cyclization of 6-hydroperoxy-5-hydroxy-5,6-dihydro-2'­
deoxycytidines as a common initial pathway [41]. Such transpositions of 
the pyrimidine ring have been demonstrated by isotopic labeling exper­
iments involving the incorporation of a 180 atom in the carbamoyl 
group of the diastereiosomers of the 4,5-dihydroxy-imidazolidin-2-one 
derivatives. The same modified nucleosides but with a different relative 
distribution were shown to be generated through one-electron oxidation 
of the cytosine moiety [40]. In addition, the deprotonation of the 
transient pyrimidine radical cation gives rise to the formation of 2' -de­
oxyuridine and the release of cytosine as the result of oxidation of the 
sugar residue at C-I [42]. It should be added that the formation of 5-
hydroxy-2'-deoxycytidine and 5-hydroxy-2-deoxyuridine has been moni­
tored by HPLC-electrochemical detection within DNA exposed to oxi­
dative stress [43]. 

Measurement of oxidative DNA base damage 

Assays from monitoring oxidized bases within DNA 

The measurement of oxidative base damage in tissue and cellular DNA 
remains a challenging analytical problem [44]. This may be due, in part, 
to the high level of sensitivity that is required (the threshold of detection 
is close to one single lesion per 105-106 normal bases in a sample size of 
DNA lower than 30 flg) together with the multiplicity and the lability of 
the lesion. In addition, another limiting factor deals with the occurrence 
of autoxidation reactions during the work-up of DNA, which may 
induce a significant level of oxidized base damage. This is particularly 
the case for 8-oxodGuo (8; Fig. I), whose formation is significantly 
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Table 2. Methodologies for measuring oxidative DNA damage (adapted from [44]) 

Amount of DNA 
Methods DNA Sensitivity' (pg) 

HPLCjelectrochemistry Hydrolyzed I x 10-5 25-50 
HPLCjMS (thennospray) Hydrolyzed 10-4 _ 10-5 30-40 
HPLC-fiuorescence Hydrolyzed 5 x 10- 5 4-8 
CG/SIM-M"S Hydrolyzed I x 10- 5 50-100 
HPLC-32P-postlabeling Hydrolyzed I x 10- 6 1-5 
Immunology (RIA-ELISA) Intact 10- 5 _ 10- 6 2-10 
DNA-glycosylases Intact 5 x 10- 7 10 
(alkaline elution) 

aSensitivity is indicated with respect to normal bases 

enhanced under Fenton reaction conditions (vide supra). In addition to 
the measurement of damage within isolated cells, two main approaches 
are currently developed for targeting specific oxidative DNA damage. 
The available assays for monitoring oxidative base damage within the 
whole DNA or after hydrolysis of the biopolymer have been critically 
reviewed in two recent surveys [38, 44]. In most cases, the methodology 
requires either enzymatic digestion or chemical hydrolysis of DNA 
(Tab. 2). 

The most sensitive assays currently available involve radioactive 
postlabelling of either nucleoside 3'-monophosphates and dinucleoside 
monophosphates which are substrates for polynucleotide kinases. The 
sensitivity of the method is about one adenine Nl-oxide per lO7 nor­
mal bases in a sample size of 1 flg of DNA [20, 45]. Similar assays have 
been developed for the detection of 5-hydroxymethyluracil, 8-oxo-7,8-
dihydroguanine, 5,6-dihydroxy-5,6-dihydrothymine, phosphoglycolate 
residues and abasic sites (for a recent review, see [45]). It should be added 
that chemical postderivatization methods involving radioactive and 
fluorescence detection are also available [45]. However, the most widely 
used assay deals with the measurement of 8-oxodGuo (8; Fig. 1) by high 
performance liquid chromatography-electrochemical detection. Another 
interesting assay involved the combined use of gas chromatography 
(GC) with mass spectrometry [37, 46]. However, this method, despite its 
high intrinsic sensitivity, requires about 200 pg of DNA [44]. It should 
be also mentioned that derivatization process has been shown to induce 
significant levels of 8-oxodGuo (8; Fig. 1) when dGuo is present in the 
reaction mixture [47]. This may explain the relatively high value of 
8-oxodGuo when measured by GC-MS assay [48] by comparison with 
the more accurate HPLC-electrochemical detection method [49]. It is a 
requisite that the damage to be measured has to be prepurified from the 
related normal constituent prior to the GC-MS analysis. 
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Non-invasive assays 

Evaluation of the effects of oxidative stress on DNA in humans requires 
the development of non-invasive assays. Attempts are being currently 
made to use the release of oxidized bases and nucleosides in urine as an 
index of DNA damage. For this purpose, HPLC-EC and GC-MS 
assays have been applied to the measurement of several oxidized DNA 
compounds including 8-oxo-7,8-dihydroguanine, 5-hydroxymethyluracil 
and their corresponding nucleosides [50-52]. A significant increase in 
the release of 8-oxodGuo (8; Fig. 1) was observed in human urine and 
in the leukocytes of cigarette smokers (for a review, see [53]). These few 
examples illustrate the potential use of oxidized bases and related 
nucleosides as indicators in epidemiological studies designed to correlate 
dietary factors and lifestyles with cancer risk. 

Conclusion 

This review clearly shows the complexity of the oxidation reactions with 
DNA. There is still an important need for development of accurate and 
sensitive methods of detection of oxidative base damage in cellular and 
tissue DNA. Non-invasive methods are particularly relevant for epi­
demiological studies. Further developments would involve both molecu­
lar biology techniques (polymerase chain reaction) and modern 
analytical methods such as the capillary electrophoresis associated with 
the sensitive and versatile electro spray mass spectrometry detection 
technique. Efforts are currently underway to determine the biological 
role of oxidized base damage. One major aspect deals with repair 
studies which have already shown the major role played by glycosylase 
proteins in the enzymatic removal of damaged bases (for recent papers 
and reviews, see [54-56]). The mutagenic assessment of oxidized DNA 
bases is based on site-specific incorporation of a single modification in 
sequence defined oligonucleotides [57]. Then, the resulting oligonucle­
otides can either be used as templates for DNA replication or elongated 
further prior to incorporation in eukaryotic cells for mutagenic evalua­
tion (for a recent review, see [58]). 
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Cellular mechanism of oxidation of LDL 

Is there a need to study the cellular mechanism(s) of oxidation of LDL? 
If antioxidants are safe and effective even at relatively high doses in 
retarding the progression of experimental atherosclerosis, why is it 
important to study the specific mechanism(s) by which oxidative process 
may be initiated? True, vitamin E may be safe at quite high doses 
without evidence of major toxicity [1], however, antioxidants such as 
BHT, BHA and probucol do have toxicity and side-effects associated 
with their intake. Also, very little else is known about their normal 
physiological functions or their potential interactions with other drugs. 

Current evidence suggests that if the oxidation of LDL is important 
in atherosclerosis, it is likely to occur in the subendothelial intima rather 
than the plasma compartment [2]. In fact, oxidation, when it occurs in 
the plasma may be actually beneficial. Oxidized LDL is rapidly cleared 
from circulation by liver [3, 4] and such oxidations may even lower 
plasma cholesterol. Information on the availability of antioxidants in 
the normal or atherosclerotic intima is meager. 

An understanding of the oxidation process and the molecular mecha­
nism(s) involved would have the following advantages. First, such an 
understanding might lead to the development of more specific inhibitors 
that would not interfere with physiological oxidations. Second, we can 
begin to understand the factors leading to the cellular malfunction of 
the oxidative pathway and can then devise preventive strategies. And 
third, site-specific inhibitor therapy can be initiated if abnormalities of 
metabolic functions are confined, for instance, to just the artery. 

The mechanism(s) by which cells may oxidize LDL has been one of 
the most discussed topics in the study of modified lipoproteins. A 
number of mechanisms has been proposed for the oxidation of LDL by 
cells. Evidence presented in Table 1 would suggest that cells do playa 
role in the oxidation of LDL or other lipoproteins. 

There does not appear to be a specific interaction between the cell and 
the LDL. Cells appear to be capable of oxidizing lipoproteins other 
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Table I. Evidence for the involvement of cells in the oxidation of LOL 

(I) LOLs incubated with cells are more extensively modified than LOLs incubated in the 
absence of cells. 

(2) Cell-conditioned media alone could not sustain oxidation when subsequently incubated 
with LD1. Studies by Heinecke et al. [5] showed that the continuous presence of cells is 
essential in the oxidation of the lipoprotein. If lipoproteins were removed from the cells 
and the incubation was continued in their absence, the oxidation did not proceed to 
completion and was lower than in the undisturbed incubations continued for the same 
duration. 

(3) Studies by Parthasarathy et al. also showed that LOL separated from cells by a dialysis 
membrane was not oxidized [6]. 

than LDL, such as fJ-VLDL and HDL [7, 8]. In fact, the oxidation of 
fJ-VLDL by cells results in the generation of even greater amounts of 
TBARS than does the oxidation of comparable amounts of LDL. These 
findings, at least, do not seem to suggest the involvement of any specific 
receptor. 

A number of cell types (at least, in vitro) have been reported to 
oxidize LDL [2, 9]. However, use of inappropriate cell culture media, 
125I-Iabeled lipoproteins and older lipoprotein preparations might have 
led to the erroneous conclusion that many different divergent cell types 
are capable of initiating massive lipid peroxidation in the medium. It is 
more likely that most cell types contribute very little to the oxidation of 
LDL. It is more likely that cells generate oxygen radicals or H20 2 in the 
medium in meager quantities and more specialized cells such as mono­
cyteJmacrophages are better suited to provide the oxidative function. 

The cell type that may be responsible for the initiation of the 
oxidation of LDL in the artery remains a matter of conjecture. If the 
endothelial cells are the important cell type involved in the oxidative 

Table 2. Role of cells in the oxidation of LOL 

(1) Cells may play an active role in the oxidation of L01. Cells may generate reactive oxygen 
species or other oxidants that initiate the oxidation of LOL in the presence of metal ions 
or other reactions that may have peroxidase activity. These may include superoxide 
radicals, hydrogen peroxide, lipid peroxides and nitric oxide. The latter may combine with 
superoxide radicals to generate the potent oxidant, peroxynitrite. 

(2) Cells may also playa passive role. Cells do not themselves participate in the oxidative 
process but instead provide substrates that generate extra-cellular oxidants. This may 
result from the uptake of oxidized thiols such as cystine followed by its release as cysteine 
or glutathione which in tum may generate a variety of oxidants in the presence of redox 
metals. The specific radicals that are generated in these reactions that may participate in 
the oxidation of LOL have not been characterized. 

(3) Cells, in addition to providing the pro-oxidant environment, also participate in the 
propagation of lipid peroxidation in the medium. Cells may contribute to this process by 
peroxidase reactions. Extracellular heme and secreted cellular peroxidases may participate 
in these reactions. The question of whether in early atherosclerotic lesions damaged red 
blood cells or heme abounds has not been satisfactorily addressed. For such reactions to 
occur, the generation of H20 2 or LOOH in the medium is essential. 

(4) Cells possibly deplete the antioxidants from the lipoprotein, thus increasing the sponta­
neous rate of lipoprotein oxidation. 
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process, then the intactness of the endothelium, the predisposition of 
certain areas of the artery to the development of the lesion, the role of 
hemodynamic factors, the effects of plasma components and a host of 
other factors should be taken into consideration. If monocytes/ 
macrophages are the predominant cell types involved in the oxidation, 
then the specific nature of these cells, the oxidative enzymes that are 
present and' that can be induced in these cells, and above all, the 
constituents of the sub-endothelial milieu should be considered. If these 
cells playa dominant role in the oxidation of LDL, then one has to also 
consider the redox factors that lead to their recruitment in the artery 
wall. Table 2 describes the ways by which cells may contribute to the 
oxidation of LDL. 

Active participation of cells 

Superoxide-dependent mechanisms 
Superoxide radical was one of the first radicals to be suspected in the 
'Dxidation of LDL because of the inhibition of oxidation by superoxide 
dismutase (SOD). Endothelial cells, smooth muscle cells, and mono­
cytes have been suggested to oxidize LDL by a superoxide-dependent 
mechanism. Heinecke et al. [5] using smooth muscle cells in DMEM 
medium showed that these cells were incapable of oxidizing LDL unless 
micromolar quantities of iron or copper were added to the medium. The 
results of this study and those of Steinbrecher et al. [10] also showed 
substantial modification of LDL in the absence of cells when 10 pM 
iron or copper was present in the medium. In a subsequent study, 
Heinecke et al. [11] observed no oxidation of LDL without micromolar 
additions of iron or copper. The addition of superoxide dismutase 
inhibited the oxidation; the inhibition was attributed to the catalytic 
activity of the protein. 

The same study showed the time-dependent generation of SOD­
inhibitable release of superoxide radicals from cells in the absence of 
added iron or copper. If cells are capable of releasing superoxide 
radicals in the un supplemented medium, its incapacity to oxidize LDL 
in the absence of added iron or copper would indicate that these 
radicals are not involved in the oxidation process - not, at least, as an 
initiator of LDL oxidation. Furthermore, most of the oxidative process 
thus could be attributed to the presence of metals in the medium. The 
ability of superoxide dismutase to inhibit the oxidative process might 
then reflect the ability of the enzyme to inhibit the metal-dependent 
oxidation process, as reported by Parthasarathy et al. [6]. 

Thus, (i) cellular generation of superoxide radicals was independent 
of the presence of copper, (ii) cell-free oxidation was poor even in the 
presence of added copper, and (iii) the combined presence of cells, 
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copper, and LDL was needed for oxidation. The following questions 
need to be addressed. Are superoxide radicals generated by the cells 
necessary to initiate oxidation of LDL? Or do superoxide radicals 
generated by cells only propagate the oxidation of LDL by metals? The 
question of the effect of superoxide radicals on copper-mediated oxida­
tion of LDL also needs to be addressed. 

Jessup's [12] studies have shown that when LDL was subjected to 
oxidation by superoxide radicals generated by radiolysis, vitamin E 
appeared to be depleted despite lack of any evidence of lipid peroxida­
tion. The possibility that there is an accelerated antioxidant depletion 
that would enhance the rate of lipid peroxidation by metals needs to be 
considered. In retrospect, a determination of LOOH and the rate of 
subsequent oxidation by copper of LDL exposed to these cells in the 
absence of added copper would have contributed a great deal to our 
understanding of the mechanism by which these cells oxidize LDL. 

The oxidation of LDL by monocytes has been described by several 
investigators. Studies by Cathcart et al. [13, 14] first demonstrated that 
both monocytes and PMN are capable of oxidizing LDL and that 
activation of these cells enhanced their capacity to oxidize LDL. These 
studies and those of Hiramatsu et al. studied the oxidation of LDL by 
monocytes and concluded that the generation of superoxide by these 
cells was important in the oxidation of LDL [15]. Superoxide dismutase 
added soon after the stimulation of superoxide production by phorbol 
myristate acetate (PMA) in monocytes completely inhibited the oxida­
tion of LDL. In contrast, SOD added several hours later had no effect. 
Thus superoxide by itself was suggested to be the initiator of lipid 
peroxidation. The NADPH oxidase that generates massive quantities of 
superoxide on stimulation by PMA was implicated. Supportive evidence 
was provided by Hiramatsu et al. [15], who observed that cells from a 
patient suffering from chronic granulomatous disease were unable to 
oxidize LDL even in the presence of PM A, whereas cells from control 
subjects were. Because these studies were carried out using just one 
subject, however, more detailed studies are warranted. 

Similar studies by Cathcart et al. [14] confirmed the inhibitory effect 
of SOD on the oxidation by zymosan-activated monocytes. Their results 
indicated that the presence of LDL during the intense release of super­
oxide radical was not required and that oxidation of LDL could occur 
long after the respiratory burst had subsided. These results would 
suggest that a product, possibly H2 0 2 , derived from superoxide could 
be an important component. 

The importance of superoxide radicals in the oxidation of LDL by 
endothelial cells has been studied by several investigators. Early studies 
by van Hinsberg et al. [16] showed that SOD, even at very high 
concentrations, had no effect on the oxidation of LDL by these cells. On 
the other hand, the studies by Steinbrecher [17] suggested that superox-
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ide radicals might, after all, be involved in the oxidation of LDL 
because of the ability of SOD to inhibit the oxidation of LDL and the 
ability of these cells to generate SOD-inhibitable superoxide radicals. 
However, the cytochrome reduction that measured the release of super­
oxide radicals by the cells was only partially inhibitable by SOD, 
whereas the modification was completely inhibitable by SOD. The 
results suggest that cells release components that are only partially 
sensitive to inactivation by SOD, whereas propagation of LDL oxida­
tion is subject to considerable inhibition by SOD. Steinbrecher's studies 
showed that cells that oxidized LDL readily generated more superoxide 
radicals that did the cells that oxidized LDL poorly [17]. 

The role of superoxide radicals in the initiation of the oxidation of 
LDL needs to be critically examined. A number of factors, such as cell 
type and cell numbers used, concentration of peroxides, EDT A and 
LDL, and components such as iron, copper, thiols, -·and phenol-red in 
the medium, may be important in defining a role for superoxide anion 
in the oxidation of LDL. More important, what is measured as evidence 
of oxidation may directly affect the interpretation of the effect of SOD 
on oxidation. For example, if superoxide radicals are able to generate a 
few molecules of lipid peroxides in the absence of metal ions, then rapid 
propagation of lipid peroxidation is very unlikely. 

The roles of superoxide radicals in LDL oxidation are summarized in 
Table 3. 

Our recent results have indicated that LOOH itself has the capacity to 
generate superoxide radical and enhance the oxidation of lipids [18]. 
When we incubated oxidized phosphatidyl ethanolamine with uno xi­
dized phosphatidyl ethanolamine, oxidation of the latter was inhibited 
by inclusion of SOD. No added metals or enzymes were present in the 
system. McNally and coworkers have speculated that superoxide radi­
cals may be derived from a lipoxygenase pathway [19]. Others have 
provided evidence that LOOH may generate superoxide radicals and 
hydroxy radicals in the presence of lipoxygenase activity or amino 

Table 3. Roles of superoxide radicals in the oxidation of LDL by cells 

(I) The superoxide radical (inefficient in catalyzing lipid peroxidation) may be generated by 
cells as an important means of providing extracellular hydrogen peroxide which, in the 
presence of redox metal, generates more potent oxidants. Alternatively, the protonated 
form of superoxide radical is more reactive and is capable of oxidizing lipids, and it is this 
species which may be involved. 

(2) The origin of the superoxide radical needs to be established. NADPH oxidase ahs been 
implicated, at least in monocytes, but unstimulated cells also appear to oxidize LDL. The 
role or the requirement of cysteine in these cells is not understood, and the role of 
superoxide anion in other cell types that generate cysteine should be established. 

(3) There have been conflicting reports regarding the effect of added superoxide dismutase on 
the oxidation of LDL. Studies with smooth muscle cells, stimulated monocytes, and 
endothelial cells have suggested that SOD inhibits oxidation effectively. Evidence to the 
contrary has also been presented, however, using endothelial cells and macrophages. 
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Table 4. When superoxide radicals may participate in the oxidation of LDL 

(I) When the cells have a poor capacity to oxidize LDL. i.e., when the rate of oxidation of 
LDL or the rate of peroxide generation in LDL is slow (e.g .. smooth muscle mediated 
oxidation of LDL). 

(2) When high concentration of LDL is present in the incubation medium (200 j1gfml or 
more). When there is low rate of peroxide generation and high amounts of unoxidized 
lipids are present in the medium, the superoxide radicals generated from LOOH may be 
quenched by SOD. 

(3) When the media do not adequately support peroxidation (high phenol red, 1m'! metal 
concentration). 

(4) When fresh or unlabeled LDL is used (lower amounts of lipid peroxides and slower rate 
of propagation). 

compounds. These findings suggest that when there are more perox­
ides associated with LDL and the cell has a limited capacity to ini­
tiate further oxidation, the rate of propagation may depend on the 
ability of the peroxides associated with LDL to generate superoxide 
radicals and induce lipid peroxidation. Under these conditions, SOD 
might be an effective inhibitor. Interestingly, the amount of SOD 
needed to inhibit such reactions is rather large (10-100 {tg/ml), simi­
lar to the amount required for inhibiting the oxidation of LDL by 
cells. In contrast, even very large amounts of the xanthine-xanthine 
oxidase generated superoxide production can be quenched by as little 
as 5 j.tg of SOD. 

A thorough analysis of the literature suggests that superoxide radi­
cals may be involved in the oxidation of LDL under the conditions 
shown in Table 4. 

Role of nitric oxide in the oxidation of LDL 
The role of nitric oxide (NO) in the oxidation of LDL has received 
considerable attention in recent years. NO, by virtue of its ability to 
combine with superoxide radicals, would be expected to oxidize LDL 
by generating peroxynitrite, a potent oxidizer [20]. NO may also play 
a protective role by inactivating radicals that would otherwise oxidize 
LDL. 

Evidence for a pro-oxidant role for NO was provided by Darley 
Usmar et al. who used peroxynitrite and other compounds which would 
simultaneously generate superoxide radicals and nitric oxide [21, 22]. 
The LDL was readily modified in the presence of peroxynitrite to a 
form recognized by macrophages. Loss of tocopherol with the forma­
tion of the corresponding quinone was concentration- and time-depen­
dent. The interesting feature of this modification is that relatively fewer 
TBARS are generated and no added metals ions are required. A further 
distinguishing feature of this modification is that no LDL associated, 
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pre-formed peroxide was needed because peroxynitrite is itself capable 
of hydrogen abstraction from the fatty acid and could initiate oxida­
tion. An extensive loss of lysine was observed, which was interpreted 
to suggest that lipid peroxidation products were involved. In contrast, 
very little IbSS of lysine was observed when free amino acid lysine, at 
comparable concentrations, was similarly treated. 

Jessup et al. showed that NO alone was incapable of oxidizing 
LDL to a form recognizable by macrophages [23, 24]. When LDL 
was subjected to oxidation by the decomposition of SIN-I, a com­
pound that simultaneously generates superoxide radicals and NO and 
forms peroxynitrite, lipid peroxides were formed, but without any 
increase in macrophage uptake. The discrepancy between these results 
and those of Darley Usmar et al. could be due to differences in the 
time of incubation and the concentrations of the peroxynitrite genera­
tor. Micromolar quantities of SIN-1 and 3-h incubations were used in 
the studies of Jessup et al., whereas studies by Darley Usmar et al. 
[21, 22] used 24-h incubations and millimolar quantities of peroxyni­
trite. The increased quantities of LOOH generated and longer incuba­
tions undoubtedly caused the greater degree of lysine modification 
observed in the latter study. 

Evidence for an antioxidant role for NO is also suggested by sev­
eral studies. The studies of Jessup et al. showed a remarkable feature 
of the modification of LDL by cells [23]. When the production of 
NO by cells was inhibited using NO synthesis inhibitors, the oxida­
tion of LDL was actually increased. We also have observed that the 
N-monomethyl arginine, the inhibitor of NO synthesis, actually in­
creased the oxidation of LDL by cells (unpublished results). In a 
subsequent study, Jessup and Dean [24] induced the release of nitric 
oxide by macrophages by treatment with IFN-y or LPS and demon­
strated reduced oxidation of LDL by treated cells. This was shown to 
be due to an actual induction of the enzyme activity. These results 
suggested not only that NO synthesis was not necessary for the oxi­
dation of LDL by cells, but also that NO may actually inhibit the 
oxidation of LDL. The inhibition of LDL oxidation by nitric oxide 
was not due to its effect on the cell. Hogg et al. [25] have shown in 
the cell-free system that the oxidation of LDL by copper or ABAP is 
inhibited by nitric oxide generated by sodium nitroprusside by a 
light-dependent mechanism. The generation of NO during the oxida­
tion of LDL by copper inhibited the formation of conjugated dienes. 
The generation of TBARS and the subsequent macrophage degrada­
tion of the incubated LDL was also affected. Similar results were 
obtained with another NO generator called SNAP. Recently, the inhi­
bition of oxidation of LDL by cells in the presence of reagent-gener­
ated NO was described [26]. The mechanism of such an inhibition is 
currently under intense investigation. 
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Role of 15-lipoxygenase in the oxidation of LDL 
There are basically three kinds of evidence suggesting a role for 15-
lipoxygenase in atheroslerosis. This review will not focus on 5-lipoxyge­
nase, as such an enzyme has never been proposed to playa role in the 
oxidation of LDL, although several publications have mistakenly as­
sumed such a role and went to lengths to disprove the participation of 
such an enzyme activity. 

Studies of in vitro cell culture systems. Most such evidence came from 
the use of inhibitors and the measurement of specific products. Most 
lip oxygenase inhibitors are antioxidants. The acetylinic acid analog of 
arachidonic acid, Eicosa tetraynoic acid (ETY A) has long been used as 
an inhibitor of lipoxygenases as well as other oxidases. The use of this 
compound in the presence of lipoprotein deficient serum caused effective 
inhibition of the oxidation of LDL. There was no cytotoxicity in these 
studies in the presence of lipoprotein deficient serum. Based on this 
evidence, together with the findings that LDL inside a dialysis bag was 
protected against oxidation and that several recombinant superoxide 
dismutase preparations were ineffective in preventing the oxidation of 
LDL, we proposed a role for lipoxygenase [6]. The unlikeliness that 
lipoxygenase would act directly on the lipoprotein led us to suggest that 
perhaps a cell-derived peroxide is transferred to the lipoprotein in the 
medium. This study was subseqently extended to the macrophage sys­
tem with additional demonstration of actual formation of 15-lipoxyge­
nase products and their inhibition during incubation with ETY A [27]. 
Unfortunately, these studies have been misunderstood, misquoted, and 
misrepresented by several investigators, particularly by Jessup et al. [28] 
and by Sparrow and Olszewski [29], who failed to note that there was 
no suggestion of a direct reaction between lipoxygenase and LDL and 
there was no suggestion that it served as the sole oxidizing system 
capable of propagation reaction (the suggested role was only to seed 
LDL with lipid peroxide). The studies by Sparrow and Olszewski [29] 
determined and correlated the inhibition of lipoxygenase reaction by 
ETYA and the oxidation ofLDL in the medium in Ham's F-IO medium 
and radioiodinated lipoproteins. They observed that there was no 
correlation and concluded that lipoxygenases are not involved in the 
oxidation of LDL. 

The several areas of oversight in their studies can be summarized as 
follows: 

(i) The level of I5-LO activity was assumed to correlate with the 
degree of LDL oxidation. In the proposed role, IS-LO was only 
suggested to be involved in the initiation of lipid per oxidation by 
seeding LDL with a few molecules of LOOH. Regardless of the level of 
enzyme activity, if the amount of product released in the medium is 
comparable with or without substantial inhibition of the LO activity by 
ETY A, the results could be misinterpreted. The simplistic assumption 
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that there should be a mathematical relationship between the oxidation 
of LDL and the lip oxygenase activity may be true only if 100% of 
lipoxygenase activity correlates with 100% oxidation. The latter is 
determined by the net availability of LDL (availability of fatty acid), by 
propagation reactions, and above all by the maximum oxidizability of 
the LDL preparation. Oxidized LDL preparations that gave identical 
degrees of oegradation by macrophages very often vastly differed in 
their TBARS. If only 20% lip oxygenase activity was needed to generate 
enough lipid peroxides, an 80% inhibition would have no effect on the 
oxidation of LDL in the medium. In fact, recent in vitro studies by 
O'Leary et al. [30] have shown that addition of 1-12 nano moles of 
LOOH to LDL increased the LDL associated peroxides 4-fold. Despite 
a 400% increase in LOOH levels only a decrease of 5% in lag time was 
observed. Disproportionate increases were also noted in the elec­
trophoretic mobility and TBARS levels. These results· clearly imply that 
there may not be any correlation between the availability of LOOH 
from a specific pathway and the degree of oxidation. More importantly, 
the presence of peroxides in the radioiodinated LDL and the use of 
Ham's F-IO medium would have introduced considerable dispropor­
tionate availability of peroxides regardless of the extent of inhibition of 
lipoxygenase activity. 

(ii) Inhibition observed by 0.5 J.LM ETYA in the presence of 10 J.LM 
substrate in 30-min incubations may bear no relation to the amounts of 
products formed in a 24-h incubation period, such as that carried out in 
the presence of LDL. Furthermore, the concentration of ETYA added 
in the presence of LDL may not represent. the concentration that was 
available for cellular inhibition observed in the absence of LDL. 

Studies based on in vitro non-cell systems. LDL can be readily oxi­
dized by treatment with lipoxygenases. Studies by Cathcart et al. [31] 
have shown that the soybean lip oxygenase readily reacted with LDL 
and generated cytotoxic products. Superoxide radicals were generated 
during the reaction which eventually was converted to H2 0 2 • The 
formation of H2 0 2 appeared to be necessary for the generation of the 
cytoxic component. Although it is very unlikely that lip oxygenase in the 
cell may come into contact with intact lipoprotein particle, experiments 
do show that enzyme readily reacts with esterified lipids in the lipo­
protein. Several studies have now demonstrated that both soybean 
lipoxygenase and lipoxygenases derived from animal cells modify LDL 
to a form recognized by macrophages [32, 33]. The modification of the 
lipoprotein by an affinity-purified soybean lipoxygenase required pre­
treatment of the lipoprotein with phospholipase A2 • However, recent 
studies have shown that other lipoxygenases may oxidize the lipoprotein 
directly [33]. These studies also provided evidence that a single enzyme­
catalyzed oxidation of the lipoprotein, in the absence of added metals, 
can lead to propagation and protein modifications. No claim of direct 
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oxidation of LDL by lip oxygenase has ever been made. In the likelihood 
of cell damage it is, however, likely that the cytosolic enzyme may be 
available for direct interaction with the lipoprotein. 

In vivo studies. Several studies have reported that Iipoxygenase prod­
ucts and activity are increased in atherosclerotic lesions [34]. The 
increase in products could have resulted from nonspecific oxidation of 
lipids. This increase could also, at least in part, be due to an inrease in 
the activity of IS-lipoxygenase. Recent studies by Kuhn et al. [3S, 36] 
have identified specific lipoxygenase derived stereospecific products in 
the athersoclerotic rabbit artery. Their results showed formation of 
these specific products in early lesions, whereas in late lesions there were 
more mixed isomers, suggesting non-specific lipid peroxidation. YEi­
Herttuala et al. looked at the expression of lS-lipoxygenase in WHHL 
rabbits using in situ hybridization and immunochemical techniques. 
They used sense and anti-sense riboprobes for S- .and IS-lipoxygenase 
enzyme messenger RNAs and antibodies directed towards the enzyme, 
rabbit macrophages, and epitopes of oxidized LDL. Their results 
showed positive evidence for the expression of lS-lipoxygenase gene in 
the macrophage-rich lesions of the lesion. Antibodies against MDA­
LDL (which indicate that an epitope is present in oxidized LDL) were 
also positive in the same areas represented by macrophages. Sense probe 
for IS-lipoxygenase and the anti-sense probe for S-lipoxygenase were 
negative. Interestingly, weak hybridization was also noted in some areas 
of the endothelium with the IS-lipoxygenase probe [38, 39]. The pres­
ence of the enzyme protein was established in these experiments by 
Western blot analysis. 

Monocytes, the progenitors of macrophages, do not express high 
levels of IS-LO activity and generally produce products of S-LO. Tissue 
macrophages, particularly resident peritoneal macrophages, do express 
substantial levels of IS-lipoxygenase activity. Anticipating that the 
IS-LO gene expression may be induced in these cells by appropriate 
stimuli, Sigal and Conrad screened a number of cytokines and showed 
that IL-4 (a T-Iymphocyte product) was profoundly effective as a 
stimulant [39]. Of the cytokines screened, only y-interferon appeared to 
counteract this effect. T -cells are present in the atherosclerotic lesion 
and are temporally recruited at the same time as the monocytes. Thus, 
the arterial macrophages have the potential to express IS-LO activity. 

More recently, Ylii-Herttuala et al. reported the in vivo IS-lipoxyge­
nase gene transfection in rabbits. Their preliminary results indicated the 
presence of increased amounts of immuno reactivity to antibodies 
directed towards antigenic epitopes present in oxidized LDL at target 
sites as compared to control areas [40]. 

Of various mechanisms proposed to explain the oxidation of LDL, 
IS-LO mediated initiation of oxidation has been the target of extensive 
criticism. But, considering the lack of availability of direct inhibitors, 
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this proposal has more theoretical and experimental support from the 
physiological view point than other proposed mechanisms. More impor­
tantly, this is the only mechanism that has support from in vivo studies. 

Peroxidases and metal-independent oxidation of LDL 
Most of tne studies on oxidation have suggested that close association 
of the cell and the LDL is necessary and that perhaps some prooxidant 
molecule is transferred from the cell to the lipoprotein particle. Yet the 
requirement of metals such as copper in the medium has been of major 
concern. Metal-containing proteins such as hematin, hemin, and 
hemoglobin can oxidize LDL under appropriate conditions, and such a 
mechanism may be appropriate when damaged red blood cells are present 
in the lesion [41, 42]. However, there is no evidence of necrosis in early 
atherosclerosis or under cell culture conditions. We -and others recently 
observed that peroxidases such as horseradish peroxidase and myeloper­
oxidase can readily modify LDL in the presence of H2 0 2 or LOOH in 
simple buffers in the absence of added metals [43 -45]. Furthermore, 
media conditioned in the presence of cells contained high levels of H2 0 2 

and were capable of oxidizing LDL in the presence, but not in the absence, 
of added peroxidase. As with simple heme-containing proteins, the 
requirement of an active enzyme did not appear to be necessary. 

There is no horseradish peroxidase in the body. However, myeloper­
oxidase is found in abundance in neutrophils and monocytes and in 
somewhat less abundance in macrophages due probably to the decrease 
in activity during the differentiation of monocytes into macrophages. 
Several studies have shown that hypochlorous acid (a product of 
myeloperoxidase reaction) can oxidize lipoproteins, including LDL and 
HDL [46, 47]. In addition to lipid peroxidation, these systems also 
induce the oxidation of tyrosine residues and generates a different type 
of modified LDL. 

Hiramatsu et al. [15] studied the ability of monocytes to oxidize LDL 
from a subject suffering from myeloperoxidase dificiency. Monocyte 
from such a subject was able to oxidize LDL just as readily as the cells 
from a control subject. This result was interpreted to suggest that 
myeloperoxidase is not involved in the oxidation of LDL. The same 
author has recently suggested that myeloperoxidase may be involved in 
the generation of dityrosine via the formation of tyrosyl radicals and 
has proposed the participation of this enzyme in lipoprotein oxidation. 
Hydrogen peroxide is a substrate for this enzyme and the presence of 
SOD should increase the availability of H2 0 2 • If myeloperoxidase 
reaction is indeed involved, one would expect an increased oxidation of 
LDL when SOD is present. Regardless whether this enzyme is involved 
in the oxidation of LDL or not, studies that utilize a single patient can 
often lead to misleading conclusions. 
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One important caveat in the peroxidase-mediated oxidation of LDL 
is that the mechanism itself may include the generation of a phenoxy 
radical, either from the apoprotein itself, or from the antioxidant 
present in the LDL or from extra cellular phenols, including phenol-red 
or tyrosine. If so, such a mechanism will rapidly deplete antioxidants 
from the lipoprotein and render the lipoprotein more readily oxidizable. 
In fact, Uhder such conditions, a pro-oxidant function may be ascribed 
to the antioxidants when they are present at low concentrations and 
insufficient to inhibit the propagation [45]. 

Passive participation of cells 

Extensive studies by Bannai and coworkers [48, 49] have established 
that cultured cells take up cystine and release cysteine. They established 
that cysteine is rapidly oxidized in cell culture medium and proposed a 
recycling system that would provide intracellular cysteine. Based on 
Bannai's model of cystine transport, a scheme for the involvement of 
cystine in the oxidation of LDL by these cells was proposed by Hei­
necke et at. [50]. According to the proposed mechanism, thiols would 
react with metals and generate superoxide and other radicals as earlier 
suggested [51]. 

The oxidation of LDL by a thiol-dependent mechanism was also 
suggested for other cell types. Sparrow and Olszewski [52], using a rabbit 
endothelial cell line and mouse peritoneal macrophages, established that 
Ham's F-IO medium devoid of cysteine was incapable of oxidizing LDL. 
Addition of cysteine in the presence or absence of cells resulted in the 
oxidation of LDL. However, addition of cystine, the oxidized form, 
stimulated only the cell-mediated oxidation of LDL and had no effect on 
the no-cell oxidation of LDL, demonstrating cellular dependence on 
cystine for oxidation of LDL. In support of the cellular "production" of 
reduced thiol from cysteine, evidence was presented for the time-depen­
dent appearance of cystine in the medium when endothelial cells were 
incubated with cystine. The thiol production was specific for cysteine, and 
other thiols did not participate in the production of thiols. Additional 
evidence was provided for the cellular production of cysteine from cystine; 
inclusion of glutamate, which competes with cystine for entry into cells, 
blocked the modification. However, in the presence of glutamate, enzy­
matic reduction of cystine in the medium regenerated the thiols and 
reestablished the modification. These impressive studies are marred by one 
important observation. In several experiments, TBARS amounts were 
substantially high, often exceeding 20 nmols/mg LDL protein, which 
further increased when thiol production was increased in cell incubations 
that did not have any cysteine or cystine. This suggests either oxidation 
in the absence ofthiols or that the LDL had large amounts of peroxides. 
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A number of questions needs· to be answered before one can conclude 
that all cell types oxidize LDL by thiol-dependent mechanisms. First, is 
the requirement of very high concentrations of glutamate to inhibit 
cystine transport suggestive of the involvement of non-cystine depen­
dent processes? For example, in the study of Sparrow and Olszewski 
[53], when 3 mM glutamate was able to prevent the release of thiols by 
over 75%, the inhibition of TBARS formation was less than 45%. 
Cystine transport across cell membrane is affected not only by gluta­
mate, but also by other amino acids. Interestingly, the study noted a 
15% reduction in 15-lipoxygenase activity in glutamate treated-cells, a 
reduction that was considered insufficient to account for the 45% 
decrease in TBARS production. It is difficult to comprehend the ratio­
nale for such interpretations involving enzyme assays carried out in the 
presence of large amounts of added substrates and determinations of 
TBARS at the end of a 24-h incubation that involved propagation 
reactions. It is my belief that correlations should reflect the initial 
peroxide content of the LDL and its oxidizability, and that correlations 
reflecting the rate of an intracellular enzyme reaction and the extracellu­
lar oxidation of LDL are relatively useless. Most of the oxidation occurs 
in the medium due to propagation reactions and, unless detailed analy­
sis of lipid peroxide released and association with the lipoprotein is 
established with the incubated lipoprotein, no conclusion can be drawn 
regarding the role of cells in the initiation of oxidation by cells. Second, 
if the only role of cells is to generate reduced cysteine, how is it possible 
that oxidation of LDL separated from the cell by a dialysis membrane 
is prevented? Thiols, cysteine and cystine readily permeate a dialysis 
membrane, and the metal content of the membrane is the same as that 
present outside the membrane. The dialysis membranes used today are 
treated so that they will not preferentially block anions. 

In summary, results indicate that cysteine or cysteine-derived prod­
ucts may enhance the rate of oxidation LDL and that cells may generate 
cysteine from cystine taken up from the medium. Unfortunately, the 
analytical techniques used do not permit evaluation of the specific role 
of the cell in the initiation of oxidation of LDL. These results simply 
mean that when LDL contains sufficient peroxides, cysteine or metals 
may enhance the rate of peroxidation and generate more TBARS and a 
modified LDL capable of being recognized by macrophages. If cysteine 
is rapidly oxidized to cystine in the medium, the formation of other 
mixed disulfides also should occur. Furthermore, when LDL is being 
oxidized in the medium, the oxidation of thiols should proceed beyond 
the formation of disulfides, to products that cannot be reduced back to 
cysteine. 

The specific mechanism by which thiols may promote oxidation was 
recently described by Heinecke et al. using a variety of inhibitors [53]. 
These studies, predominantly repetitive in nature, confirmed that the 
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addition of thiols in the absence of cells can result in the modification of 
LDL. A number of antioxidants and SOD inhibited the modification of 
LDL by cysteine and copper. In this in vitro oxidation system, in 
contrast to the oxidation of LDL by cysteine, SOD failed to inhibit the 
oxidation of LDL by other thiols such as glutathione or homocysteine. 
These results were interpreted to suggest that both superoxide-depen­
dent and- superoxide-independent mechanisms were available by which 
thiols could oxidize LDL. No explanation was offered for the differ­
ences between these thiols, and I am not aware of differences in their 
ability to form radicals with metals. It is inconceivable that only 
cysteine can form superoxide radicals, while other thiols form different 
radicals. 

Potential involvement of thiyl radicals has also been suggested. How­
ever, unpublished studies by the author (Parthasarathy and Kalyanara­
man) have also shown that thiyl radicals gerierated by chemical 
reactions are incapable of oxidizing LDL and that a thiyl radical spin 
trap DMPO has little effect on the oxidation of LDL by macrophages. 

In summary, the oxidation of LDL by cells is complex and a number 
of issues has to be resolved. The use of freshly isolated lipoproteins, 
better analytical determination that can measure extremely low levels of 
peroxides and "metal-free" media may shed more light on this process. 
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Summary. Increased free radicals formation derived from abnormal metabolism of oxygen 
has been implicated in over 100 different human diseases which may be classified into six 
categories: chemical and xenobiotic toxicity, radiation injury, hypen:~xygenation syndromes, 
inflammatory conditions, postischemic reperfusion injury and degenerative conditions. As 
their in vivo evidence always remains a difficult challenge, there is, however, a great deal of 
confusion about their precise role in the development of human diseases. Whatever the precise 
mechanism, preventing free radical generation by appropriate antioxidant therapy should 
provide beneficial clinical consequences. 

Introduction: The "oxygen paradox" 

Oxygen, friend or foe? Oxygen, a poison required for life. Oxygen, a 
dangerous friend. Oxygen, from Charybdis to Scylla. Oxygen represented 
as Janus. All these cliches are regularly used in the scientific literature and 
meetings discussing that oxygen that is so indispensable to our life, is also 
toxic ( "oxygen paradox"). This is due to its ability to generate reactive 
intermediates (superoxide anion, hydroxyl radical, hydrogen peroxide, 
singlet oxygen, perferryl ion, nitrogen oxides) (see [1]). 

In the 19th century, this "oxygen paradox" was described for the first 
time by Louis Pasteur, when he demonstrated that anaerobic organisms 
rapidly died after exposure to air containing the 20% oxygen required for 
the survival of aerobic organisms. In the middle of 1950s, Gerschman et 
al. [2] and Harman [3] resurrected this concept and respectively postu­
lated the hypothesis that death of animals exposed to X-irradiation in 
presence of high oxygen tensions and the aging process were partially due 
to abnormal metabolism of oxygen, leading to toxic free-radical reac­
tions. In France, Laborit et al. [4] attracted everyone's attention to the 
possible toxicity of high-pressure oxygen in divers through the produc­
tion of free radicals, and suggested the use of certain antioxidants in 
biology. As discussed in detail in this book, a free radical (superoxide 
anion, hydroxyl radical) is defined as any species capable of independent 
existence that contains one or more unpaired electrons. This confers high 
reactivity to the molecule and, therefore, allows it to damage multiple 
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biological substrates, including proteins, lipoproteins, deoxyribonu­
cleic acid (DNA), carbohydrates, and polyunsaturated fatty acids. 
Moreover, they can also act as second messengers in the induction of 
molecular processes [5]. 

The "free radical story" in biology and medicine really started with 
the discovery by McCord, Keele and Fridovich in 1969 [6] of superox­
ide dismutase, an enzyme capable of destroying the superoxide anion 
radical resulting from the univalent reduction of oxygen. Since then, 
there has been an exponential increase in scientific articles indicating 
that excessive production of "reactive oxygen species" (ROS) or "free 
radical" is implicated in the pathogenesis of diseases in humans. Cur­
rently, Free Radicals in Biology and Medicine and Free Radicals Re­
search Communications are the two specific journals encompassmg 
medical approaches to oxygen free radical research. 

When does free radical production become dangerous? 

If reactive oxygen species are generally regarded as dangerous, it must 
be kept in mind that our metabolism produces free radicals under 
normal conditions. Thus, a small amount of oxygen (2%) is continu­
ously reduced to ROS in the mitochondrial electron transport chain. 
Moreover, free radical species also playa key role in many physiologic 
reactions. Typical examples are the killing of bacteria by granulocytes 
and macrophages [7], the oxidation of xenobiotics by cytochrome PA50 
[8], the regulation of smooth muscle by "endothelium-derived relaxing 
factor" (EDRF), now recognised as the nitric oxide (NO·) radical, and 
even fertilization [9]. To regulate these free radical reactions, our 
organism has developed antioxidant defenses including not only en­
zymes (superoxide dismutase, catalase, glutathione peroxidase) and 
small molecules (vitamins A, C, and E, uric acid, glutathione, albumine 
or bilirubin), but also repair systems which prevent the accumulation of 
oxidatively damaged molecules. 

However, in human diseases, increased free radical activity can occur 
either as a primary (e.g., excess radiation exposure) or a secondary (e.g., 
tissue damage by trauma) event, mediated by several biochemical pro­
cesses: extracellular release of ROS by granulocytes, xanthine oxidase 
activation, iron release from sequestered sites, phospholipase activation, 
alteration of electron transport in the mitochondrion, etc. Conse­
quently, antioxidant defenses can be rapidly overwhelmed, leading to 
increased tissue injury. These situations can be considered as "oxidative 
stress" since, as defined in detail by Sies [10], there is a profound 
disturbance of the prooxidant-antioxidant balance in favour of the 
former, leading to lipid peroxidation, denaturation of proteins or en­
zymes or mutagenic damage to nucleic acids. The dual nature of free 
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radicals in biological systems is perfectly illustrated by activated neu­
trophils, which can be involved in both physiologic (bacteria kiHing 
with controlled intracellular production of ROS) and pathophysiologic 
(inflammation with uncontrolled extracellular production of ROS) 
events. Similarly, excessive production of NO·, initiated by activation of 
the glutamate receptor after cerebral ischemia, is thought to participate 
in tissue injury in the brain (via the generation of oxidizing peroxyni­
trite anion from the reaction between the superoxide anion and nitric 
oxide). 

A critical point: Assays for measuring free radical formation in .,ivo 

Increased ROS formation has been implicated in over 100 pathophysio­
logic conditions [11]. The transient nature of free rad·icals makes in vivo 
assessment of their production a difficult challenge; the role of ROS in 
such a variety of processes may reflect this difficulty. 

Most currently used techniques are called "fingerprint assays," be­
cause they examine the chemical changes that free radicals caused by 
interacting with targets such as lipids, proteins and DNA as measured 
by end-products of lipid peroxidation, protein carbonyls and 8-hydrox­
yguanine. Until recently, the most popular method involved the mea­
surement of malondialdehyde (MDA) and thiobarbituric acid-reactivity 
as markers of lipid peroxidation [12], but this assay lacks specificity and 
accuracy. This has led to some controversy about the importance of free 
radicals in human diseases. Detection of other molecules, such as 
4-hydroxynonenal or hydrocarbons (ethane, pentane), has also been 
proposed to assess lipid peroxidation, but these too require great caFe in 
data interpretation [13]. 

A more realistic strategy for monitoring free radical reactions in vivo 
is the measurement of antioxidant defences present in human plasma 
[14], red blood cells, and even tissue. As a typical example, vitamin E or 
(a-tocopherol), acting as a chain-breaking antioxidant, can protect 
membrane lipids against oxidative damage by virtue of its potent 
scavenging. Its consumption can thus be considered to be a specific, 
although indirect, index of in vivo peroxidative processes [15]. Measur­
ing the product of attack of ROS on uric acid has also been proposed 
as a potential marker of oxidative damage [16]. 

All of this evidence is, however, indirect and does not afford detailed 
information about the exact role played by free radicals in including in 
vivo tissue injury. Efforts have been made recently to directly demon­
strate the formation of free radicals in biological samples as complex as 
blood or plasma, using the techniques of aromatic hydroxylation (e.g., 
salicylate, see [17]) and spin trapping associated with electron spin 
resonance (ESR) spectroscopy, as trapping assays. 
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The ESR methodology is currently considered to be the technique of 
choice for detecting free radicals in vivo since it allows to detect the free 
radical by measuring the absorption of energy due to interaction of the 
unpaired electron present in the free radical with an applied external 
magnetic field produced by a magnet. Direct ESR can detect the 
ascorbyl radical in plasma at room temperature or the NO' radical in 
frozen blood [18]. More often, however, spin trapping agents are 
required in ESR to increase the half life of free radicals generated in 
vivo. Such agents react with short-lived free radicals to form more stable 
species (spin adducts) that can be detected, identified and sometimes 
quantitated. Numerous spin trapping agents, such as 5,5-dimethyl-l­
pyrroline I-oxide (DMPO) or alpha-phenyl-N-tert-butyl nitrone (PBN) 
are available. These agents cannot be administered safely to human 
patients, but this problem can be avoided by using a non-invasive 
spin-trapping technique involving drawing blood .samples into syringes 
containing the spin-trap agent (ex-vivo reaction). (For a general review 
about all described methodologies, see [19].) 

Some examples of human diseases associated with free radicals 

Clinical conditions in which free radicals are though to be involved are 
numerous. For a complete listing, we suggest reviews by Halliwell [20] 
and Gutteridge [II]. Diseases may be classified into two groups depend­
ing on the target (Fig. I). Inflammatory-immune injury [21], ischemia­
reflow states [22], drug toxicity [23], iron overload [24], nutritional 
deficiences [25], alcohol toxicity [26], radiation injury [27], aging [28], 
cancer [29] and amyloid diseases [30] belong to the first group. In the 
primary single organ group are found erythrocytes [31], blood vessels 
[32, 33], lung [34-36], the heart and cardiovascular system [37], kidney 
[38, 39], the gastrointestinal tract [40], joint abnormalities [ 41, 42], brain 
[43 -45], eye [46] and skin [47]. 

In 1990, Sinclair et al. [48] classified diseases associated with increased 
free radical production as having an intracellular (hyperoxygenation, 
hypo-oxygenation, chemicals and drugs, alcoholic liver disease, haemo­
lytic iron overload, Parkinson's disease, aging), an extracellular (inflam­
matory states, immunological and autoimmune diseases, diabetes melli­
tus, atherosclerosis, cataractogenesis), or both intra- and extracellular 
(radiation, chemical carcinogens, smoking, air polluants) origin. 

More recently, Bulkley [49] classified the human diseases into groups 
based on pathophysiologic categories: chemical and xenobiotic toxicity, 
radiation injury, hyperoxygenation syndromes, inflammatory condi­
tions, postischemic reperfusion injury and degenerative conditions. 

Herein only a limited number of examples will be discussed: ischemia­
reperfusion states in cardiac surgery and organ transplantation, septic 
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Fig. I. Spectrum of human diseases where an excessive free radical production is thought to 
playa significant role in developing tissue injury. For each pathology, the reader will find 
references in text. 

shock, rheumatoid arthritis and acquired immunodeficiency syndrome 
(AIDS). 

Ischemia -reperfusion 

Ischemia-reperfusion injury is a field that has been seized upon largely 
by clinical investigators. It is considered to play a major role in the 
organ dysfunction accompanying trauma, shock and sepsis, but also in 
cardiovascular diseases and organ transplantation. 

Interruption of blood flow (ischemia) to an organ results in a cascade 
of biochemical events that predispose to production of increased reac­
tive oxygen species on reperfusion. This has been unequivocally demon­
strated by ESR spin trapping studies in both in vitro and in animal 
models [50-56a]. Sources of free radicals in the reperfused organ are: 
activation of xanthine oxidase and phospholipase, alteration in the 
electron transport chain, where superoxide anion is produced at two 
sites (Ubiquinone and NADH dehydrogenase), increased metabolism of 
arachidonic acid by cyclooxygenase and lipooxygenase, accumulation 
and activation of granulocytes, hemoglobin oxidation and iron release 
from ferritin mediated by superoxide anion [56b]. 

Myocardial ischemia 
Clinically, reperfusion of ischemic myocardium is recognized as benefi­
cial because mortality is directly related to infarct size, which in turn is 
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related to the severity and duration of ischemia. However, restoration of 
normal blood flow to the heart using methods such as angioplasty, 
thrombolytic agents or aorta-coronary bypass grafting, can lead to 
specific lesions (arrhythmias, decreased in contractility, necrosis), the 
importance of which is dependent on the time of ischemia. Using ESR 
methodology with blood drawn into PBN, Coghlan et al. [57] showed 
an increased free radical production after reperfusion of infmcting 
tissue in a patient undergoing delayed repair of a transected aorta. The 
same authors also demonstrated ESR signals in blood taken from the 
coronary sinus of patients undergoing percutaneous translurninal coro­
nary angioplasty, as ideal model of myocardial ischemia-reperfusion 
[37]. Because only small ESR signals could be detected during ischemia, 
the authors concluded that reperfusion was a necessary condition for 
significant detection of radicals. In patients undergoing cardiopul­
monary bypass (CPB) for cardiac surgery (repair -of aortic aneurysms, 
coronary bypass grafting), an increased free radical activity in plasma 
has been shown to occur following aortic unclamping as shown by 
increased granulocyte activation [58], loss of antioxidant [59-61], iron 
overload [62], protein oxidation [63] and the appearance of ESR signals 
in blood drawn into spin-trapping agents [64, 65]. 

Organ transplantation 
Organ transplantation is a typical example of ischemia-reperfusion, 
since between harvesting and reperfusion in the recipient, the procedure 
includes several steps during which severe damage to the organ can 
occur: cardioplegic arrest (only for heart transplantation) and cooling, 
storage for varying periods (cold ischemia), warm ischemia during the 
surgical procedure, and reperfusion. In humans, few studies have been 
conducted to investigate the generation of free radical under such 
condition [66-68]. During human kidney transplantation, we observed 
a decrease of antioxidant vitamin E early after the onset of reperfusion 
in blood samples specifically from the renal vein, when compared to the 
value observed in the renal artery just before reperfusion (Fig. 2). A 
similar decrease was shown in the systemic blood, indicating the occur­
rence of lipoperoxidation processes [39]. Using ESR methodology, we 
also directly demonstrated that a burst of free radical production 
occurred within the first minutes of reperfusion; this was related to 
increased granulocyte activation. Oxidative damage has also been 
shown to occur in human liver transplantation. 

Septic shock 

Severe shock or trauma are often associated with organ dysfunction 
occurring days after the initiating event. This is also seen after septic 
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Fig. 2. Evidence of lipid peroxidation processes during human kidney transplantation (two 
patients) as assessed by the decrease of vitamin E in blood specifically taken from the renal 
vein since the beginning of graft reperfusion. Reference value was that found in the blood 
sample drawn from the renal artery just prior to inducing reperfusion. 

shock, defined as sepsis with hypotension despite adequate fluid resusci­
tation, in the presence of perfusion abnormalities. Among the several 
syndromes which are related to septic shock in man are the adult 
respiratory distress syndrome (ARDS) or "shock lung syndrome" and 
multiple systems organ failure (MSOF). 

Many papers provide evidence for increased free radical activity in 
such diseases, which often have a fatal outcome. Because of changes in 
microcirculatory perfusion, ischemia-reperfusion phenomena are 
present in sepsis and are considered to be the main source of radical 
production [69]. In ARDS and septic patients, neutrophils are also 
another important source; they have been shown to be in an activated 
state, as demonstrated by high levels of neutrophil proteins (mye1oper­
oxidase, elastase) found in plasma [70] and in bronchoalveolar lavage 
(BAL) fluids [71] of such patients. lXI-proteinase oxidized by excess 
production of hypochlorous acid (mediated by MPO activity) can be 
detected in BAL fluid of ARDS patients [71]. Other evidence for 
increased rates of lipid peroxidation and oxidative damage to proteins 
as well as depletion of plasma antioxidants has been described in 
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critically ill patients, in ARDS patients, and during human septic shock 
[72-79]. Serum catalase was found to be increased in ARDS patients 
with sepsis [80]. Both hydrogen peroxide and pentane were found in the 
expired air of ARDS patients [81, 82]. Despite all this evidence, it is, 
however, not clear if oxidative stress is a significant mediator of organ 
injury in ARDS and/or MSOF. The clinical trials with antioxidant 
therapies-are crucial to clarify this question. 

Rheumatoid arthritis 

The glycoaminoglycan hyaluronate rapidly loses its viscosity in the 
presence of free radical generating systems; this can be correlated with 
the decreased viscosity of synovial fluid from the joints of patients with 
rheumatoid arthritis. The presence of activated neutrophils [83] as well 
as the release of iron from lysed cells contribute to free radical activity 
[84]. Evidence consistent with oxidative stress in rheumatoid disease is 
abundant although indirect: increased exhalation of pentane [41], in­
creased products of lipid peroxidation [85], loss of antioxidant in both 
serum and synovial fluid [85], the presence of oxidation products of uric 
acid [16], and evidence of aromatic hydroxylation [17J. 

Acquired immunodeficiency syndrome (AIDS) 

Recently, a considerable number of papers has been devoted to oxygen 
free radicals in AIDS (see [86]). Caused by the human immunodefi­
ciency virus (HIV), this disease is characterized by depletion of the T 4 + 
T-cell population and cellular dysfunction that affects several cell types 
such as the T8 + T-cell subset. 

Numerous studies have shown that the generation of activated oxygen 
species is impaired in mononuclear phagocytes from HIV-infected pa­
tients. In a very elegant study, Postaire et al. [87] have described increased 
release of pentane (a marker of lipid peroxidation) in the alveolar air of 
HIV patients. An increasing number of investigations has shown that HIV 
patients were severely depleted of antioxidants (for review, see [88]). GSH 
levels were profoundly depressed both in plasma and in peripheral blood 
mononuclear cells and lymphocytes [89, 90]. In comparison to healthy 
subjects, Favier et al. [91] reported, in stages II and IV of the disease, very 
low levels of all antioxidant micronutrients, particularly carotene. Retinol 
deficiency is also observed [92]. Moreover, several workers have clearly 
established a significant deficiency in trace element factors, especially of 
selenium [92]. This element is related to antioxidant activity via the enzyme 
glutathione peroxidase which is decreased significantly in plasma of 
patients in stages II and IV [91]. 
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These data indicate the presence of an oxidative stress (a profound 
imbalance between pro oxidant and antioxidant activities) during HIV 
infection. This is of primordial importance, since in vitro studies have 
revealed that oxidative stress can activate the HIV transactivation [93] 
by stimulating transcription of the nuclear factor K-B (NF-KB) [5]. On 
the basis of all these observations, a place for an antioxidant therapy in 
HIV infection has been suggested. 

Antioxidant therapy 

The studies described above suggest that excessive free radical produc­
tion occurs in many human diseases. Currently, the prevalent idea is 
that an initial insult induces a secondary increase in the rate of free 
radical production, and that oxidative damage exacerbates the primary 
tissue injury. Whatever the precise mechanism, preventing free radical 
generation should provide beneficial clinical consequences, and develop­
ment of appropriate antioxidant therapy represents an important chal­
lenge for the future. 

As previously reported, an antioxidant can be defined as "any sub­
stance that, when present at low concentrations compared to those of 
the oxidizable substrate, significantly delays, or inhibits, oxidation of 
that substrate" [1]. However, an antioxidant may act at a different stage 
of the production of free radicals, therefore making the design of 
appropriate antioxidant drugs for clinical studies difficult. Antioxidant 
substances can be divided into two large classes - those with enzymatic 
and those with non-enzymatic activities. In the first group are enzymes 
that remove ROS (superoxide dismutase, catalase, glutathione peroxi­
dase), molecules blocking enzymatic activity (e.g., allopurinol, xanthine 
oxidase inhibitor) and molecules capable of trapping metal ions, which 
are potent catalysts of free radical reactions (desferrioxamine or 
lazaroid compounds). In the second group are molecules which interact 
mole by mole with the free radical and are, therefore, consumed during 
the reaction. Vitamin A (a quencher of singlet oxygen), vitamin C, 
glutathione, mannitol, albumin, probucol, N-Acetylcysteine are such 
free radical scavengers. Also in this group, vitamin E has a special status 
since, as a lipid soluble chain-breaking antioxidant, it is also consumed; 
it can, however, be regenerated via a catalytic cycle involving glu­
tathione or ascorbic acid. 

Meetings are increasingly organized throughout the world to critically 
consider the role of antioxidants in therapy. Several papers have re­
cently reviewed in detail current studies using antioxidants in several 
human diseases [27, 33,36,49,94-110]. 

Despite encouraging results [106, 109 -113], most studies on the role 
of antioxidants in humans have been rather disappointing [114, lIS]. 
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In the concluding remarks of his talk at the meeting "Antioxidant 
Therapy-The Way Forward", which was held in Liverpool in 1993, 
Professor Gutteridge recognized "that, so far, antioxidants have made 
little or no impact on the treatment of serious diseases" (SFFR 
Newsletter nr. 14, 1994). The lack of efficacy could be attributed to 
difficulties in site-delivery of the drug (see [116] and [117] for SOD) at 
appropriate concentrations [56]. During ischemia-reperfusion studies on 
animals, the timing of antioxidant administration (before, during of 
after reperfusion, following short or long ischemia times) appears to be 
crucial to the outcome of the study. It is therefore crucial to define a 
therapeutic window for antioxidants during ischemia-reperfusion [107]. 
At least it should also be kept in mind that any antioxidant agent can 
be associated with a pro-oxidant action. An example is seen with 
ascorbic acid in the presence of iron [118], but also with N-acetylcys­
teine, which may generate thiol-derived free radical species [119]. This 
could therefore limit the beneficial effect of administration of thiol 
antioxidants. A pro-oxidant activity for desferrioxamine has also re­
cently been described [120]. 

Conclusions 

There is increasing evidence implicating free radical generation in clini­
cal situations. However, there is also a great deal of confusion about the 
precise role of these species in the development of human diseases. 
Because of this, the use of reliable markers for detecting reactive oxygen 
species in clinical situations is absolutely necessary. Due to its direct 
nature, we feel that the use of electron spin resonance spectroscopy, 
especially the actual development of a new generation of devices, for in 
vivo studies, may become feasible in the near future. Indeed, because of 
its ability to provide an integrated measure of free radical production 
over a given interval of time (e.g., in ischemia-reperfusion states), this 
methodology can delineate the time-course of production of free radi­
cals. Direct correlation between free radical production and clinical 
parameters should become possible; this would be helpful to clarify our 
knowledge about antioxidant therapy, which is now considered as 
controversial [121] or even a myth [122]. 
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Summary. There is an increasing need for accurate indicators of oxidative stress in human. 
Direct determination of free radical can be obtained by physical methods such as electron spin 
resonance (ESR) or chemiluminescence. But their utilization is limited to animal experiments, 
and only limited data have been obtained in humans. by ESR, ["or ascorbyl or peroxyl 
radicals. 

Generally, evaluation of oxidative stress is done by determining damaged biological 
products. Various lipid derivatives can be determined: conjugated dienes, hydroperoxides. 
aldehydes such as malonaldehyde (MDA) or 4-hydroxynonenal, hydrocarbons such as 
ethane or pentane in exhaled air. Other oxidized biological compounds can be measured: 
derivatives of DNA such as 8HO-guanosine or 5HO-methyl uracil in urine, or derivatives 
of proteins in plasma such as carbonyl or thiol groups, or derivatives of free aminoacids 
such as O-tyrosine. The oxidized form of scavengers can be evaluated in biological fluid to 
prove the existence of oxidative stress: the ratio between oxidized glutathione and total 
glutathione, tocopheryl quinone, oxidized ascorbate. Many other indicators exist: HSP, 
haeme oxygenase, conjugates MDA-protein, or MDA-guanine, antibodies against MDA­
proteins (anti AlP), and oxidized cholesterol. However, the choice of the diagnostic indica­
tor depends mainly on the type of oxidative stress; acute stress such as ischemia needs fast 
reacting indicators whereas chronic stress such as rheumatism needs an index of median 
levels of peroxidation for a long period such as in the determination of lipid peroxidation 
or chemical trapping. Generally, MDA - although controversial - still remains the most 
commonly used indicator of oxidative stress. 

The implication of free radicals in various pathological processes has 
been involved in an increasing number of human diseases. To demon­
strate such an implication free radicals are chemically generated in the 
cell culture or the animal or specifically suppressed by addition of 
antioxidants in the model. A stimulating challenge is to demonstrate the 
free radical mechanism in humans. In the same way the efficiency of 
various new antioxidant agents needs to be demonstrated in patients. 
However, a major difficulty is to quantify the oxidative stress in hu­
mans. At present, no absolute and definitive index of oxidative stress 
has been discovered. Nonetheless, there exist numerous parameters 
proposed as indicators of oxidative stress which have been already 
described [1-4]. 
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Analytical problems in measuring free radical stress in human 

Problems specific to oxygen radical chemistry 

The main difficulty is the short half-life of free radicals, which is often 
shorter than 10- 4 s. Also, the production of free radical is not a regular 
and constant mechanism, but is often a fast and pulsed phenomenon. 
The term "oxidative burst" to describe their production by polymor­
phonuclear leukocytes is characteristic of the brevity of such a phe­
nomenon. With these conditions, and because they are produced mainly 
in some tissues inside the body and less in plasma, it is difficult to assess 
the primary free radicals from a patient blood sample. Fortunately, 
primary radicals generated by activation of oxygen will form secondary 
and more stable radicals when encountering an organic compound. 
Others products are formed as demonstrated in Figure 1. A number of 
oxidized compounds is identified from the reactfon with oxygen radi­
cals. Many oxidized biological products can be produced by various 
reactions involving different radicals and are not typical of a particular 
stress. For instance, it is very difficult to know if singlet oxygen has been 
produced in vivo during an oxidative process. During in vitro tests, it 
will be necessary to use specific detoxifying enzymes (SOD, catalase) or 
selective scavenger to improve the specificity. 

Oxidized compounds are often reactive, forming adducts with amino 
groups of proteins or with DNA bases. Such a reactive compound is 
denoted as secondary messenger of oxidative stress. Furthermore, the 
adducts themselves are biologically reactive even if they are not chemi-
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cally reactive. As an unusual endogenous product they are recognized 
by lymphocytes as antigen. Therefore, we can characterize them as third 
messengers of oxidative stress. The resulting antibodies are often non­
specific auto antibodies resulting in tissue damages. 

General problems common to all clinical tests 

From the point of view of the clinical chemist, the indicators of 
oxidative stress have to respond to different criteria of quality. First, we 
need good precision and good accuracy; in general, they are usually not 
achieved when determining peroxides or enzymes, i.e., some published 
techniques give a poor recovery of standard addition or precision. Few 
methods have been standardized or optimized by the standardization 
committees of scientific societies. The clinical results cannot be easily 
compared from one laboratory to another. The more· important defect 
is the lack of reference material for quality controL We do not have any 
standardized biological material for MDA or GPx or SOD. Fortu­
nately, some collaborative studies are in progress such as those done by 
the European FLAIR 10 group on total blood certified for GPx. 

What parameters reflect oxidative stress 

It will, of course, be interesting to demonstrate directly inside some 
tissue the production of free radicals and to identify them. Because of 
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the fast half-life of such species, we can rarely do so, but can more easily 
isolate them from blood cells producing free radicals. Another alterna­
tive consists of stabilizing primary or secondary radicals by a trapping 
agent when measuring ESR signal, but also to trap them in vivo by a 
safe chemical agent. 

As free radical stress results from an imbalance between free radical 
production and antioxidant systems (Fig. 2), we measure the antioxi­
dant levels separately or as a total global antioxidant capacity of 
biological tissue. 

Generally, stress-generated oxidized products are rather stable and 
easier to determine. However, some are reactive and rapidly metabo­
lized. Even after sampling, the oxidation can continue and the deriva­
tives react. Thus, the determination of adducts and more antibodies 
against oxidized derivative will be a method of choice. Many parameters 
that can be investigated are presented in Table 1. 

Table I. List of indicators of oxidative stress in human or animal 

Measurement of radicals: 
spin-trapping of peroxyl radicals in blood and ESR 
ascorbyl radical in blood by ESR 
nitrosohaemoglobin in tissue by ESR 
stimulated production of radicals by: total blood, PMN. monocytes 

Measurement of oxidized biological compounds 
Lipid peroxidation: - decrease in polyunsaturated fatty acids in plasma 

- conjugated dienes in plasma 

Protein oxidation: 

DNA oxidation: 

- hydroperoxides in plasma 
aldehydes in plasma: 

TBA reactant substances 
malonaldehyde 
4 hydroxynonenal 

hexane and pentane in expired air 
oxide of cholesterol in plasma 
oxidized lipoprotein (LDL) in plasma 
reduced thiol group of plasma proteins 
protein carbonyls in plasma 
Formyl kynurenine in IgG 
ortho tyrosine in plasma proteins 
autoantibodies against iminopropene bridges 
8-hydroxy deoxy guanosine 
5-hydroxymethyl uracil in urine 
MDA guanine adduct in urine 
autoantibodies against oxidized DNA 

Dynamic loading test of oxidation: 
- oxidation of salicylate into 2,3 dihydroxybenzoate 

Oxidation of scavengers: - reduced/total glutathione 
- tocopherylquinone/tocopherol 
- decrease in ascorbate, tocopherol or carotene in plasma 

Total antioxidant capacity of plasma or red blood cells 
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Direct determination of free radicals 

Colorimetry or fluorimetry 

Colorimetry permits to measure superoxide anion using the absorption 
spectrum of reduced cytochrome c or MTT, but also hydrogen peroxide 
by reaction,with orange xylenol [5]. Nitric oxide can be measured by the 
absorption at 578 nm of its reaction product with haemoglobin, or as 
nitrite by a colorimetric reaction with sulfanilic acid (i.e., Gries's reaction). 

Fluorometric techniques use dichlorofluorescein diacetate to measure 
hydrogen peroxide [6], or the enzymatic reaction with p-hydroxypheny­
lacetate catalysed by peroxidase [7]. 

Besides having problems with specificity or sensitivity, these techniques 
have little use in humans. They can, however, be used to test the 
production of radicals by cells from blood or in cul!:ure. 

Electron spin resonance 

Electron spin resonance (ESR or EPR) detects free radicals from the 
magnetic field induced by the non-paired electron characteristic of these 
species. It is the most frequently used technique by chemists and physicists 
because it permits them to identify the chemical nature of the radical and 
measure the kinetics of formation or decomposition of radicals. Many 
published works describe the fundamental basis and practical utilization 
of this technique [8]. In humans this technique cannot be used without 
using a spin trap agent to stabilize the secondary radicals. At present, 
spin-trap agents cannot be injected into humans; although they have an 
antioxidant effect [9], they can also be toxic in animals [10]. By rapid 
collection of blood in a tube containing a spin trap agent, abnormal ESR 
signals are detected after reperfusion during coronary angioplastia [11], 
and alkoxyl and carbon-centred free radicals are detected in coronary 
sinus blood from patients undergoing elective cardioplegia [12]. Ascorbate 
radical may also be a marker of oxidative stress. The one-electron 
oxidation of ascorbate produces the ascorbate free radical that has a 
longer lifetime than hydroxyl or peroxyl radicals and presents a charac­
teristic doublet in ESR (aH4 = 1.8 G) [13]. It is found in human plasma 
at values around 0.1 to 0.03 mM. This radical is formed not only during 
radical reaction, but in all oxidative process concerning ascorbate (enzy­
matic, catalytic, photo oxidative) [14], and a decrease in ascorbyl radical 
is found after aortic valve replacement [15]. 

Chemiluminescence 

Chemiluminescence is a very attractive way to evaluate an oxidative 
stress in vivo. 
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A direct ultra-weak emISSIOn of light by singlet oxygen can be 
measured using a germanium photo detector cooled by liquid nitrogen 
[16]. The emission of the bimol can be measured directly in cells or 
animals using a special apparatus with a red-sensitive photomultiplier 
[17]. The emission of light has been observed during stress realized in 
hepatic microsomes, isolated hepatocytes, tissues [18], but also in whole 
liver or heart after various stress [19] and after postischemic reoxygena­
tion [20]. We used this technique to demonstrate the production of free 
radicals by human cells when stimulated by TNF [21]. 

In humans direct luminescence has been used to detect in expired 
air free radicals produced by tobacco smoke. Direct luminescence of 
centrifuged fresh urine is related to the amount of peroxides in urine 
and is suppressed by diethyldithiocarbamage but not by the usual 
scavengers, this light can come from the decomposition of peroxides 
[22]. 

The use of a chemilumigenic probe producing light when reacting 
with an oxygen radical increases the sensitivity of these techniques. 
Luminol (5-amino-2,3-dihydro-l,4-phtalazinedione) emits a light at 
480 nm and is sensitive to various oxygen derivatives produced by 
PMN, H2 0 2 , 102 , HOD, HOCl. Its emission is prone to many interfer­
ences [23]. Lucigenine (1O,10'-dimethyl-9,9'-biacridinium dinitrate) is 
more specific to superoxide anions. According to some authors it is 
unable to enter the cell, but others claim it specifically measures the 
production of superoxide by the mitochondria and not the NADPH 
oxidase on membrane of macrophages [24]. 

Luminol has been widely used to determine free radical production by 
isolated PMN after stimulation [25]. But the separation step is time 
consuming and can change the native production, or the sensitivity of 
the cells to stimuli. Some authors obtained more physiological results 
when measuring the production of total blood after stimulation by 
PMA [26]. That technique gives interesting results in the clinical situa­
tion, demonstrating a priming effect of coronary angioplastia [27], an 
overproduction in AIDS [28], or in haemodialyzed patients after dialy­
sis [29]. Chemiluminescence is very sensitive and thus can be applied to 
measure free radical production in human biopsies, such as with the 
catalase-inhibitable chemiluminescence produced by biopsy specimens 
obtained during colonoscopy from patients with ulcerative colitis [30]. 
But chemiluminescence suffers from some major difficulties, i.e., there is 
no reliable standard to compare the emission from day to day, and its 
high sensitivity to quenching agents. 

Chemiluminescence has also been used as a detecting system to 
measure phospholipid hydroperoxides, mainly after HPLC separation 
because it reaches a high sensitivity [31]. A special chemiluminometer 
for gas permits the measurement of NO after extraction by a stream of 
inert gas and a reaction with ozone [32]. 
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Determination of biological damage 

When reacting with biological compounds of the body free radicals 
produce oxidized derivatives whose level can be used as a characteristic 
index of oxidative stress. 

Oxidation of endogenous compounds 

Lipid peroxidation 
Because lipid oxidation is easier to measure, derivatives of lipid peroxi­
dation continue to be the most popular diagnostic markers of oxidative 
stress [33]. 

Lipid peroxidation is a chain reaction initiated-- by the hydrogen 
abstraction or addition by an oxygen radical, resulting in the oxidative 
deterioration of polyunsaturated fatty acids [34]. Since polyunsaturated 
fatty acids are more sensitive than saturated ones, it is obvious that the 
activated methylene bridge represents a critical target site. In sequence 
of their appearance, alkyl, peroxyl and alkoxyl radicals are involved 
[35]. The resulting fatty acid radical is stabilized by rearrangement into 
a conjugated diene that retains the more stable products including 
hydroperoxides, alcohols, aldehydes, and alkanes. Many of these prod­
ucts can be found in biological fluids, as well as addition-derivatives of 
these very reactive end-products. 

Conjugated dienes 
Molecules expressing the diene configuration are characterized by an 
intense light absorption at 215-250 nm. They are easy to measure in 
body fluids after solvent extraction; unfortunately, the absorption max­
imum is not so intense and is superimposed on the end absorption of 
lipid extract [36]. Nevertheless, they can demonstrate increased peroxi­
dation in blood and synovial fluids of patients with rheumatoid disease 
[37]. 

Hydroperoxides 
Hydroperoxides are rather stable even if they become labile in the 
presence of metal ions. Different techniques exist to measure lipid 
hydro peroxides in serum. Iodometry needs careful precaution to pre­
vent auto-oxidation by air of the excess unreacted iodide [38]. Hy­
droperoxides are measured by an enzymatic assay using glutathione 
peroxidase and glutathione reductase and monitoring the disappear­
ance of NADPH [39]. This method is easy to run but not very sensi­
tive and needs to inactivate endogenous enzymes present in biological 
fluids [40]. 
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Aldehydes 
As a result of lipid peroxidation a great variety of aldehydes can be 
produced, including hexanal, malonaldialdehyde, 5 hydroxynonenal, 
etc. 

Malonaldehyde (MDA) is the widely used indicator of oxidative 
stress. His assay can be run in a specific determination or in a non-spe­
cific test with thiobarbituric acid, also measuring other aldehydes such 
as TBA-reactant substances (TBARs). 

Malonaldehyde and TAB-reactant substances. MDA can act as a 
nucleophilic or electrophilic compound. Its reactivity is such that it 
non-specifically binds to various biological molecules present in the 
samples (proteins, nucleic acids, aminophospholipids, etc.) [41J. It re­
acts with neighbouring biological molecules once it is formed and is 
found in the plasma protein fraction and not in the lipoprotein fraction. 
MDA molecules also undergo self-condensation" reactions, yielding 
polymers of variable molecular weight and polarity. 

Free MDA. Many authors failed to measure a detectable amount of 
free MDA in biological fluids [42]. These results seem logical as the low 
level of MDA formed can react rapidly with amine and thiol groups 
[43], which are also metabolized in tissues by aldehyde dehydrogenase 
to form acetyl-CoA [44]. MDA can also be easily excreted in urine [45]. 

Liberated MDA. Conjugated or polymerized forms of MDA can be 
hydrolysed in acidic medium and are heat-labile. It is first necessary to 
hydrolyse directly in the presence of a reagent such as thiobarbituric 
acid in the TBA tests. The test can be performed after a previous 
precipitation of protein as in the technique of Yagi [46], or directly in 
total plasma as in the technique of Dousset [47]. The TBA-MDA 
conjugate can be detected by its colour, but more specifically by its 
fluorimetry [48]. It will be important to limit phenomena of in vitro 
per oxidation during the heating phase of the test, using reagents and 
materials which do not contain measure able quantities of iron, or 
chelators such as deferrioxamine [49], but the use of antioxidants as 
BHT is preferable. 

A new patented derivative (Rl) has been developed by Rand D 
System Company (Abingdon, UK) that reacts specifically with MDA 
and 4-hydroxyalkenals at 40°C, yielding a stable chromophore ab­
sorbing at 586 nm, which prevents decomposition of peroxides by high 
temperature. 

A more specific assay of malonaldialdehyde is performed by high 
performance liquid chromatography that satisfies the criteria of accu­
racy, specificity and sensitivity and is a method of choice for evaluating 
the oxidative stress status [50]. 

The determination of MDA gave excellent results in a great variety of 
clinical situations with oxidative stress: lipofushinosis [51], cystic fibro­
sis, Duchenne's myopathy [52], breast cancer [53], AIDS [54], rheuma-
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toid arthritis [37], diabetes [55], coronary arteriosclerosis [56J, leu­
kaemia [57]. Determination of MDA permits to demonstrate the 
efficiency of antioxidants when treating patients, for example, for 
phenyketonuria [58] or cystic fibrosis [59], or those patients undergoing 
haemodialysis [60] treated with selenium. 

Normal values of MDA depend on the technique, ranging from more 
than 4 Jlm01/1 for TBA-reactants by colorimetric tests, to 2.5 Jlmol/l by 
fluorometry and to 0.60 to I Jlmol/l by HPLC. But normal values are 
different for men and women and increase with age [61, 621, and 
increase also during pregnancy [63]. All these variations may not be 
physiological and result in fact from a defect in antioxidant and from an 
increase in oxidative stress observed with age and pregnancy. 

Other aldehydes. Several dozen aldehydes are formed during lipid 
peroxidation: n-alkanals (propanal, butanal, pentanal, hexanal, etc.), 
2-alkenals (acrolein, pentenal, hexenal, etc.), 2-4 alkadienals (heptadi­
enal, octadienal, decadienal), 4-hydroxy-2,5-undecadienal, 5-hydroxy 
octanal, 4-hydroxy-2-alkenals (4-hydroxyhexenal, 4-hydroxyoctenal, 4-
hydroxynonenal), malonaldialdehyde. The major compounds found in 
biological samples are hexanal, MDA and 4 HO-nonenal, depending on 
the diet [64]. 

4-hydroxynonenal (HNE) is another interesting index of oxidative 
stress. It accumulates more than hexanal after oxidative stress, because 
it is not a substrate for aldehyde dehydrogenase [65). It metabolizes as 
fast as MDA in tissue, mainly after reaction with glutathione [66]. HNE 
by itself is very cytotoxic and genotoxic [67, 68]. Generally HNE is 
determined by HPLC directly by detecting its strong absorbency at 
220 nm, after formation of a coloured derivative with DNPH [69], or a 
fluorometric derivative with cyclohexanedione (70). Normal values are 
around 0.68 ± 0.42 micromole/L in plasma [71]. 

Alkanes and alkenes 
More than 371 volatile derivatives can be detected in the expired air 
from patients. Hydrocarbons such as ethane and pentane represent 0.1 
to 10% of lipid peroxidation in the body. Usually respiratory gases are 
trapped on a column that is further desorbed inside a gas chro­
matograph. This technique seems perfect as it does not need any reagent 
and is sensitive to changes in oxidative status and insensitive to fasting 
or meals [72]. But it is difficult to use because of the necessity of an 
uncomfortable apparatus to collect expired air that changes respiration 
by stressing the patients. The technique needs to use synthetically purified 
air for patients to breathe in order to decrease the important background 
of hydrocarbons in room air. Pentane and ethane are quickly metabo­
lized in the liver [73]. The production of alkane is also strictly dependent 
on oxygen pressure when peroxide is not [74]. Normal values in adults 
range from 0.3 to l.6 nmol ethane/L and from 0.2 to 4 nmol pentane/L 
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without lung washout, and from 24 pmol ethane/L and 4 to 11 pmol 
pentane/L using washout, or 3 pmol/Kg/mm ethane or pentane after 
taking into account the respiratory flow. 

This technique permits to demonstrate the effect of changing the 
content of perfused lipids or tocopherol on peroxidation [75]. Patients 
with chronic heart failure present an increase in pentane inside expired 
air that decreases by using captopril treatment [76]. The pentane ex­
creted by rheumatoid patients is proportional to the severity of the 
disease [77]. An increase in either pentane or hexane has been described 
in a great variety of oxidative diseases reviewed by Kneepkens. 

Oxidized lipoproteins 
The oxidation of lipoprotein is not only an important toxic mechanism 
involved in atheroma, but it can also be used as an index of oxidative 
stress. Different possibilities exist to measure the content in MDA or 
peroxides in low density lipoprotein (LDL) after separation by density 
centrifugation, or to measure the susceptibility to oxidation of plasma 
lipoprotein [78]. An interesting new way of evaluating oxidative stress is 
certainly the immunological determination of oxidized LDL using 
monoclonal antibodies [79, 80]. When commercially available, these 
techniques will permit rapid screening of patients. 

Protein oxidation 
Oxidative stress has a wide range of effects on proteins: it oxidizes the 
thiol group, creating a disulphide bridge [81], leads to fragmentation or 
aggregation changing the electrophoretic migration, destroys tryp­
tophan residues, changes sensitivity to proteolitic enzymes, and creates 
bityrosine bridges. The disappearance of tryptophan or the formation of 
bityrosine [82] can be detected by change in the fluorometric spectrum 
of proteins. Fluorescence of N-formyl kynurenine in immunoglobuIine 
isolated from plasma of patients undergoing vascular reconstructive 
surgery demonstrated production of free radicals. The oxidation of thiol 
group can be measured using Ellman's reagent (5,5' -dithiobis (2-ni­
trobenzoic acid) [83]. After separation on a column the content of 
plasma IgG converting into formylkinurenine is detected by its fluores­
cence (ex 360 nm, em 454 nm) and reflects its oxidation by oxidative 
stress during vascular surgery [84]. 

Ortho-tyrosine is an interesting derivative of protein oxidation be­
cause it can only be formed by a non enzymatic free radical oxidation 
of phenylalanine [85]. It cannot be detected in normal conditions by 
GC-MS or fluorometric HPLC, but its concentration in tissues in­
creased after oxidative stress [86, 87]. 

The oxidative stress also indirectly contributes to modification of 
proteins. Different aldehydes such as HNE or MDA react with the 
amino groups of proteins containing lysyl residues, or can bind in a 
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Michael-type reaction to thiol groups. The number of protein-bound 
aldehyde molecules is measured via determination of protein carbonyl 
groups [88] using DNPH and can be clinically used on a plasma sample 
[89]. 

DNA oxidation 
Bases of DNA are particularly sensitive to free radicals leading to a 
great number of derivatives by addition, oxidation or fragmentation: 
adenine NI oxide, 5-hydroxymethyl desoxy uracile, 8-hydroxydes­
oxyguanine, thymine glycol, etc. [90, 91]. These modifications can be 
measured directly in DNA, but oxidized derivatives released by glycosy­
lase can be directly identified in plasma and urine using post labelling, 
CG-MS, HPLC, HPLC-MS [92]. We have observed by post labelling 
the formation of adenine Nl-oxide in fibroblasts subjected to a stress 
with H2 0 2 [93]. But this technique is cumbersome to-run under clinical 
conditions where it is easier to determine 8 oxy deoxyguanosine in urine 
by HPLC with a coulometric detector [94]. By the same technique, its 
concentration was found to be increased in sperm DNA after an 
experimental vitamin C deficiency in human [95]. 8-hydroxyguanosine is 
an important biological compound [96], and its quantity found in 
tissues is proportional to the intensity of the oxidative process evaluated 
by MDA determination [97]. We have developed a precise method to 
measure 5 hydroxy methyluracile in urine by GC-MS using a stable­
isotopic internal standard that gives reproducible results [98]. 

The adduct between MDA and deoxyguanosine can be measured by 
HPLC using a fluorometric detector. Its concentration in rat liver is 
seven times higher than that of 8-hydroxyguanosine after ischemia [99]. 
Oxidation of DNA in vivo results also in the formation of auto antibod­
ies against oxidized DNA. An increase in anti-hydroxy-methyl-de­
oxyuridine antibodies of IgM type is detected in serum of patients with 
systemic lupus erythematosus and other inflammatory auto immune 
diseases [100]. 

Oxidation of natural scavengers 
Oxidation of an endogenous antioxidant reflects an oxidative stress that 
is evaluated by measuring the decrease in the total level of the antioxi­
dant or the increase in the oxidative form. The only way not to be 
influenced by nutritional status is to measure the ratio between oxidized 
and reduced antioxidants present in blood. 

Vitamins. The levels of tocopherol and ascorbate in plasma are 
decreased after an acute oxidative stress such as after aorta clamping. 
During the same time tocopherylquinone (as well as the ratio between 
tocopherylquinone and tocopherol) measured by HPLC with electro­
chemical detection, increases in plasma [10 1]. In chronic stress during 
HIV infection, we observed that the more easily depletable antioxidant 
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is beta-carotene, probably because this vitamin cannot be recycled after 
scavenging [102]. 

Glutathione. Many techniques can measure glutathione using nitro­
prussiate [103], coulometry [104], spectrophotometry [105], ion ex­
change chromatography [106], enzymology [107], and HPLC [108, 109, 
110]. 

The evaluation of oxidative stress is better done by measuring the 
ratio between reduced and oxidized glutathione. Unfortunately, reduced 
glutathione is very unstable, so the sample blood has to be stabilized 
rapidly by protein elimination and freezing at very low temperature, or 
directly by adding the thiol-reagent in the sampling tube. 

Reduced glutathione disappears very quickly during oxidative stress, 
and returns as rapidly to basal level by recycling. This makes reduced 
glutathione a good index of a fast, transient stress, but during a long 
period we cannot be certain that a punctual determination is representa­
tive of the mean level. 

In patients the content of leukocyte in reduced glutathione can be 
approximated by flux cytometry using fluorometric probes (dichloro­
fluorescein diacetate, or dibromobimate) [III]. By this technique a 
defect in reduced glutathione can be demonstrated in patients with 
AIDS [112]. 

Other endogenous oxidized compounds 
Different derivatives result from catecholamine oxidation: adreno­
chrome increases in synovial fluid of patients with rheumatoid arthritis 
[113], adrenolutin is quantified in plasma by HPLC [114]. 

Oxidized derivatives of cholesterol are measured by thin-layer chro­
matography followed by gas chromatography, and they showed an 
increase in diabetic patients [115]. 

Oxidation of exogenous compounds 

Some compounds present specific metabolites in body fluids after attack 
by a particular radical. For instance, DMSO (dimethyl sulfoxide) when 
oxidized by hydroxyl radical forms methane sulfinic acid, which can be 
measured by colorimetry [116]. Such compounds can be used by addi­
tion in cell culture, or by ingestion by the experimental animal to 
demonstrate the existence of oxidative stress. But their utilization in 
humans requires safe products with no risk of toxicity or reaction by the 
body. Fortunately, salicylate or acetyl salicylate can be used in such a 
way. Salicylate lead to three different derivatives by reaction with HOO: 
catechol (11%), 2,3-dihydrobenzoate (49%) and 2,5-dihydrobenzoate 
(40%). 2,3-salicylate is more specific for HOC production that 2,S-salicy­
late, which can also be produced enzymatically by cytochrome P4S0 
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[117]. By giving per os 1 g aspirin and collecting blood 3 h later, 
2,3-salicylate was found to be abnormally increased in the blood of 
diabetic patients [118]. 

Choice of an indicator 

Among the numerous compounds appearing during oxidative stress, 
only a few can really be determined in clinical situation. 

The choice of an indicator depends on the type of oxidative stress as 
presented in Figure 3. Determination of reduced glutathione is a good 
index of a fast and transient oxidation, as found after ischaemia-re-oxy­
genation, because it can decrease rapidly during the first minute after 
stress and recover to a normal level within a few minutes. Another 
interesting technique to monitor fast events is to coHeet blood with a 
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spin-trapping agent and to measure ESR signals. To monitor a chronic 
stress such as in ageing or atheroma, MDA remains the more popular 
indicator despite its deficiencies and controversy. Clearly, some methods 
to measure MDA are not very specific, but mainly a majority of the 
compounds measured resulted from oxidation of lipids, aminoacids or 
ribose by the oxidative stress. More important is the fact that these 
compounds are toxic by themselves. Only for that last reason are they 
very important to monitor. 

Some indicators as DNA damage are preferentially interesting to 
analyse when the oxidative stress is related to nucleus (irradiation) or 
when the disease involves a DNA modification (cancer). Lipid peroxi­
dation is a better choice for an oxidative stress occurring close to the 
membrane during activation of macrophages or PMN. Protein oxida­
tion is supposed to better reflect a stress in cytosol or extra cellular fluid. 

Generally, a simultaneous determination of a few parameters is 
certainly recommended. When using different parameters (respiratory 
hydrocarbons, lipid peroxides, glutathione) to monitor acute hepatotox­
icity in animals, conflicting results have been obtained [119]. Technical 
reasons are also to be considered. When making diagnosis in an 
individual patient we need a precise and discriminative method. Such a 
technique is not so necessary in epidemiological studies where a great 
number of patients and a statistical evaluation compensate for the lack 
of precision. In this latter case, we need easy-to-run and very stable 
parameters because a great number of samples is collected far from the 
laboratory. 

In conclusion, we have to distinguish between clinical investigators 
who need an easy-to-run, inexpensive, useful technique, and basic 
scientists probing the mechanism at the origin of oxidative stress using 
various selective and sensitive techniques. We have to be pragmatic and 
realize that sophisticated and expensive techniques do not always offer 
more information than easy-to-run techniques. In many cases the deter­
mination of MDA still remains the indicator of choice, but in the near 
future immunological determination of oxidative damage will certainly 
become the more precise way to investigate oxidative stress in humans. 
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Summary. Irradiation of hypericin in EYL liposomes with visible light under aerobic condi­
tions at pH 7, produced superoxide anion radicals which were detected with the spin trap 
5,5-dimethyl-I-pyrroline-I-oxide (DMPO). 

Introduction 

Photodynamic therapy (PDT) is a promising cancer treatment involving 
visible light irradiation of malignant cells following selective uptake of a 
photosensitizer by the tumor tissue [1-4]. There is a considerable 
emphasis to find new photosensitizers for PDT. In general, the photocy­
totoxicity of these molecules is singlet oxygen-dependent. 

In a recent study, we have investigated the photodynamic effects of a 
new photosensitizer, hypericin (HYP), on a human fibroblast cell line 
MRC5 [5]. The cell survival was assessed by measuring cell proliferation 
capacity. In the dark, no cytotoxicity was observed in the range of 
10-6 _10- 9 M HYP. A concentration of 5 x 10-9 M HYP was found to 
kill 100% of the irradiated cells with visible light [5]. 

With regard to the phototherapeutic potential, it is essential to study 
the photosensitizing mechanisms to elucidate the photocytotoxic activ­
ity. Although a Type II reaction (singlet oxygen) has been demonstrated 
to play an important role in the activity of hypericin [6, 7], the exact 
mechanism of the photodynamic action (Type I or/and Type II) still 
remains to be determined [8]. In this study, we have applied EPR 
(electron paramagnetic resonance) spin trapping technique to measure 
free radical photosensitization (Type I reaction) from HYP embedded 
in egg yolk lecithin (EYL) liposomes. 

In this technique, a nitrone or a nitroso compound (the spin trap) 
reacts with a short-lived free radical to produce a nitroxide (the spin 
adduct) whose lifetime is considerably greater than that of the parent 
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free radical and therefore, detectable by conventional EPR spectroscopy 
[9] : 

R1-N==O + R' -----7 Rl-N-O' 
NITROSO I 

R 

R 
I 

Rl-C=N-R2 + R' -----7 Rl-C-N-R2 
I t I I 

HO HO' 
NITRONE 

Because of increased stability of oxy radical adducts, nitrones are 
better traps than nitroso spin traps [10]. Among the various spin traps, 
5,5-dimethyl-l-pyrroline-l-oxide (DMPO) has rec-eived the most atten­
tion [11-13]. 

Reaction of this spin trap with either superoxide or hydroxyl radical 
produces spin-trapped adducts with characteristic EPR spectra [14]. The 
EPR spectra of the spin adducts exhibit a primary 14N triplet which is 
split into a secondary doublet due to the fJ proton of DMPO. The 
magnitude of the hyperfine splitting constants, i.e., aN and ai!, are 
characteristic of the nature of the trapped radical. 

Although this methodology is rather straightforward, this approach 
has some limitations: 

(1) In aqueous solution, at pH 7, the rate constant of DMPO with 
0;- is low: 10 M-1s-l [9]. Nevertheless, under the same conditions, the 
rate constant of the reaction of DMPO with 'OH is approximately 
2 x 109 M-1s-1 [14]. 

(2) The half-life of the DMPO-OOH signal is approximately 80 s at 
pH 6 and only about 35 s at pH 8. However, it is significantly more 
persistent (Le., half-life of 2 h) [9]. 

(3) Spin-trapping procedures give indirect information which make 
data interpretation difficult [15, 16]. Reaction of DMPO with hydroxyl 
radicals leads to the formation of DMPO-OH. But, previous works 
have shown that the superoxide spin trap adduct DMPO-OOH is 
unstable especially in the presence of transition metals and rapidly 
decomposes into various species, including DMPO-OH (Fig. 1) [15, 16]. 
Thus, detection of DMPO-OH does not unequivocally prove the forma­
tion of hydroxyl radicals. To determine if the observed 'OH adduct of 
a spin trap is the result of the initial trapping of superoxide and of the 
subsequent decomposition of the superoxide spin adduct, the SOD and 
catalase enzymes could be regarded as valuable tools. If it is superoxide 
dismutase and not catalase that inhibits the generation of DMPO-OOH 
and DMPO-OH, then this indicates that DMPO-OH arose from 
DMPO-OOH degradation and does not represent hydroxyl radical 
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Fig. I. General reaction scheme of generation of spin trap adducts as a consequence of the 
interaction between superoxide and hydroxyl radical with DMPO. 

trapping. If a hydroxyl radical is generated, then one can use DMSO 
which would react with hydroxyl radical to produce methyl radicals 
[9], which can be spin trapped by DMPO, giving DMPO-CH3 instead 
of DMPO-OH (Fig. I). If hydroxyl radicals were not produced, then 
addition of DMSO would not significantly decrease the peak height 
of DMPO-OH. Ethanol can be substituted for DMSO, yielding the 
rx-hydroxyethyl radical in the presence of hydroxyl radical [9]. 

Materials 

Chemicals 

The following chemicals were obtained and used without purification: 
L-rx-lecithin (TYPE XIII E) or egg yolk lecithin, superoxide dismu­
tase (SOD) and catalase from Sigma Co. 5.5-dimethyl-I-pyrroline­
I-oxide (DMPO) from Sigma Co., was purified before use by means 
of the Buettner's procedure [10]. The high-purity ethanol solvent 
required was prepared by further purification of the commercial grade 
product [17] and no impurities were detected by absorption and 
fluorescence spectroscopies. Hypericin was synthesized and puri­
fied according to the method described by Brockman and Adams 
[18, 19]. 
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Liposome preparation 

EYL liposomes were prepared following the injection method previ­
ously described [20], in an aqueous solution at pH 7 containing 
0.026 M K2 HP04 and 0.041 M Na2 HP04 , and the concentration of 
EYL is 1.0 x 10-4 M. 

Analytical techniques 

Spectrometer settings 
EPR spectra (microwave power: 20 mW; modulation amplitude: 1.6 G; 
time constant: 0.2 s; scan rate: 200 s; scan width: 100 G) were obtained 
with a Bruker ER 100 D spectrometer at room temperature (22-24DC) 
(X band, microwave frequency 9.4 GHz, mQ.dulation frequency 
100 kHz). 

Detection of DMPO-OOH adducts 
Photo-induced EPR spectra of DMPO-OOH radicals were obtained 
from the samples (150.uL) injected into quartz capillaries designed 
especially for EPR analysis and illuminated directly inside the mi­
crowave cavity. 

Detection of DMPO-OH adducts 
In the DMPO spin-trapping experiments, sample irradiations were 
carried on outside the microwave cavity with the same illumination 
conditions. Following irradiation, 150.uL of the solution was intro­
duced in the sample cell for EPR measurements. 

Irradiation procedures 

Irradiation was carried out using a 250 W tungsten halogen lamp, with 
a maximum emission centered at 600 nm (ORIEL, USA). Wavelengths 
shorter than 590 nm were cut off using a Shott filter (model 16588). 
Light intensity in the central area of the illuminator was about 10 mW/ 
cm2 as determined by chemical actinometry according to Parker [21]. 

Notes 

Optimisation of the analytical detection of DMPO-OOH signal 

As already mentioned, a number of factors may affect the results in a 
superoxide-generating aqueous system. The optimal conditions were 
determined in the following experiments: 
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(1) The DMPO-OOH signal was recorded from the samples intro­
duced into the aqueous flat quartz cell and illuminated directly inside 
the microwave cavity, because the half-life of the EPR signal is approx­
imately 80 s at pH 6 and only about 35 s at pH 8 [10]. 

(2) Great effort was made to get rid of the redox-active metal ion 
impurities which are always present in buffers and commercial prepara­
tions. We tnus used desferrioxamine, an iron chelator which stabilizes 
ferric ion and blocks its reduction by superoxide. Thus desferrioxamine 
strongly inhibited the production of the hydroxyl radical spin adduct. 
Moreover, the DMPO-OOH adduct is unstable, especially in the pres­
ence of transition metals, and will decompose to form the 'OH spin 
adduct. Thus, no EPR signal characteristic of DMPO-OOH could be 
detected when desferrioxamine was omitted. 

(3) The partition coefficient of DMPO between lipid and water is 
only 0.09 [22]. This suggests that in dispersion of EYL liposomes, DMPO 
IS exclusively present in water and not encapsulated in liposomal 
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1 

Fig. 2. Detection of the DMPO-OOH adducts formed during the aerobic illumination of 
a dispersion of EYL liposomes at pH 7 containing HYP (1.1 x 10 - 5 M) desferrioxamine 
(3 x 10- 6 M) and DMPO (0.2 M). 



124 C. Hadjur and A. Jeunet 

membranes in which 0;- is formed by HYP photosensitization. Hence, 
it was necessary to use a high concentration of DMPO (0.2 M) to detect 
the superoxide radical. 

Production of DMPO-OOH adducts 

The illuniination of an aerobic dispersion of EYL liposomes containing 
HYP (1.1 x 10-5 M) and desferrioxamine (3 x 10-6 M) in the presence 
of DMPO (0.2 M) leads to the formation of DMPO-OOH spin ad ducts 
(Fig. 2). 

- The EPR spectrum is characterized by hyperfine coupling constant of 
aN = 14.2 G, aft = 11.2 G and a~ = 1.25 G, demonstrating that the 
radical species is identical to DMPO-OOH, the DMPO-trapped su­
peroxide radical (Fig. 2B). Scan B is a combinatjon of two products: 
(1) DMPO-OH adduct, aN = 14.9 G, aft = 14.9 G; (2) DMPO-OOH 
adduct, aN = 14.2 G, aft = 11.2 G and a~ = 1.25 G. Receiver gain: 
5 x 105. 

- No typical EPR spectra were detected in the absence of HYP, in the 
absence of oxygen or in darkness (Fig. 2A). 

- An addition of SOD (30 p.g/mL) caused the DMPO-OOH signal to 
entirely disappear and only the DMPO-OH spin adduct could be 
observed (Fig. 2C). 

Production of of DMPO-OH adducts 

The illumination of the aerobic dispersion of EYL liposomes containing 
HYP in the presence of DMPO leads to the formation of a large 
amount of DMPO-OH spin adducts (Fig. 3). 

- The EPR spectra are a combination of two products (Fig. 3B): (1) 
DMPO-oc-hydroxyethyl adduct, aN = 15.8 G, a H = 22.8 G (peak 2) 
and (2) DMPO-OH radical adduct, aN = 14.9 G, aft = 14.9 G (peak 
1). Receiver gain: 5 x 105. 

- Using the injection method to form EYL liposomes, ethanol was 
added (5%) (15). Under such conditions, and EPR signal was de­
tected due to the trapping of hydroxyethyl radicals by DMPO (Fig. 
3A, peak I). These radicals may derive form the reaction of 'OH free 
radicals with ethanol. Ethanol is considered to be effective at inhibit­
ing the formation of DMPO-OH in the Fenton system [16]. 

- No radical could be trapped in the absence of either HYP, light or 
DMPO (Fig. 3A). 

- Neither SOD (30 p.g/mL) nor catalase (10 p.g/mL) could be totally 
reduce the intensity of the DMPO-OH signal. The DMPO-OH signal 
decreased by about 30%. When SOD was added along with catalase, 
a higher signal reduction was observed (data not shown). 
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Fig. 3. Detection of the DMPO-OH adducts formed during the aerobic illumination of a 
dispersion of EYL liposomes at pH 7 containing HYP (l.l x 10- 5 M) and DMPO (0.2 M). 

- Desferrioxamine (3 X 10-6 M) completely inhibited DMPO-OH for­
mation, whereas the addition of hydrogen peroxide or ferric iron 
stimulated the reaction (data not shown). 

Conclusions 

(1) Irradiation of hypericin with visible light under aerobic condi­
tions at pH 7, produced superoxide anion radicals which were detected 
with the spin trap 5,5-dimethyl-l-pyrroline-l-oxide (DMPO). 

(2) The DMPO-OH adduct is probably formed by two main pro­
cesses: (a) The Fenton reaction or (b) the decomposition of the DMPO-
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OOH adduct. However, in a hetereogeneous system such as liposomes, 
one cannot unequivocally determine the mechanism of formation of 
DMPO-OH. 
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Introduction 

Atherosclerosis and its complications, including ischemic heart disease, 
represent the leading cause of death in the industrialized world. Accord­
ingly, considerable resources have been expended in an effort to delin­
eate causality and to devise effective therapeutic modalities. Several 
trials have demonstrated that lowering of LDL-cholesterol or an eleva­
tion of HDL-cholesterol reduces the risk of adverse cardiovascular 
events. Nonetheless, it is recognized that greater than 50% of the 
survivors of myocardial infarction have normal lipid levels, thus impli­
cating other or additional factors in the pathogenesis of atherosclerosis. 

Over the years hypotheses have been put forward which address the 
etiology of atherosclerosis. These include the "response to injury hy­
pothesis" as described by Ross et al. [1], the "lipid peroxidation hypoth­
esis" [2], the "LDL oxidative modification hypothesis" of Steinberg and 
colleagues [3] and the "antioxidant hypothesis" as proposed by Gey [4]. 
The latter three are similar in that they center on the propensity of LDL 
to undergo lipid peroxidation. Oxidatively modified LDL have been 
demonstrated to impact on numerous biologic events which could 
contribute to atherogenesis. These include the enhancement of mono­
cyte [5] and leukocyte [6] binding to the endothelium, upregulation of 
interleukin-lfJ release [7, 8] and foam cell formation [9]. Recently, it has 
become clear that IL-lfJ and other cytokines may play an active role in 
the etiology of atherosclerosis which, while generally considered to be a 
lipid disorder, also involves a number of inflammatory modulators. This 
aspect was highlighted by Ku and Jackson [10] who championed the 
"cytokine hypothesis" of atherosclerosis in which, interestingly, LDL 
oxidation also plays a pivotal role. 

Oxidative modification of LDL involves peroxidation of its polyun­
saturated fatty acids which exist both as esters or as free acids, as well 
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as modification of apolipoprotein B. It appears that oxidation of both 
components can contribute to the aforementioned biologic activity of 
oxidized LDL. Lipid oxidation generates a number of aldehydic species, 
including malondialdehyde and 4-hydroxynonenal, and other products 
such as 9~hydroxyoctadecadienoic acid (9-HODE). Several LDL-associ­
ated aldehydes [8] and 9-HODE [7] have been shown to promote the 
release of IL-l f3 release from human peripheral blood monocytes. This 
is of significance as IL-I f3 can subsequently lead to the smooth cell 
proliferation which characterizes atherosclerotic plaques. With respect 
to the protein component of LDL, lipid-derived alkoxyl or peroxyl 
radicals may directly modify apolipoprotein B which can also be altered 
by derivatization of its lysine residues with lipid aldehydes. This leads to 
unregulated uptake of the LDL by macrophages resulting in intracellu­
lar lipid accumulation and foam cell formation, a hallmark of 
atherosclerosis. 

The clear importance of the role of radical-mediated modification of 
LDL in atherosclerosis has led us and others to examine in detail the 
phenomenon of LDL oxidation. One approach is to utilize antioxidants 
which retard or inhibit oxidation as tools to probe the peroxidative 
process in a temporal fashion. Many in vitro and animal studies have 
been conducted with phenolic antioxidants such as probucol [11], a-to­
copherol [12, 13] and BHT [14]. While the studies have generally 
suggested that minimization of LDL oxidation translates favorably in 
terms of decreasing plaque formation, they have done little to help 
understand the relative importance of lipid versus protein oxidation and 
to demonstrate whether site-specific oxidation of the LDL occurs in the 
face of various oxidative stimuli. 

Recently, we have reported on the use of nitrone spin traps for the 
study of oxidative modification of LDL [15, 16]. In contrast to antioxi­
dants such as probucol which function as H atom donors, spin traps are 
diamagnetic molecules containing either nitro so or nitrone functionali­
ties. This paper will be limited to nitrone spin traps which react with a 
radical (R") to generate a more stable nitroxide spin adduct as shown: 

o 

" + I ?" C=N- + R- ----.. R-C-N-
/ I 

nitrone nitroxide spin adduct 

The adduct can be detected and quantitated by electron spin reso­
nance (ESR) spectroscopy. The ESR spectrum of the adduct can yield 
valuable information on the nature and location of the trapped radical 
within the LDL matrix although the utility of spin traps in the study of 
LDL oxidation will depend greatly upon the concentration and location 
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of the spin trap in the LDL, the type of radicals which the nitrone can 
trap, the efficiency of radical trapping and the stability of the resuJtant 
adduct. Herein will be described studies using the nitrone spin traps 
a-phenyl-N-tert-butyl nitrone (PBN), a-( 4-pyridyl l-oxide)-N-tert­
butyl nitrone (POBN) as shown below, and a series of novel cyclic 
nitrones. We have used these agents to study LDL oxidation and to 
examine theIr potential to serve as anti-atherogenic agents, particularly 
with regards to their ability to modulate the release of IL-l f3 by oxidized 
LDL. 

Materials and methods 

LDL preparation 

Human plasma was obtained from 18-20 normolipidemic, fasting 
donors. To each pool of plasma was added 1 mM EDT A, 0.5 mM 
phenylmethylsulfonyl fluoride, 50 units/ml aprotinin and 0.01% sodium 
azide. LDL were isolated by ultracentrifugal flotation in KBr (d 1.019-
1.063 g/ml) as described by Cardin et al. [17]. After isolation the LDL 
were stored in 1 mM EDT A and dialyzed against deoxygenated phos­
phate buffered saline (PBS) (4 x 4 lover 24 h) at 4°C in the dark 
immediately before use. After dialysis, the LDL are used within 6 h as 
they are highly susceptible to transition metal-dependent oxidation once 
the EDT A is removed. Unfortunately, virtually all laboratory reagents 
and water sources are contaminated with trace amounts of metals, 
particularly iron. To minimize spurious oxidation solutions can be 
passed over a column containing Chelex 100 resin (BioRad, Richmond, 
CA) to remove metals and the solutions extensively purged with N2 gas. 

Assessment of LDL oxidation 

For determination of the effects of the nitrone spin traps or phenolic 
antioxidants on oxidation, LDL (100 J1g protein) were incubated at 
37°C for 18 h with 5 J1M Cu2 + or for 30 min with 20 mM 2,2'-azobis-2-
amidinopropane hydrochloride (ABAP) in 1 ml of PBS. In some exper­
iments the LDL were oxidized at 2 mg protein/ml. One h prior to the 
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addition of the oxidant, the antioxidant to be tested was added to the 
LDL in PBS or 20 III of ethanol and the tube capped under N2 and kept 
on ice. Generally, the nitrones were at 100 mM for ESR experiments. 
Any insoluble material was removed by carefully decanting the LDL/ni­
trone mixture to a clean tube. It should be noted that for PBN and 
other hydrophobic cyclic nitrones, not all of the added compound can 
be incorporated using this method. For example, we determined that 
50% of the PBN was incorporated which was sufficient to allow analysis 
by ESR (15). However, this method served to minimize disruption of 
the LDL which would result from the use of solvents such as DMSO. 
At appropriate times Cu2+ -dependent oxidation was terminated with 
10 IlM EDT A and ABAP-dependent oxidation by placing the reaction 
mixture on ice to stop thermal generation of peroxyl radicals. 

Determination of LDL oxidation 

Oxidation was quantitated using the thiobarbituric acid (TBA) test 
(18). In 13 x 100 mm borosilicate glass test tubes was added an aliquot 
of the reaction mixtures which contained 100 Ilg of LDL protein and, if 
necessary, sufficient PBS to achieve a volume of 1 mI. This was followed 
by 0.05 mI of 2% butylated hydroxy toluene and 2 ml of 0.67% TBA and 
10% trichloroacetic acid (2: 1) in o. 25 N HCI. The tubes were covered 
with marbles and heated at 100°C for 20 min in a heating block. After 
cooling, the tubes were centrifuged at 3000 rpm for 10 min and the 
absorbance of the resultant supermatant read at 532 nm minus 580 nm 
to account for any turbidity using a Hewlett Packard 8452A diode array 
spectrophotometer. Quantitation of thiobarbituric acid reactive sub­
stances (TBARS) was determined by comparison to a standard curve of 
malondialdehyde equivalents generated by acid-catatyzed hydrolysis of 
1,1,3,3-tetraethoxypropane (Aldrich). The ICso values were determined 
from a 15 min timepoint and the calculations performed using Graph­
Pad InPlot (GraphPad Software, Inc., San Diego, California). 

ESR measurements 

For ESR experiments, LDL (12 mg) were incubated with 500 IlM Cu2 + 

for 18 h in a final volume of 2 ml PBS. The nitrones were added 1 h 
prior to initiation of oxidation as described above. Where indicated, 
I mI of the reaction mixtures was extracted twice with 2 mI of 
CHCI3 :CH30H (2: 1). The lipid, protein and the aqueous fractions were 
separated by centrifugation (2000 rpm for 10 min). The organic frac­
tions were combined and dried under N2. The dried fraction was 
solubilized in 200 III of N2 purged ethanol and taken up in an aqueous 
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flat cell. The protein pellet was removed from the interface of the 
organic and aqueous layers and washed twice with cold acetone, dried 
under nitrogen and placed inside a 4 mm cylindrical quartz tube. Spec­
tra were recorded on a Varian E-109 spectrometer operating at 9.5 GHz 
and employing 100 KHz field modulation. 

To aid in Jietermination of whether spin trap-LDL-lipid adducts are 
located within core lipids, lipid-protein or lipid-aqueous interphase, the 
effect of chromium oxalate (CROX) on the spectral line-shape of the 
spin adduct can be used. Chromium oxalate is a charged, water soluble 
but membrane-impermeant, paramagnetic relaxing agent (19). Upon 
collision with a nitroxide, CROX will shorten the effective spin-lattice 
relaxation time and broaden the ESR spectrum. Since CROX cannot 
enter the LDL particle, collision will occur only with adducts which are 
free in solution or oriented towards the aqueous phase. Thus, the 
spectra of nitroxide adducts buried within the LDL matrix would not be 
affected by the addition of CROX. Typically, 25-75 mM CROX are 
added to the LDL oxidation mixture following termination of oxidation 
.and immediately prior to ESR analysis. 

Chromatographic separation of spin adducts 

Spin adducts generated during oxidation of LDL and Cu2 + were 
extracted with 2 volumes of CHCI3 :CH30H (2: 1) mixture and the 
solvent removed under N2 to yield a yellow residue. The residue were 
dissolved in hexane and chromatographed on silica gel 60 using hex­
ane: ethyl acetate (4: 1) as an eluent. The fraction eluting with a fast 
moving yellow band was scraped and examined by ESR. 

The fraction isolated from the silica gel can also be subjected to 
HPLC separation and analysis. We have used a Waters 625 system 
consisting of a Model 625 pump/controller and a Model 996 photodi­
ode array detector. Separation can be acheived using a CIS reverse phase 
column such as a Waters Novapak (5 micron, 15 cm) with a mobile 
phase consisting of acetonitrile/water. The exact composition of the 
mobile phase varies depending upon the nitrone under study, but 
typically involves a gradient going from 5%-50% acetonitrile over a 
40 min run time with a flow rate of l.5 ml/min. For PBN, the ab­
sorbance at 302.5 nm was used for quantitation based on comparison to 
areas obtained for a standard curve of PBN. 

Isolation of human peripheral blood monocytes 

Human peripheral blood monocytes were prepared in 10 mM sodium 
citrate from blood collected from healthy volunteers. In order to mini-
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mize non-experimental variation of IL-I,8, donors were asked to refrain 
from consuming caffeine prior to blood draw and were not currently 
taking anti-inflammatory drugs. Erythrocytes and neutrophils were re­
moved by low-speed centrifugation in Leucoprep tubes (Becton Dickin­
son, Oxnard, California) according to the protocol suggested by the 
manufacturer. The resultant mixture of platelets and mononuclear cells 
was incubated in tissue culture dishes (2 x 106 cells per well of 24-well 
plates, Corning, Corning New York) for 1 h at 37°C. Following the 
removal of non-adherent cells, fresh medium RPMI-1640 (Gibco, 
Grand Island, New York) was added to the plated cells. 

Measurement of IL-l,8 release from monocytes 

Oxidized LDL or 9-HODE (Cayman Chemical, Ahn Arbor, Michigan) 
were utilized to induce IL-l,8 release from monocytes. Free Cu2 + is 
generally toxic to cells in culture, thus 15 JI M EDT A was added to 
chelate the metal at the end of the oxidation period. When studying 
cytokine release from monocytes it is imperative to ensure that stimuli 
are free of endotoxin contamination as it is a potent inducer of cytokine 
release. To safeguard against possible endotoxin contamination, we 
often chromatographed oxidized LDL over a pre-packed endotoxin 
affinity column (Detoxigel, Pierce Chemical Co., Rockford, Illinois). As 
determined by the Limulus polyphemus amebocyte lysate test (Sigma, St. 
Louis, Missouri; sensitivity 1 ng of endotoxin), a column has the capac­
ity of removing 2 mg of endotoxin. We also determined that the 
efficiency of the column in removing endotoxin was not affected by the 
LDL. The protein concentration of the LDL was determined after 
chromatography as there is unavoidably some dilution of the prepara­
tion. 

To the culture dishes containing the adherent cells was added 350-
400 Jig of oxidized LDL for approximately 24 h. When 9-HODE was 
used as the stimulus it was added from a 1 mg/ml stock solution in 
ethanol at 33 JIM. Our previous work demonstrated that oxidized 
LDL induces IL-I,8 release, but not TNFIX, thus culture supernatants 
were routinely assayed for both cytokines to monitor for potential 
endotoxin contamination. If this is done, it is not necessary to use 
Detoxigel as the presence of endotoxin will lead to TNFIX release. 
However, while we had little problem with endotoxin, this may not 
be universally true and experiments may be rendered useless if TNFIX 
expression is enhanced, indicating endotoxin contamination. For this 
reason, the use of the endotoxin affinity column is recommended. The 
human IL-l,8 and TNFIX ELISA kits were obtained from Cistron 
(Pinebrook, New Jersey) and used in accordance with the manufac­
turer's suggested protocol. 
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Table I. Effect of PBN or POBN on Cu2 +-induced LDL oxidation 

Treatment 

PBN,5mM 
PBN,lOmM 
PBN,20mM 

POBN,5mM 
POBN,lOmM 
POBN,20mM 

TBARS 
(nmol/mg LDL protein) 

0.3 ±0.3 
35.1 ± 0.6 

19.7±0.5 
13.3 ± 0.5 
12.1 ±0.7 

36.3 ± 0.6 
36.6 ±0.7 
36.8 ± 0.3 

LDL (100 JIg) were oxidized for 18 h in the presence of 5 JIM Cu2 t. Oxidation was 
terminated by the addition of EDTA and quantitated by determination of TBARS. Values 
represent the mean ± SE for four separate incubations. (Data taken from reference [15] with 
permission.) 

Results and discussion 

Work by Kalyanaraman and colleagues [15, 20-22] has demonstrated 
that PBN could prevent in vitro Cu2+ -dependent oxidation of LDL and 
recognition by the macrophage scavenger receptor. Likewise, the 
lipophilic nitroso spin trap 2-methyl-2-nitroso propane also trapped 
lipid-derived radicals and thereby prevented LDL oxidation. Con­
versely, the corresponding hydrophilic analogs POBN and 2-hydroxy­
methyl-2-nitroso propane appeared to trap only secondary alkyl 
radicals and aldehydes, respectively. 

The above data led us to examine in more detail the potential utility 
of spin traps to inhibit oxidative modification of LDL and its subse­
quent biologic activity, namely, stimulation of IL-l,B release from 
monocytejmacrophages. In our initial studies, we confirmed that PBN, 
and not POBN, could prevent Cu2+ -mediated LDL oxidation as deter­
mined by TBARS (Tab. 1). The LDL subjected to Cu2+, in the presence 
and absence of PBN or POBN, were also studied by fluorescence 
spectroscopy. As shown in Figure 1, incubation with Cu2+ led to a 
dramatic increase in fluorescence emission at 430 nm (excitation, 
360 nm). The fluorescence changes were little affected by POBN but 
decreased by inclusion of PBN. It should be noted that, in control 
experiments, when PBN was added to oxidized LDL it had an 
autofluorescence while POBN quenched the fluorescence of the oxidized 
lipids. Thus, the difference in ability to prevent Cu2 + -induced modifica­
tion is greater than is evident from the figure. These data indicate that 
the spin traps react with reactive species that could otherwise form 
adducts with apolipoprotein B. This contention is supported by the 
dose-dependent ability of PBN, but not POBN, to prevent oxidation 
enhanced electrophoretic mobility in agarose gels [15]. 
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Fig. 1. Effects of PBN or POBN on Cu2 + -induced fluorescence changes in LDL. LDL 
(2 mg/ml) were incubated with 5 11M Cu2 j for 18 h in PBS. Where indicated, incubations also 
contained 5 mM PBN or POBN. (Reprinted from reference [15] with permission.) 

The ESR spectra of adducts of PBN and POBN in LDL were also 
evaluated. As seen in Figure 2 (top left), the nitroxide adduct of PBN 
demonstrates rotational restriction, indicating its presence within the 
LDL matrix. Upon extraction and resolubilization in ethanol, a more 
well-resolved spectrum was obtained (middle left). The spectra obtained 
from LDL incubated with Cu2 + and POBN was distinct from that of 
PBN. A well-resolved spectrum was evident without extraction (top 
right) suggesting that POBN traps radicals which have diffused into the 
aqueous phase. An adduct was observed in the lipid extract also, 
indicating that some POBN-lipid adducts are soluble in chloroform 
(middle right). No adduct was detectable in the absence of CU2~ with 
either nitrone (bottom spectra). 

Further validation that the PBN-derived adducts represent trapping 
of lipid-derived radicals was obtained using CROX. Figures 3A-D 
show the effect of CROX on the ESR spectra of the PBN-LDL adduct. 
Addition of CROX broadened the fast tumbling component of the 
nitroxide with minor effect on the immobilized component. This differ­
ential sensitivity to CROX implies that a portion of the PBN-LDL 
adduct is in proximity to the aqueous phase (fast tumbling) with the 
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PBN POBN 

Fig. 2. The ESR spectra of PBN (left side) or POBN (right side) adducts in Cu2+ -oxidized 
"LDL. In the upper scans LDL (6 mgjml) were incubated with 0.5 mM Cu2+ and 100 mM of 

PBN or POBN for 18 h. Spectrometer conditions were: modulation amplitude, 2.5 G; nri­
crowave power, 20 mW; scan range, 100 G; time constant, 0.25 sec; scan time, 4 nrin. In the 
middle traces the incubation mixtures were extracted in chloroform:methanoI2: I, dried under 
N2 and taken up in 0.2 ml of NrPurged ethanol. Spectrometer conditions: modulation 
amplitude, I G; microwave power 5 mW; scan range, 100 G; time constant 0.128 s; scan time 
4 min. In the lower spectra, the incubation mixture lacked Cu2+ and the spectrometer 
conditions were as for the middle trace. (Adapted from reference [15] with permission.) 

majority of the spin adduct (immobilized component) either buried in 
the LDL core lipid or embedded near the lipid-protein interface. Either 
environment would prevent collision between the adduct and CROX. 

The studies with PBN, POBN and the nitroso spin traps indicated 
that lipophilicity of the radical traps was a primary determinant of 
efficacy towards prevention of metal-dependent oxidation of LDL. 
Recently, we have prepared a series of cyclic variants of PBN which 
encompass a wide range of lipophilicity (Fig. 4). These novel nitrones 
were examined for their ability to inhibit both Cu2 + -dependent and 
peroxyl radical (ABAP)-dependent oxidation ofLDL. As highlighted in 
Table 2, all the cyclic nitrones were much more potent than PBN, 
irrespective of the oxidant. In general, activity positively correlated with 
lipophilicity as determined by a computer generated log P (cLogP). 
However, it is apparent that cyclization of the nitrone leads to an 
inherent improvement in activity as MDL 101,002 and MDL 102,073 
have a lower cLogP than does PBN, yet are much more active. In other 
studies, we have shown that, indeed, the cyclic nitrones are more 
efficient radical traps than PBN (unpublished observations). 

The ESR spectra for many cyclic nitrone-LDL adducts have been 
evaluated. In general, they are similar to that of PBN (see Fig. 2), and 



136 

8 

c 

o 

-CROX 
50mM 

CROX 
70mM 

10G 
1---1 

C.E. Thomas 

Fig. 3. Effect of chlomium oxalate on the ESR spectrum of the PBN-LDL-lipid adduct. (A) 
ESR spectrum obtained 18 h after the addition of Cu2 + (0.5 mM) to a mixture containing 
LDL (6 mgjml) and PBN (100 mM) in PBS; (B) the same as above, but in the presence of 
25 mM CROX; (C and D) in the presence of 50 and 70 mM CROX, respectively. Solutions 
of CROX were added to the incubation mixture in (A) after 18 h (B-D). Arrows denote the 
line-positions of the immobilized (left arrow) and the fast tumbling (right arrow) components 
of the PBN-LDL adduct. (Reproduced from reference [15] with permission.) 

representative of a highly immobilized, rotationally restricted nitroxide. 
This is illustrated with MDL 105,185 in the upper spectrum in Figure 5 
which, again, exhibits jJ-hydrogen coupling when extracted and resolu­
bilized in ethanoL Following extraction with CHCI3 :MeOH, the upper 
aqueous phase consisting of MeOH and PBS was also studied by ESR 
and no adduct was detected. Somewhat surprisingly, when the protein 
fraction of the extracted LDL was isolated and subjected to analysis, a 
strong, immobilized adduct was detected (2Tt = 68.0 ± 0.5 G). This is 
the first demonstration of trapping of an apolipoprotein-derived radical 
and suggests the intriguing possibility that the protein radicals may be 
critical in propagating radial chain reactions within the LDL. It is 
plausible that the protein-derived radical represents trapping of cys­
teinyl residues as the cyclic nitrones can trap thiyl radicals (data not 
shown). Studies to examine this possibility are currently ongoing. These 
findings also suggest that nitrone spin traps may be used to study the 
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Fig. 4. Structures of cyclic nitrone spin traps. The structures of the novel cyclic nitrones are 
shown. Phenyl ring substitutions are listed below the unsubstituted parent molecule for each 
class of nitrone. (Modified from reference [16] with permission.) 

role of protein oxidation in LDL modification. For example, a study of 
the time-dependent formation of lipid adducts versus protein-derived 
radicals could provide valuable insight into the process of Cu2 ~ -medi­
ated oxidation which remains controversial in spite of intensive study. 

Table 2. Inhibition of Cu2 + or ABAP-induced LDL oxidation by PBN and cyclic nitrones 

ICcso(pM) 

Compound Cu2 + oxidation ABAP oxidation cLogP 

PBN 10.1 x 103 2.2 X 103 1.23 
MDL 101,002 3.8 x 103 90 1.01 
MDL 102,073 3.4 x 103 24 1.08 
MDL 102,389 nd 81 1.57 
MDL 102,832 128 2 1.97 
MDL 105,185 125 nd 2.29 
MDL 101,694 14 1 2.68 
MDL 104,342 51 7 3.00 

LDL (100 fIg) were incubated with 5 pM Cu2 + for 18 h or ABAP (20 mM) for 30 min and 
oxidation determined by TBARS. The computer-determined octanol:water partition co­
efficients (cLogP) were determined using the MEDCHEM utilities in SYBYL. (Modified from 
reference [16] with permission.) 
nd = not determined 
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Fig. 5. ESR spectra of MDL 105,185 adducts obtained from Cu2 +-mediated oxidation of 
LDL. LDL (12 mg) were incubated with MDL 105,185 (100 mM) for 1 h and the contents 
decanted to a clean tube to obtain a clear solution. To this was added Cu2+ (0.5 mM) and the 
mixture incubated for 18 h. The ESR spectra were obtained from the lipid, aqueous, and 
protein fractions as described under "Materials and Methods." Spectrometer conditions: scan 
range, 100 G; modulation amplitude, 2 g; and microwave power, 2 mW. (From reference [16] 
with permission.) 

Next, we examined the effect of nitrones on oxidized LDL-dependent 
induction of IL-l fJ release from monocyte/macrophages. Shown in Table 3 
are the effects of Cu2 + -oxidized LDL, the lipid oxidation product 9-
HODE, and lipopolysaccharide (LPS) on IL-lfJ release from human cells. 
9-HODE, either free or esterified, is a major component in oxidized LDL 
[7] and likely contributes to their ability to induce IL-IfJ. We have recently 
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Table 3. Induction of IL-l,B release from human peripheral blood monocyte-derived 
macrophages by Cu2 +-oxidatized LDL or 9-HODE 

(pg IL-l,B/culture) 

Donor Vehicle Oxidized-LDL 9-HODE 

R. S. 33 ± 5 228 ± 14 117 ± 36 
T.M 84±2 228 ± 30 372 ± 53 
M. T. 33 ± 3 486 ± 26 nd 
M.K. 74 ±9 355 ± 20 nd 
D. M. 12 ±2 nd 247 ± 17 
c.B. 17 ± 3 nd 212 ± 13 

Macrophages from various donors were incubated with Cu2+ -oxidized LDL (350 - 400 ,ug) or 
9-HODE (33 ,uM) for approximately 24 h. The amount of secreted IL-l,B in the supernatant 
was determined by ELISA. Two donors (R. S. and T. M.) were tested against both stimuli in 
separate experiments. (Data compiled from reference [7] with permission.) 
nd = not determined 

determined that other lipid-derived aldehydes also promote the release of 
this cytokine [8]. When LDL were oxidized with Cu2 + in the presence of 
PBN, a dose-dependent decrease in the ability of the LDL to induce IL-I.8 
was observed (Fig. 6). On the other hand, POBN was without effect up 
to 10 mM. These results mirror the effect of the nitrones on LDL oxidation. 
As the nitrones do not totally prevent LDL oxidation, we have determined 
that mediators of IL-I.8 release including 9-HODE are still found within 
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Fig. 6. Induction of IL-lfJ release from human monocyte-derived macrophages by LDL 
oxidized with Cu2 + in the presence or absence of PBN or POBN. LDL (2 mg/ml) were 
incubated with 5,uM Cu2 + for 18 h in the presence of 0- 10 mM PBN or POBN. LDL 
(350,ug/ml) were added to the cells for 22 h and the amount of IL-I fJ in the supernatant 
determined by ELISA. The values represent triplicate determinations for each of two LDL 
samples. (Reproduced in part from reference [15] with permission.) 
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Fig. 7. Effect of acetylated LDL on distribution of 14C in human monocyte-derived 
macrophages incubated with 14C-9-HODE. Radiolabelled 9-HODE was prepared using 
potato 5-lipoxygenase and 14C-linoleic acid with sodium borohydride reduction. Human 
peripheral blood monocyte-derived macrophages (28 x 106 cells/dish) were incubated with 
33 flM of 14C-9-HODE for 3 h in the presence or absence of acetylated LDL (900 flg). The 
cells were scraped into 0.1 M SDS and extracted with chloroform:methanol (2: I). The lipid 
extract was subjected to normal phase HPLC with detection at 234 nm and by on-line 
detection of 14C A 14C-containing peak (peak II), which was more polar than 9-HODE (peak 
I), was detected and was markedly increased in the presence of acetylated LDL. The early 
eluting I'C-containing peak represents 9-HODE which has been esterified. 

the LDL. However, the degree of oxidation is reduced sufficiently to 
prevent recognition and uptake of the LDL by the scavenger receptor of 
the macrophage. Uptake of the oxidized lipids is required for activation of 
cytokine release as mixing of the 9-HODE with acetylated LDL (which is 
taken up by the scavenger receptor) greatly stimulated IL-lP release over 
that observed with equimolar 9-HODE only. It has yet to be determined 
whether this simply reflects greater cellular uptake of 9-HODE or alters 
subsequent processing of the lipid to a penultimate "signaling agent". Very 
preliminary experiments with 14C-9-HODE reveals the presence of an 
additional intracellular I4C-containing peak when acetylated LDL are 
included (Fig. 7). The identity of this peak has yet to be ascertained. 

Several of the cyclic nitrones were examined for their ability to prevent 
IL-l P release. In Figure 8 it is shown that these compounds could signifi­
cantly ameliorate the induction of IL-I p. It must be noted that the concen­
trations of the nitrones were above those reported to inhibit LDL oxidation 
in Table 2. Those values were determined with 100 f.1g of LDL while the 
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Fig. 8. Effect of cyclic nitrones on the ability of LOL incubated with CU2 ~ to induce IL-IJ1 
release from human monocyte-derived macrophages. LDL (2 mg/ml) were incubated with 
5 11M Cu2 + for 18 h in the presence of the cyclic nitrone spin traps. Ruman peripheral blood 
monocyte-derived macrophages (2 x 106 cells/well) were incubated with 400 I1g of the various 
LDL preparations for 24 h prior to analysis of IL-IJ1 in the culture medium. The LDL 
oxidized with Cu2 + had a TBARS value 58.6 nmol/mg protein . The TBARS values for the 
cyclic nitrones were 13.9, 18.5 and 16.0 nmol/mg protein for MOL 101,002; MOL 102,832, 
and MDL 101 ,694 respectively. 

IL-If3 experiments required oxidation with LDL at 2 mg/mI. As a result, 
oxidation was not totally prevented and a partial amelioration of IL-If3 
release ensued. Nonetheless, these concentrations are still much lower than 
the amount of PBN required to prevent LDL oxidation and IL-lf3 release. 

Conclusions 

The studies described herein demonstrate that nitrone spin traps can be 
useful tools in the study of in vitro LDL oxidation. It was of great 
interest that at least one of the cyclic nitrones (MDL 105,185) was also 
capable of trapping apolipoprotein B-derived radicals. Importantly, the 
lipid and protein-derived adducts of the cyclic nitrones appear to be 
quite stable. We have observed that there is no loss in signal intensity in 
the ESR spectra over a period of months, particularly if the samples are 
kept at - 20°C, Thus, the nitrones could be invaluable in helping to 
identify trapped radicals. With nitrone spin traps, little structural infor­
mation can be gleaned from the ESR spectra which are typically 
dominated by a triplet of doublets with the trapped radical influencing 
primarily the f3-hydrogen coupling. The apparent stability of the cyclic 
nitrone-LDL-adducts should render them amenable to other analyses, 
for example, mass spectral identification of trapped adducts. Our recent 
studies have focused on HPLC separation of the lipid fraction extracted 
from Cu2 + oxidized LDL which exhibit a strong ESR signal. If success­
ful, this methodology could be applied to a kinetic study of the peroxi-
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dative process. For example, it would be of interest to evaluate the 
formation of lipid and/or protein-derived radicals in the outer mono­
layer of the LDL versus the formation of cholesteryl ester-derived 
radicals in the LD L core. 

It has yet to be determined whether the spin traps could also serve to 
identify trapped radicals in in vitro studies. Isolation of LDL samples 
from animal models of atherogenesis such as the cholesterol-fed rabbit 
and subsequent ESR and mass spectral analysis could provide new 
insight into the oxidative modification of LDL in vivo; of which much 
has been hypothesized but little conclusively demonstrated. While pure 
speculation, the continued improvement of low frequency ESR to allow 
spectroscopy directly in living tissue may one day allow on-line moni­
toring of circulating LDL oxidation with concurrent development of 
appropriate ESR reagents. Finally, our ability to design spin traps 
which are as effective inhibitors of LDL oxidation' as are probucol and 
a-tocopherol, and which also inhibit IL-lfJ release, opens new avenues 
for a unique pharmacologic class of anti-atherogenic drugs. 
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Summary. The ascorbate anion is an endogenous water-soluble antioxidant that is present in 
biological systems. The one-electron oxidation of ascorbate produces the ascorbate free 
radical that is easily detectable by electron paramagnetic resonance..{EPR), even in room 
temperature aqueous solution. The ascorbate radical has a relatively long lifetime compared 
to other free radicals, such as hydroxyl, peroxyl, and carbon-centered lipid radicals. This 
longer lifetime in conjunction with its relatively narrow EPR linewidth makes it easily 
detectable by EPR. In this essay we describe the EPR detection of the ascorbate radical and 
its use as a marker of oxidative stress. 

Ascorbate, the terminal small-molecule antioxidant 

Introduction 

Ascorbate (Asc H-) is ubiquitous, yet there is still much to be learned 
about its chemistry, biochemistry, and biology. Ascorbate is an excellent 
reducing agent [1-5]. It readily undergoes two consecutive, yet re­
versible, one-electron oxidation processes to form the ascorbate radical 
(Asc·-) as an intermediate. Loss of a second electron yields dehy­
droascorbic (DHA) [1]. 

OH 

HO~O¥o 
6 __ ~ 

-0 OH 

DHA 

Because Asc· - has its unpaired electron in a highly delocalized 
n-system, it is a relatively unreactive free radical. These properties make 
ascorbate a superior biological, donor antioxidant [3-17]. 
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Fig. I. The ascorbate radical doublet EPR signal in bovine lens increases upon exposure to 
UV light. An approximate I cm2 section of lens was placed into the well of an EPR tissue cell, 
then positioned in an EPR TM110 cavity, and subsequently exposed to UV light. Lower: 
ambient Asc· -; Upper: Asc· - during exposure to UV light. See the section on lens below for 
details. 

The ascorbate free radical is a strong acid having a pKa of -0.86 
[18]. Thus, it will exist as a monoanion, Asc· -, over the entire biological 
pH range.! 

When biological fluids or tissues are examined by electron paramag­
netic resonance spectroscopy (EPR), Asc· - will most likely be observed. 
See Figure 1 below. This is consistent with ascorbate's role as the 
terminal small-molecule antioxidant [3, 4]. 

Ascorbate thermodynamics and kinetics 

As can be seen in Table 1, ascorbate is thermodynamically at the 
bottom of the pecking order of oxidizing free radicals. That is, all 
oxidizing free radials with greater reduction potentials, which includes, 
HO·, RO·, LOO·, GS·, the urate radical, and even the tocopheroxyl 

1 A note on nomenclature: Asc' - is usually referred to in brief as the ascorbate free radical. 
The ending "ate" being used because it is a charged species. The short name ascorbyl radical 
would be used for AscH·, the neutral protonated form of Asc· -. The ending "yl" being used 
for this neutral species. 
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Table 1. One-electron reduction potentials at pH 7.0 for selected radical couples 

Redox couple 

HO", H+/H2 0 
RO", H+/ROH (aliphatic alkoxyl radical) 
ROO", H+/ROOH (alkyl peroxyl radical) 
GS"/GS- (glutathione) 
PUFA", H+/PUFA-H (bis-allylic-H) 
HU"-, H+/UHi (Urate) 
TO", H+/TOH (Tocopherol) 
H2 0 2 , H+/H20, HO" 
Ascorbate"-, H+/Ascorbate monoanion 
Fe(III) EDTA/Fe(II) EDTA 
°2/0i-
Paraquat/Paraquat" -
Fe(III)DFO/FE(II)DFO (Desferal) 
RSSR/RSSR" - (GSH) 
H2 0/e;q 

This table is adapted from references [3, 12, 19]. 
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+ 1600 
+ 1000 
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Table 2. Rate constants for the reaction of the equilibrium mixture of AscH2 /AscH- /Asc2 -

at pH 7.4 unless noted otherwise 

Radical 

HO" 
RO" (tert-butyl alkoxyl radical) 
ROO" (alkyl peroxyl radial, e.g., CH300") 
CI3COO" 
GS· (glutathiyl radical) 
PUFA" 
UH" - (Urate radical) 
TO" (Tocopheroxyl radical) 
Asc" - (dismutation) 
CPZ"+ (Chlorpromazine radical cation) 
Fe( III) EDT A/Fe( II) EDT A 
ai-tHai 

Fe(III)DFO/Fe(II) DFO 

1.1 X 1010 
1.6 X 109 

1-2x106 
1.8 X 108 

6 X 108 

b 

I X 106 

2xlO5c 
2 X 105 d 

1.4 X 109 

~102e 

I X 105 d 

2.7 X 105 

Very slow 

(pH 7.4) 

(5.6) 

(5.9) 

aA complete summary of free radical solution kinetics can be found in [34]. 
bWe were unable to find data that addresses this reaction directly. 
CEstimated kobs for TO" when in a biological membrane. 
dk is pH dependent, thus this is kobs at pH 7.4. 
eEstimated from data in [35, 36, 63]. 

ReU 

[20] 
[21] 
[22] 
[23] 
[24,25] 

[26] 
[3] 
[27] 
[28] 

[29,30] 
[31] 
[32, 33] 

radical (TO'), can be repaired by ascorbate" Therefore, we have: 

AscH- + X' ----*Asc·- + XH, 

where X' can be any of these oxidizing free radicals. From Table 2, we 
see that the kinetics of these electron (hydrogen atom) transfer reactions 
are rapid. Thus, both thermodynamically and kinetically, ascorbate can 
be considered to be an excellent antioxidant. 
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Although ascorbate itself forms a radical in this reaction, a poten­
tially very dangerous oxidizing radical (X') is replaced by the domesti­
cated Asc' -. Asc'- does not react by an addition reaction with O2 to 
form dangerous peroxyl radicals. Ascorbate (probably Asc2-, vida infra) 
and/or Asc' - appear to produce very low levels of superoxide [37, 38]. 
But by removing 0;-, superoxide dismutase provides protection from 
this possibility [39, 40]. Thus, the biological organism is protected from 
further free radical-mediated oxidations. In addition. Asc' - as well as 
dehydroascorbic can be reduced back to ascorbate by enzyme systems. 
Thus, it is recycled. Ascorbate's ubiquitous presence in biological sys­
tems in conjunction with its role as an antioxidant suggests that the 
ascorbate free radical would also be present. 

Equilibrium 

The ascorbate free radical will be present in solutions due to both the 
autoxidation and the metal catalyzed oxidation of ascorbate. Forester et 
al. observed that Asc' - can also arise from comproportionation of 
AscH- and DHA [41], 

AscH- + DHA ~ 2 Asc' - + H+ 

[Asc'-p 
K = ::-:---===--=-=-=-=-::-:-:: [AscH-] [DHA] 

Using EPR, they determined the equilibrium constant for this process 
and noted that it was pH dependent. The equilibrium constant K was 
found to vary from 5.6 x 10- 12 at pH 4.0 to 5.1 X 10-9 at pH 6.4. Later, 
after the acid-base properties of ascorbic acid and ascorbate free radical 
were understood, it was then possible to develop an expression for K at 
any pH value [27]. 

K = [Asc'-P [H+] +{1 +[H+]/1O-PK1 } = 20 X 10-15 M-2 

[DHA] [AscH2 ]total> . 

where pKI is the first ionization constant of ascorbic acid and 
[AscH2 ]total is the analytical concentration of AscH2 , i.e., [AscH21otal = 
[AscH2 ] +[AscH-] + [Asc2 -]. [27, 41]. 

Using Ase' - as a marker of oxidative stress 

Overview 

The ascorbate free radical is naturally detectable by EPR at low 
steady-state levels in biological samples, such as leaves from crops [42], 
plasma [14, 43, 44], synovial fluid [45], skin [46, 47], and lens of the eye, 
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vida infra. As oxidative stress increases in a system, the steady-state 
Asc· - concentration increases [4]. These findings are consistent with 
ascorbate's role as the terminal small-molecule antioxidant (see Tab. 1). 
It is proposed that ascorbate, i.e., the ascorbate free radical, which is 
naturally present in biological systems, can be used as a noninvasive 
indicator of oxidative stress [4, 48]. 

The ascorbate radical as a marker of oxidative flux has been shown to 
be useful in the study of free radical oxidations in many biological 
systems including mouse skin [46, 47, 49], hepatocytes [50], and is­
chemia reperfusion of hearts [51-53]2. Human sera and rat plasma 
intoxicated with paraquat and diquat, known superoxide generators, 
have increased ascorbate radical levels [56]. In animal experiments, 
sepsis has also been shown to increase Asc· -, indicating the involvement 
of oxidative stress with this health problem [57]. Sasaki et al. have 
investigated in human serum the use of Asc· - signal intensity in combi­
nation with measurements of AscH- and DHA as an indicator of 
oxidative stress in human health problems that range from aging to 
xenobiotic metabolism [58-62]. Taken together, these studies demon­
strate that the asorbate radical level in biological systems may be useful 
for monitoring free radical oxidations in vivo, particularly when free 
radical production is low and other methods are insensitive. 

Absorption spectra 

Pure ascorbic acid solutions are colorless as neither the diacid nor the 
monoanion have significant absorbances in the visible region of the 
spectrum. However, each has an absorbance in the ultraviolet region. 

(1) Ascorbic acid: The diacid has an approximately symmetrical Gaus-
sian absorption spectrum with 8244 = 10800 M- 1 • cm- I in aqueous 
solution [1]. 

(2) Ascorbate monoanion: Compared to the diacid, the peak of the 
absorption curve for the monoanion is red-shifted to 265 nm. A 
wide range of molar extinction coefficients have been reported, 
ranging from 7500-20400 M-I . cm- I [1]. We find that 8265 = 

14500 M- 1 • cm- I best reflects our experimental observations when 
doing experiments in near-neutral buffered aqueous solutions [63]. 

(3) Ascorbate radical: The ascorbate free radical has an approximately 
symmetrical Gaussian shaped absorption curve with 8 360 = 

2In a quite different approach Pietri et al. [54, 55] have used Asc' - as a probe for plasma 
ascorbate concentrations. In their approach, a 1:1 mixture of plasma and dimethylsulfoxide is 
examined for Asc' - by EPR. They claim that the Asc' - is an index of the transient changes 
in plasma ascorbate status during ischemia/reperfusion. Whereas, in our studies the Asc'­
levels reflect the ongoing free radical flux in the system being examined [4, 47, 53]. 
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3300 M- 1 • cm- 1 and a half-width at half-maximum of about 50 nm 
[27]. With this small extinction coefficient, Asc' - will not be observ­
able by standard UV -VIS spectroscopy in steady-state experiments. 

(4) Dehydroascorbic: Dehydroascorbic (acid) has a weak absorption at 
300 nm, 1':300 = 720 M- 1 . cm- 1 [1]. 

EP R Detection of the ascorbate free radical 

The ascorbate free radical is usually detected by EPR as a doublet signal 
with aH = l.8 G, i1Hpp ~ 0.6 G and g = 2.0052, Figure l. However, each 
line of the ascorbate doublet is actually a triplet of doublets, 
aH4 = 1.76G, aH6(2) =0.19G, and aH5 = 0.07 G [64]. 

In most biological experiments where the Asc' - EPR signal will be 
weak, a compromise is made in the choice of modulation amplitude. 
The usual choice is to sacrifice resolution of the hyperfine structure for 
improved sensitivity. We find that a modulation amplitude of ::::::0 .. 65 G 
maximizes the ascorbate free radical double peak-to-peak signal ampli­
tude [65]. 

The EPR power saturation curve of Asc' - in room temperature 
aqueous solutions shows that saturation effects begin at ~ 16 mW and 
maximum signal height is achieved at 40 mW nominal power when 
using an aqueous flat cell and a TM cavity, see Figure 2. Thus, if 
quantitation of the Asc' - levels is desired, appropriate corrections for 
saturation effects must be included in the calculations . 

60 . . . . . 
• 

:::5 
~ • ::40 
..c: • 
'OIJ ·v "" :r: 
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0 5 10 15 
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Fig. 2. EPR Power Saturation Curve for Asc· ~ . Signal heights are arbitrary units. Asc· ~ was 
observed in a demetalJed 50 mM pH 7.8 phosphate buffer containing 10 mM ascorbate. 
Bruker ESP-300 instrument settings were: 0.65 modulation amplitude; 10 G/167 s scan rate; 
0.167 s time constant [65]. 
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Applications 

Asc' - in solution 

Stock ascorbate solutions 
In our work with ascorbate in solution we have found that the quality 
of the stock- solution determines the quality and reproductivity of the 
results. We prepare ascorbate stock solutions using only the diacid. It is 
prepared as a 0.100 M stock solution (10 mL) using high purity water. 
This solution is colorless, having a pH of ::::::2. It is stored in a 
volumetric flask with a tight-fitting plastic stopper, thus oxygen is kept 
from the solution during long-term storage. As the solubility of oxygen 
in air-saturated water is ::::::0.25 mM, the solution win become anaerobic 
with loss of < 1 % of the original ascorbate. If the flask is indeed clean, 
we have found that the solution can be kept for several weeks without 
significant loss of ascorbate due to the low pH and lack of oxygen. The 
appearance of a yellow color is an indication of ascorbate deterioration. 
We avoid the use of sodium ascorbate as it invariably contains substan­
tial quantities of oxidation products as evidenced by the yellO\v color of 
the solution. [63]. 

Autoxidation and metal catalyzed oxidations 
Before beginning this discussion it must be understood that we use the 
term autoxidation to mean oxidation in the absence of metal catalysts 
[66]. The term oxidation is used more broadly and includes all oxida­
tions, with or without catalysts. 

Ascorbate is readily oxidized. However, the rate of this oxidation is 
dependent upon pH and the presence of catalytic metals [32, 33, 35, 36, 
63, 67 - 70]. The diacid is very slow to oxidize. Consequently, at low pH, 
i.e., less than 2 or 3, ascorbic acid solutions are quite stable, assuming 
catalytic transition metal ions are not introduced into the solutions. 
However, as the pH is raised above pK, (4.2), AscH- becomes domi­
nant and the stability of the ascorbate solution decreases. This loss of 
stability is usually the result of the presence of adventitious catalytic 
metals (on the order of 1 /lM) in the buffers and salts that are typically 
employed in studies at near neutral pH [63]. For example, we have 
found that in room temperature aerated, aqueous solutions at pH 7.0 
(50 mM phosphate buffer) 10-30% of 125 /lM ascorbate is lost in just 
15 min. This large variation is the result of different sources and grades 
of phosphate used in the buffer preparation. However, if care is taken to 
remove these trace levels of transition metals, this rate of loss can be 
lowered to as little as 0.05%/15 min [63], thus demonstrating the ex­
treme importance of metals in controlling ascorbate stability. At pH 7.0 
we have set an upper limit for the observed rate constant for the 
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Fig. 3. Background [Asc· -I vs. pH: Each solution was made with 50 mM demetalled 
phosphate buffer that contained 50 pM desferoxamine mesylate, for at least 12 hours. To 
these solutions 500 pM ascorbate was added and the EPR spectra were collected. The points 
represent the Asc' - concentration observed in the second of three EPR scans, where the 
values had a standard deviation of less than I nonomolar (adapted from [4]). These data 
demonstrate the importance of pH control. At pH values greater than ~ 8 [Ase· -Iss is not a 
good indicator of oxidative stress, but at near neutral pH it is excellent. 

oxidation of ascorbate to be 6 x 10-7 S-I under our experimental condi­
tions [63]. However, even in carefully demetalled solutions as the pH is 
varied the rate of oxidation increases, Figure 3 [4]. 

We attribute this increase in rate at higher pH values to the increasing 
concentrations of the ascorbate dianion. Williams and Yandell have 
made an estimate based on the Marcus theory of electron transfer that 
the ascorbate dianion would undergo true autoxidation at a significant 
rate [38]. 

k;::::; 102 M-I S-I 

Asc2 - + O2 ----+ Asc· - + 0;-
Our experimental results are consistent with these estimates [4, 33, 63]. 
Marcus theory would predict that the rate of the true autoxidation of 
AscH - would be much slower. 

Thus, at pH;::::; 7.4 the rate of autoxidation of an ascorbate solution is 
determined predominantly by Asc2-. 

Typical buffers employed in biochemial and biological research have 
on the order of IIlM iron and < IIlM copper [63]. But because copper 
is ;::::; 80 times more efficient as a catalyst for ascorbate oxidation than 
iron, it is the adventitious copper that is the biggest culprit in catalyzing 
ascorbate oxidation [63]. 

We have developed two assays that take advantage of this chemistry: 

Iron analysis at the nM level 
Fe-EDT A is an excellent catalyst of ascorbate oxidation, while Cu­
EDTA is a very poor catalyst. We have found that with careful 



Ascorbate radical: A valuable marker of oxidative stress 153 

150 
:;s 
~ • 
'- • 
Cd 100 u • ;S • 
& • 
v ..... • cd 50 -e 
0 • u • 
rJJ 
~ 

& 

0 
0 2 4 6 8 10 

[Fe(III)j f uM 

Fig. 4. These data were gathered using EPR spectroscopy to quantitate the steady state level 
of Asc· -. The curves were obtained in 50 mM demetalled phosphate buffer, pH 7.40 with 
250 11M EDTA (e) or 50 11M Desferal (.) with 125 11M ascorbate present (adapted from [33]). 

attention to detail to ensure that all glassware, pipettes and pipette tips 
are scrupulously clean, we can estimate iron levels in phosphate buffer 
to a lower limit of ~ 100 nM using UV-Vis spectroscopy [63]. However, 
using EPR spectroscopy this limit can be as low as ~5 nM [33], Figures 
4 and 5. For the EPR method of analysis we add EDT A to the solution 
to be assayed. This converts the iron to a "standard" catalytic form. We 
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Fig. 5. This figure is an expansion of the 0-1 11M [Fe(IJIl] region of Figure 4. The experi­
mental conditions are the same as in Figure 4. The curves were obtained in 50 mM demetalled 
phosphate buffer, pH 7.40 with 250 11M EDTA (e) or 50 11M Desferal (.) with 125/1M 
ascorbate present (adapted from [33]). 
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then introduce ascorbate and determine by EPR the steady-state con­
centration (i.e., signal height) of Asc' -. From a standard curve we can 
then estimate the iron concentration from ~5 nM --+ ~ 10 pM. To 
achieve estimates at the lowest end of this range, extreme care must be 
taken with each step and the EDT A must be pure; recrystallized at least 
three times using methods that will produce the best result. The stan­
dard curve must be obtained using the same buffer/salt system and exact 
pH. This buffer/salt must be demetalled using a chelating resin such as 
Chelex 100 [63]. This method is useful if there is interference from 
standard colormetric assays of iron, or if only "loosely bound" iron is 
to be estimated [71]. 

For the UV visible method, the experiment is similar except the rate 
of loss of ascorbate is followed at 265 nm. This rate is plotted vs. 
Fe(III)EDTA concentration for the standard curve, from which un­
known concentrations of iron are estimated. 

Removal of Trace Metals 
We have also found that ascorbate is an excellent tool to ascertain the 
effectiveness of adventitious catalytic metal removal from near-neutral 
buffer systems. In this method we follow the loss of ascorbate due to 
oxidation by monitoring its absorbance at 265 nm. In our standard test 
we add ~3.5pL of 0.100 M ascorbic acid solution to 3.00 mL of the 
buffer in a standard 1 cm quartz cuvette. This results in an initial 
absorbance of 1.8. The loss of ascorbate is followed for 15 min. A loss 
of more than ~0.5% in this time indicates significant metal contamina­
tion. (If using a diode array spectrometer, interrogate the solution only 
a few times as the UV radiation near 200 nm will itself initiate ascorbate 
photooxidation.) [63, 72]. 

Plasma 
The free radical initiator AAPH (2,2'-azo-bis(2-amidinopropane) dihy­
drochloride) undergoes thermal decomposition at a constant rate (at a 
fixed temperature) producing carbon-centered sigma radicals that react 
with O2 at nearly diffusion-controlled rates yielding peroxyl radicals 
[73]. Thus, AAPH, in an oxygen-containing system, produces a constant 
flux of oxidizing free radicals that can oxidize ascorbate or produce spin 
adducts with the spin trap DMPO (5,5-dimethylpyrroline-l-oxide). 
When using AAPH as a source of oxidizing radicals in plasma a linear 
increase in [Asc' -]ss is seen with increasing concentrations of AAPH 
(Fig. 6). This plasma sample contained 58 pM ascorbate, a value typical 
of physiological conditions. Thus, in plasma [Asc' - ]ss is indeed an 
excellent indicator of oxidative stress. [4]. 

Cells 
Iron and ascorbate are well-known as a pro oxidant combination that 
will initiate lipid per oxidation [9, 74-79]. Lipid-derived radicals from 
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Fig. 6. Azo Initiator-Produced Asc' - Radicals in Plasma: Asc' - EPR signal height (arbi­
trary units) versus AAPH concentration. The plasma contained 58 pM ascorbate and varying 
amounts of AAPH (4). 

cells have been detected using EPR spin trapping techniques when cells 
are exposed to iron and ascorbate [78, 79]. The introduction of edelfos­
ine, an ether lipid drug being investigated for use in cancer treatment, to 
an LI2l0 murine leukemia cell suspension with 20,aM iron and 100 pM 
ascorbate present, results in a burst of Asc· - production within 1-2 min 
after the addition. This burst of Ase· - production corresponds with an 
increase in the rate of cellular lipid peroxidation as observed by EPR 
spin trapping, consistent with [Asc· - lss being a real time reflection of the 
oxidation flux in the system [78J. 

Asc· - in tissues 

To examine tissues by EPR, e.g., skin, lens or samples whose viscosity 
precludes the use of an aqueous EPR flat sample cell, tissue cells 
(sometimes called cavity cells) such as produced by Wilmad Glass Co. 
(Buena, New Jersey) are available. These cells generally have a 0.5 mm 
depth sample cavity well and two supporting rods. In our experience, 
those cells with two stems are prone to breakage. Thus, we use a one 
stem tissue cell, i.e., no lower positioning rod. This reduces the incidence 
of breakage and facilitates tuning of the sample in the EPR cavity. A 
cover slip fits over the sample cavity well. Phosphor-bronze clips are 
provided to hold the cover over the well. However, we find that to 
prevent potential scraping of the inside of the EPR cavity with these 
clips that Parafilm ties can be used to provide an even more secure fit. 
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Fig. 7. EPR and light source setup for EPR tissue cell experiments. The 305 filter cuts off 
those wavelengths below ~300 nm. The IR filter is a water-filled large diameter (50 mm) 
cylindrical, quartz UV-visible cell having a 50 mm path length. Our light source is an Oriel 
Photomax system with a 150 W Xe lamp. This system requires no special air handling due to 
ozone production. For our skin and lens experiments the lamp was operating at 3 mW/cm2 

We find Parafilm to be an excellent tool in EPR experiments as it yields 
no significant EPR signals. These ties are made by cutting:::::: 2 mm wide 
strips of Parafilm and then wrapping them tightly around the cell and 
cover plate at the indentions that are provided for the clips . A diagram 
of the experimental setting is given in Figure 7. 

Skin 
Whole skin harvested from SKH-l hairless male mice (Charles River 
Laboratories, Portage, Michigan) is cut into EPR usable pieces 
(~1.0 cm2, epidermis and dermis), placed in a Wilmad Glass Co. 
(Buena, New Jersey) one stem tissue cell, and positioned in the EPR 
cavity. EPR spectra are obtained at room temperature. The EPR 
spectrometer settings for the ascorbate radical experiments are: mi­
crowave power, 40 milliwatts; modulation amplitude, 0.66 G; time con­
stant 0.3 s; scan rate 8 G/41.9 s; receiver gain, 2 x 106 . The epidermal 
surface of the skin is exposed to UV light while in the EPR cavity. The 
light source is a Photomax 150 W xenon arc lamp (Oriel Corporation, 
Stratford, Connecticut) operating at 32 W; wavelengths below 300 nm 
are filtered out using a Schott WG 305 filter (Duryea, Pennsylvania). 
Infrared radiation from the light is removed by a 5 cm water filter. The 
filtered light fluence rate, including the visible wavelengths, as measured 
using a Yellow Springs Instrument (Yellow Springs, Ohio) model 65A 
radiometer with a 6551 probe, was 3 mW/cm2 , assuming the cavity grid 
transmits 75% of the incident light. 

Lens 
There is considerable evidence that UV -induced epithelial damage can 
be related to lens opacity and subsequent cataract formation [80]. The 
involvement of free radicals in cataract formation has been suggested 
[81,82]. Ascorbic acid is clearly of importance as an antioxidant in the 
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Fig. 8. Asc' - in bovine lens subjected to UV light-induced oxidative stress. The Asc' - signal 
height is shown in arbitrary units. The lens was exposed to the UV light after collection of the 
third data point. The light was turned off after collection of the seventh data point. The light 
source and EPR experimental setup is depicted in Figure 7. 

lens of the eye, present at steady-state concentrations of 1 - 2 mM in the 
human lens and adjacent aqueous and vitreous humors. To examine 
Asc· - levels in bovine lens tissue, lens tissue is placed in an EPR tissue 
cell and irradiated as described above in the skin experiments. A low 
steady-state level of the ascorbate free radical is detectable by EPR in 
the lens of the bovine eye. During UV photooxidative stress the levels of 
ascorbate free radical significantly increase (Fig. 8). When the light is 
turned off, the ascorbate free radical signal returns to baseline levels. 

Whole bovine lens was cut into EPR usable pieces ( ~ 1.0 cm2), placed 
in a Wilmad Glass Co. (Buena, New Jersey) one stem tissue cell, and 
positioned in a TM lIo EPR cavity. EPR spectra were obtained at room 
temperature using a Bruker ESP 300 spectrometer operating at 
9.74 GHz with 100 kHz modulation frequency. The EPR spectrometer 
settings for the ascorbate radical experiments were: microwave power, 
40 milliwatts; modulation amplitUde, 0.63 G; time constant, 1.3 s; scan 
rate, 6 G/167.7 s; receiver gain, 2 x 106 . While in the EPR cavity, the 
lens was exposed to UV light after the third consecutive scan, and 
turned off after the seventh scan. 

Asc· - in vivo 

Rat in vivo lex vivo Asc·-
Mori et al. [83, 84] have observed Asc· - in the circulatory blood of 
living rats with EPR. In these experiments a 1 mm tube was used to 
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Fig. 9. Schematic of EPR setup for monitoring of Asc' - in whole blood from the canine 
myocardium ex vivo. Note that the blood is returned to the animal. The lower end of the flat 
cell (Wilmad WG-813) is connected to the coronary venous cannula using thin (0.5 mm outer 
diameter) Teflon tubing of '" I meter in length. The end of the Teflon tubing is placed 
completely into the lower stem of the flat cell so the blood emerges directly into the bottom 
of the flat portion of the cell. The pump is an IV infusion pump; we draw from the top of the 
flat cell and push into the LFV. The flow rate of the pump is set to 600 mL/hour. (RFA, right 
femoral artery; RFV, right femoral vein; LF A, left femoral vein; LAD, left anterior descend­
ing coronary artery; GCV, great cardiac vein; and IV, intravenous.) The arrows indicate the 
direction of blood flow. 

make a shunt from a femoral artery of the rat to an EPR cell positioned 
in an EPR cavity; the blood was returned to the rat by a continuation 
of the shunt from the EPR cell back to a femoral vein of the animal. In 
these experiments, the investigators demonstrated that introduction of 
iron, as ferric citrate, to the rat results in an increase in the circulating 
[Asc· - ]ss. This increase in [Asc· - ] correlates with other parameter of 
oxidative stress. 

Canine in vivo/ex vivo myocardial ischemia/reperfusion studies 
Free radical mediated oxidative stress is now thought to be a significant 
source of tissue damage during myocardial ischemia/reperfusion 
episodes. We have developed a means to monitor by EPR whole blood 
ex vivo from an open-chest canine method of myocardial ischemia/ 
reperfusion [53]. Using this method we can monitor for the presence of 
Asc· - in myocardial blood within ~4-5 s from leaving the heart. By 
following the intensity of the Asc· - signal versus time we can determine 
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Fig. 10. These data demonstrate the increase in [Asc' - ] during ischemia/reperfusion episodes. 
The percent rise is the change in the area under the curves of plots of [Asc' -) 'is. time; the 
areas were determined using the Simpson integration method; the limits being from the 
beginning of reperfusion through the thirty minute time point [53). Both the 5 min occlusion 
( + 134 ± 73%) and the 20 min occlusion + SOD/CA T experiment ( + 136 ± 94%) were statisti­
cally different p < 0.005 than the 20 min occlusion (+440 ± 236%) experiments. 

the changes in oxidative stress within the myocardium with vanous 
interventions during ischemia/reperfusion episodes [53]. 

These studies have used an open-chest canine model (c::::::20 kg) model 
of ischemia. General anesthesia is achieved with fentanyl droperidol. 
Briefly, a midsternal thoracotomy is performed and the heart exposed. 
A cannula is manipulated into the coronary sinus. Blood is withdrawn 
from the coronary sinus and passed through the EPR spectrometer, 
which is positioned next to the animal; we have refined this system so 
that the blood is scanned by EPR within c::::::4-5 s of withdrawal from 
the coronary sinus, Figure 9. At the beginning of the experiment we 
administer 1 gram of vitamin C as an intravenous bolus, followed by an 
intravenous infusion (usually 3.8 - 15.2 mg/min) in order to attain a 
steady-state arterial concentration of ascorbate free radical. Arterial 
blood is also initially passed through the EPR spectrometer to demon­
strate the steady-state arterial level, which is usually c:::::: 14 nM. The 
venous level is usually ~ 8 nM. The blood is periodically rescanned to 
further demonstrate that the arterial level has not changed (if it has 
changed, the IV infusion of ascorbate is adjusted as necessary). In spite 
of this, if the arterial level of AFR is shown to vary more than 15% 
during a study, that study is discarded. During the experiment the 
coronary venous blood is continuously scanned to determine ascorbate 
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free radical signal intensity: the· amplitude of the ascorbate radical signal 
is linearly proportional to the concentration of the radical, thus permit­
ting real-time quantitative AFR determination, a demonstrated index of 
oxygen free radical generation. 

In this method we have observed that 20 min of regional ischemia will 
increase the integrated Asc' - signal intensity by over 400% upon reper­
fusion, Figure 10. A 5-min occlusion produced substantially less Asc'-; 
superoxide dismutase (SOD) and catalase (CAT) are able to blunt the 
20-min reperfusion oxidative stress, bringing it to near the 5-min occlu­
sion results. 

The disadvantage of this method is that we lose information on the 
exact radicals being produced. However, the big advantage is that we 
are able to get a relative estimate on the total free oxidative flux, in real 
time. Because many types of radicals are produced during the oxidative 
cascade no one primary radical can be a reliable_.marker of the total 
radical flux. However, ascorbate, being at the bottom of the pecking 
order for oxidizing free radicals, can serve as a marker of the total free 
radical oxidative flux in a carefully controlled system. 

Conclusion 

Ascorbate is well known for its reducing properties. As such, it is an 
excellent antioxidant; it is thermodynamically at the bottom of the 
pecking order for oxidizing free radicals [3], thus we view it as the 
terminal small-molecule antioxidant [4]. Ascorbate protects cells from 
oxidative stress by scavenging free radicals and recycling other antioxi­
dants, such as vitamin E. We have described here how using EPR, the 
ascorbate free radical can be used as a maker of oxidative stress. 
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Summary. Lipid hydroperoxides (LOOHs) are important intermediates generated during 
peroxidative degeneration of unsaturated lipids in cell membranes and other organized 
assemblies. Such degeneration typically occurs under conditions of oxidative stress. Since 
LOOHs are subject to rapid turnover in the presence of peroxidases, reductants, or metal ions, 
their levels may be very low and difficult to measure in complex systems such as peroxidizing 
cells or lipoproteins. This has prompted the development of new approaches for the high 
sensitivity/high specificity detection of biological LOOHs. One such approach is reverse-phase 
high-performance liquid chromatography with electrochemical detection using a renewable 
mercury drop cathode [HPLC-EC(Hg)]. Using HPLC-EC(Hg) under optimal mobile phase 
conditions, we have been able to achieve baseline separation of several cholesterol hydroper­
oxides (ChOOHs), not only from one another, but also from phospholipid hydroperoxide 
species (PLOOHs). ChOOHs and PLOOHs in model systems, e.g. photodynamically treated 
liposomes or erythrocyte membranes, could be readily resolved and quantified by this means, 
with detection limits of < 0.5 pmol and < 30 pmol, respectively. Moreover, with HPLC­
EC(Hg) It was possible to determine the relative susceptibility of membrane ChOOHs and 
PLOOHs to selenoperoxidase-catalyzed reduction (detoxification). HPLC-EC(Hg) analysis of 
LOOHs has been extended to more complex systems, viz. (i) murine leukemia Ll210 cells 
subjected to photooxidative stress; and (ii) oxidatively modified low density lipoprotein 
(LDL). Discrete peroxide families could be identified and quantified in each case. On the 
strength of these observations, and because of its low cost, ease of operation, and extraordi­
nary accuracy/precision, HPLC-EC(Hg) is a highly recommended technique for ultrasensitive 
LOOH analysis. 

Introduction 

Since its introduction in the 1970s [I], electrochemical (amperometric) 
measurement has become increasingly more popular as a detection 
modality for liquid chromatography. This popularity is largely at­
tributed to the versatility, high sensitivity, and relatively low cost of 
electrochemical (EC) detection. Of particular note is the versatility 
factor, . which pertains to the broad spectrum of operating potentials 
that can be used with different EC electrodes [2]. This permits a wide 
range of redox-active compounds to be analyzed, and can afford vary­
ing degrees of selectivity for complex mixtures. A thin film of glassy 
carbon or gold-amalgamate is commonly used as an indicator electrode; 
this is typically coupled with a silver/silver chloride reference. The 
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working range for these electrodes is nominally -0.5 V to + 1.0 V 
versus Ag/AgCl. When operated at positive potentials (anodically), the 
electrodes can detect oxidizable analytes such as ascorbate and thiols; 
conversely, when operated at negative potentials (cathodically), they 
can detect reducible analytes such as quinones and peroxides. Used less 
frequently than anodic operation, cathodic operation is more problem­
atic in teIDls of (i) O2 interference, which intensifies as applied voltage 
becomes more negative; and (ii) loss of sensitivity with continued use, 
which is largely due to analyte deposits. The idea of using a renewable 
mercury drop electrode (polarographic approach) to circumvent these 
problems was introduced in 1971 [3]. Peroxide measurement was the 
proposed application at the time. Since then, there has been a surge of 
interest in developing new high performance techniques for analyzing 
biologically important organoperoxides such as lipid hydroperoxides 
(LOOHs). Although a few EC-based approaches have been described 
[4-8], most of these employ static thin layer electrodes, which, as 
already indicated, are subject to deterioration and loss of sensitivity 
when operated in the reductive mode. Cognizant of this, we have 
recently adapted mercury cathode EC detection to reverse-phase high­
performance liquid chromatography, and have found it to be extraordi­
narily well suited for high sensitivity LOOH analysis [9]. This new 
approach is called HPLC-EC(Hg). In this report, we describe optimal 
HPLC-EC(Hg) running conditions and detection limits for cholesterol, 
cholesteryllinoleate, and phosphatidylcholine hydroperoxide standards, 
and illustrate how selected LOOHs in four different oxidized systems 
(liposomes, erythrocyte membranes, murine leukemia cells, and low 
density lipoprotein) can be identified and quantified by HPLC-EC(Hg). 

Materials and methods 

Materials 

Cholesterol (Ch), cholesteryl linoleate (CL), ubiquinone-IO (COQIO)' 
dicetylphosphate (DCP), reduced glutathione (GSH), glutathione re­
ductase, Chelex-lOO, and various cell culture components (except 
serum) were from Sigma Chemical Co. (St. Louis, Missouri). Fetal calf 
serum was from Hyclone laboratories (Logan, Utah). Avanti Polar 
Lipids (Birmingham, Alabama) supplied the I-palmitoyl-2-0Ieoyl-phos­
phatiqy1choline (POPC) and I-palmitoyl-2-linoleoyl-phosphatidyl­
choline (PLPC). HPLC-grade acetonitrile, methanol and isopropanol 
were obtained from Burdick and Jackson (Muskegon, Michigan). The 
photosensitizing dyes, chloroaluminum phthalocyanine tetrasulfonate 
(AIPcS4 ) and merocyanine 540 (MC540), were from Porphyrin Prod­
ucts (Logan, Utah) and Eastman Kodak (Rochester, New York), re-
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spectively. Ciba-Geigy Corp. (Suffern, New York) provided the desfer­
rioxamine (DFO). Phospholipid hydroperoxide glutathione peroxidase 
(PHGPX) was isolated from rat testes and purified as described [10]. 
Enzymatic activity was measured by coupled spectrophotometric assay, 
using NADPH, GSH, glutathione reductase, and photoperoxidized egg 
phosphatidy1choline [11]. Low density lipoprotein (LDL) was isolated 
from human plasma by flotation ultracentrifugation and stored at 4"C 
in phosphate-buffered saline, PBS (25 mM sodium phosphate/125 mM 
NaCl, pH 7.4) containing I mM EDTA. All aqueous solutions were 
prepared with glass-distilled, deionized water. 

Hydroperoxide standards 

The following cholesterol hydroperoxide (ChOOH) standards were pre­
pared by AIPcS4-sensitized photo oxidation of cholesterol and isolated 
as described [8, 12]: 3p-hydroxy-5a-cholest-6-ene-5-hydroperoxide (5a­
OOH); 3P-hydroxycholest-4-ene-6p-hydroperoxide (6P-OOH); and the 

Type II 
(302) 
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Fig. I. Cholesterol hydroperoxides generated by Type I and Type II photochemistry. Perox­
ides are typically derived from ground state oxygen e02) in Type I (free radical) reactions, 
and from singlet oxygen (102 ) in Type II reactions. In the former case, only the major 
photoproducts are shown, i.e. 7(1.- and 7fJ-00H. From Girotti [15]. 
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epimeric pair, 3fJ-hydroxycholest-S-ene-7a-hydroperoxide and 3fJ-hy­
droxycholest-S-ene-7 fJ -hydroperoxide (7a/7 fJ -OOH). Photogeneration 
pathways and structures of these compounds are shown in Figure 1. 
Sa-OOH and 6fJ-OOH are singlet oxygen adducts [13-1S]; 7a-OOH 
and 7fJ-OOH are typically produced by free radical reactions [16], but 
can also arise via Sa-OOH rearrangement to 7a-OOH, followed by 
epimerization [14, 17], as used here. Product assignments were con­
firmed by melting point determinations and by proton NMR [8). 
Hydroperoxides of POPC (POPC-OOH) and PLPC (PLPC-OOH) were 
prepared by photo oxidizing POPC/DCP (10:1, mol/mol) and PLPC/ 
DCP (10:1, mol/mol) liposomes, respectively [9). Cholesteryl lin oleate 
hydroperoxides (CLOOH) were prepared by photo oxidizing CL in 
chloroform/methanol (1:1, v/v). AlPcS4 was used as the sensitizing dye 
in each case, and peroxides were isolated by means of semipreparative 
HPLC-ECCHg) [9]. The major phosphatidylchoJine hydroperoxide 
(PCOOH) family generated by mild photooxidation of L1210 leukemia 
cells was isolated as described [18]. 

Membrane preparation and photooxidation 

Unilamellar liposomes (,..." 100 nm average diameter) consisting of vari­
ous combinations of Ch, POPC and DCP in Chelex-treated PBS were 
fabricated by an extrusion process [12, 19]. Unsealed ghost membranes 
were prepared by hypotonic lysis of freshly isolated human erythro­
cytes, followed by extensive washing with Chelex-treated PBS, and 
resuspension in this buffer. All membrane preparations were stored 
under argon at 4°C and used for experiments within a fortnight. 
Liposomes ("" S mM total lipid) or ghosts (,..." 1 mg protein/ml) were 
photoperoxidized by irradiating in the presence of S-10,LiM AIPcS4 , a 
potent singlet oxygen generator [20]. Reactions were carried out in 
thermostatted beakers, using a 90-W quartz-halogen lamp (fluence rate 
,..." 30 mW/cm2). After predetermined light doses, samples were extracted 
with chloroform/methanol (2:1, v/v), and recovered lipid fractions were 
analyzed for peroxides by iodometric assay and/or by HPLC-ECCHg). 

Preparation and photooxidation of cultured cells 

Murine leukemia L1210 cells from the American Type Culture Collec­
tion (Rockville, Maryland) were grown in suspension culture, using 1 % 
serum/RPMI-1640 medium supplemented with selenium, growth fac­
tors, and antibiotics [21]. Viability was assessed by c1onogenic assay 
[21]. Exponentially growing cells were used for all experiments. Immedi­
ately before irradiation, cells (,..." 107/ml) were transferred to serum-free 
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RPMI medium, treated with sensitizing dye (typically MC540). and 
irradiated with cool-white light (fluence rate ",0.75 mW/cm2). After a 
brief exposure « 5 min), samples were extracted and lipid fractions 
analyzed by HPLC-EC(Hg); see [IS] for additional details. 

Iodometric -assay 

The LOOH content of standards and sufficiently peroxidized experi­
mental samples was determined by iodometric assay [22]. Hydroperox­
ides were reduced anaerobically in the presence of excess iodide, with 
stoichiometric formation of triiodide. The latter was determined spec­
trophotometrically at 353 nm; quantitation was based on an extinction 
coefficient of 22.5 mM- 1 cm- 1 at this wavelength. 

Chromatographic conditions 

The HPLC-EC(Hg) instrumentation consisted of an Isco integrated 
HPLC system (Isco, Inc., Lincoln, Nebraska) interfaced with an 
EG&G-Princeton Model 420 electrochemical detector (Princeton, New 
Jersey). The detector was equipped with a renewable mercury drop 
electrode that was operated in the cathodic (reductive) mode. Analytical 
chromatography was carried out at 25-27°C, using a CIS Ultrasphere 
column (4.6 x 150 mm; 5.um particles) from Beckman Instruments 
(San Ramon, California) and a CIS guard cartridge (4.6 x 15 mm) 
from Alltech Associates (Deerfield, Illinois). Three different premixed 
mobile phases were used, as indicated: (A) S3% methanol, 10% acetoni­
trile, and 7% aqueous solution containing 10 mM sodium acetate and 
0.25 mM sodium perchlorate; (B) 79.5% methanol, 11.5% acetonitrile, 
and 9.0% aqueous solution containing 10 mM ammonium acetate and 
0.25 mM sodium perchlorate; (C) 54% isopropanol, 23% acetonitrile, 
14% methanol, and 9% aqueous solution containing 10 mM ammonium 
acetate and 0.25 mM sodium perchlorate. (Designated proportions are 
by volume.) Each solvent system was sparged continuously with high­
purity argon (>99.9S%; BOC Gases, Chicago, Illinois) that had been 
passed first through an OMI-l oxygen scrubber (Supelco, Inc. Belle­
fonte, Pennsylvania) to reduce O2 concentration to < 10 ppb, and then 
through a presaturating mobile phase scrubber. Typically, overnight 
purging, followed by column washing for 0.5 h was sufficient to achieve 
a background current in the range of 0.4-1.0 nA (depending on the 
applied potential), which was satisfactory for most analyses. The mobile 
phase was delivered isocratically at a flow rate of 1.0-2.0 ml/min 
against a back pressure of 1100-1500 psi, depending on the solvents 
used. Samples were dissolved in isopropanol and injected through a 
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10 Jilloop. For high sensitivity settings (0.1-0.2 nA full scale), samples 
were chilled and sparged with high purity helium for 30 s prior to 
injection in order to minimize interference from Oz. A mercury drop 
was dispensed and equilibrated for 3-4 min before each sample injec­
tion, which typically reduced background noise to a satisfactory low 
level. Unless indicated otherwise, the operating potential of the mercury 
electrode was set at - 300 m V versus a Ag/ AgCl reference. Data collec­
tion, manipulation and storage was accomplished with an IBM 486 
clone and Isco Chemresearch software. 

Semipreparative HPLC-EC(Hg) of photooxidized cellular lipids was 
carried out on a Beckman Ultrasphere C18 column (10.0 x 250 mm; 
5 Jim particles), using Mobile Phase A. The flow rate was 4.0 ml/min. 

Results 

Chromatography oj lipid hydroperoxide standards 

We have devoted considerable effort to ChOOH analysis for the following 
reasons: (i) cholesterol is a prominent lipid in most eucaryotic cells, com­
prising 40- 50 mol % of the plasma membrane; (ii) the peroxide popula­
tion will be relatively small, since cholesterol is the only naturally occur­
ring lipid that exists as a single molecular species; (iii) identification of 
different ChOOHs can provide valuable information about oxidative reac­
tion mechanisms [23, 24]. By testing various solvent combinations, we 
found that Mobile Phase A or B (ternary mixtures) afforded excellent 
baseline separation of three isomeric ChOOH standards: 51l-00H, 
6jJ-00H, and 711/7 jJ-OOH. (Phase A, the less polar of the two, resulted in 
sharper peaks and shorter retention times.) 61l-00H could also be re­
solved under these conditions, but we have not yet isolated it in sufficient 
quantity to define its HPLC-EC(Hg) properties. Unlike 611- and 6jJ-00H, 
the rapidly eluting 711- and 7 jJ-OOH epimers did not resolve from one an­
other. With Mobile Phase B, the capacity factor, k' (defined as (t - to)/to, 
where t = analyte retention time, and to = solvent breakthrough time) was 
found to be 7.4,8.8, and 12.5 for 71l/7jJ-00H, 51l-00H, and 6jJ-OOH, 
respectively. Standard curves for the EC responses (peak areas) of the 
different ChOOHs were linear with amount of injected solute out to at 
least 1 nmol. Slopes of the response curves were as follows: 2.29 ± 0.01 
(71l/7jJ-OOH); 2.11 ±0.01 (51l-00H); 1.70±O.05 (6jJ-OOH) (mean± 
SE, n> 10). Thus, 51l-00H and 71l/7jJ-OOH have nearly equal EC 
responses, which are'" 30% greater than that of 6jJ-OOH. The detection 
limit (based on a signal-to-noise ratio of3) was found to be 0.13,0.20, and 
0.31 pmol for 71l/7jJ-OOH, 51l-00H, and 6jJ-OOH, respectively. It is 
important to note that these limits are far below the limit observed for UV 
(212 nm) absorbance by each of these compounds (",0.25 nmol). 
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POPC-OOR and PLPC-OOR families could also be resolved from 
one another, as well as from most of the ChOOR species, using Mobile 
Phase B. POPC-OOR could be partially separated into two components 
(presently undefined), while PLPC-OOR emerged as a single broad 
peak. The k' values were as follows: 14.2 and 15.3 for POPC-OOR 
peaks I and II; 10.0 for PLPC-OOR. We found that EC peaks were 
significantly sharper when ammonium acetate was included in the 
mobile phase. This was especially apparent for POPC-OOR; 0.8-
1.0 mM ammonium acetate in the bulk phase was sufficient for maximal 
(albeit still partial) resolution of the two POpe-OOR peaks. Standard 
response curves for POPC-OOR and PLPC-OOR were linear with 
injected peroxide out to at least 1 nmol, with slopes of 1.10 ± 0.05 and 
1.09 ± 0.04, respectively (mean ± SE, n> 8). Thus, both phospholipid 
hydro peroxides exhibit the same detection sensitivity, which is approxi­
mately one-half that of 7af7 fJ-OOR or 5a-00R, and two-thirds that of 
6fJ-00R. The detection limit was estimated as 20 pmol for PLPC-OOR 
and 30 pmol for POPC-OOR. These values are ~ 100-fold greater than 
those for the ChOORs, reflecting the much broader peaks and longer 
retention times of the phospholipid species. Despite these higher limits, 
EC detection of POPC-OOR and PLPC-OOR is still at least 10-times 
more sensitive than UV (212 nm) detection under the chromatographic 
conditions described. 

The retention time of a CLOOR standard (eluting as a single peak) 
was found to be longer than 60 min with Mobile Phase B. Switching to 
a lower polarity system, Mobile Phase C, resulted in a considerably 
shorter retention time. The following RPLC parameters for CLOOR 
were established with this system: k' = 4.08; detection limit ~ 0.1 pmol. 

The optimal working potential of the mercury cathode for any given 
hydroperoxide or hydroperoxide family was established by examining 
its hydrodynamic voltamogram under selected chromatographic condi­
tions. For each of the LOORs studied except CLOOR, EC peak height 
increased with negative applied potential until some limiting value was 
reached. This value was approximately - 250 m V for 5a-00R, 6fJ­
OOR, and 7af7fJ-00R; and -300 mV for POPC-OOR and PLPC­
OOR. The behavior of CLOOR was strikingly different in that maximal 
response was attained at the lowest applied potential (0 m V) and 
remained constant out to - 300 m V. This translates into an analytical 
advantage, since working at relatively low negative potentials results in 
less interference from background noise and contaminating O2 , 

Lipid hydroperoxides in photooxidized membranes 

LOORs generated by AIPcS4-sensitized photo oxidation of a model 
membrane, unilamellar Ch/POPC/DCP liposomes, were analyzed by 
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HPLC-EC(Hg). A lipid extract of the peroxidized membranes was 
chromatographed using Mobile Phase A. As shown in Figure 2A, the 
EC profile consisted of six major peaks; four of these (labeled a-d, 
4-8 min range) were baseline-separated, and two (labeled e collectively; 
10-13 min range) were only partially separated from one another. 
Using retention times of known species as references, we have assigned 
peaks, a, b; c, d, and e as 71Xf7f3-00H, 51X-OOH, 61X-OOH, 6f3-00H, 
and POPC-OOH, respectively. Detection of 51X-OOH, 61X-OOH and 
6f3-00H is unambiguous evidence for singlet oxygen involvement in the 
photoperoxidation reaction (Fig. 1; [24]). The prominent 71Xf7f3-00H 
peak could signify free radical involvement as well [23, 24]; however, we 
ascribe its presence in this particular experiment to 51X-OOH rearrange­
ment, which becomes more prominent as membranes become heavily 
photooxidized [12]. All of the peaks observed in Figure 2A disappeared 
after triphenylphosphine treatment, which is consistent with peroxide 
identity. In seeking additional confirmatory evidence, we treated pho­
tooxidized liposomes with GSH and two different selenoperoxidases, 
"classical" glutathione peroxidase (GPX) and phospholipid hydroper­
oxide glutathione peroxidase (PHGPX). Unlike GPX, which recognizes 
only relatively polar species such as H20 2 and fatty acid hydroperox­
ides, PHGPX reacts with a wide variety of peroxides, including lipid 
hydroperoxides in membrane environments [11, 25]. There was no 
significant change in the HPLC-EC(Hg) profile after incubating peroxi­
dized membranes with GSH alone for 30 min (Fig. 2B). However, 
30 min with GSHjPHGPX resulted in a large reduction of all peaks 
(Fig. 2C). By contrast, incubation with GSH and GPX (even at 10 
times as many units as PHGPX) produced no change in the profile (not 
shown). Taken together, these results support our conclusions about 
peroxide identity in this system. In subsequent experiments on lipo­
somes photooxidized as described in Figure 2, we compared the kinetics 
of PHGPX-catalyzed reduction for different peroxide species. A kinetic 
profile showed that all of the resident LOOHs decayed in apparent 
first-order fashion during GSHjPHGPX treatment, but some at signifi­
cantly different rates than others. For example, 51X-OOH (the only 
tertiary peroxide) was reduced most slowly, and 6f3-00H most rapidly; 

Fig. 2. HPLC-EC(Hg) of lipid hydroperoxides from photoperoxidized liposomes before and 
after GSH/PHGPX treatment. Unilamellar Ch/POPCfDCP liposomes (\:1:0.1 mol/mol) in 
Chelex-treated PBS (4.0 mM total lipid) were sensitized with 10 pM AlPcS4 and irradiated 
with broad-band visible light for 3 h at 15°C, giving a total [LOOH] of ~2 mM. The 
liposomes were then diluted 10-fold in PBS containing 50 pM DFO. Lipids were extracted and 
analyzed by HPLC-EC(Hg) before incubation (A) or after a 30-min dark incubation at 37°C 
in the presence of 5 mM GSH alone (B) or 5 mM GSH plus 0.05 U/ml PHGPX (C). Mobile 
Phase A was used. Total LOOH injected: 3.7 nmol (A). Full scale detector sensitivity was 
20 nA over the first 9 min and 5 nA thereafter. Hydroperoxides are denoted as follows: (a) 
7rx/7fJ-OOH; (b) 5rx-OOH; (c) 6rx-OOH; (d) 6fJ-OOH; (e) POPC-OOH. 
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Fig. 3. HPLC-EC( Hg) of photoperoxidized erythrocyte ghosts. Ghost membranes (1.0 mg 
protein/ml in Chelex-treated PBS) were sensitized with 10l1M AIPcS4 and irradiated fo r 
75 min at lO°C. Extracted LOOHs were analyzed by HPLC-EC(Hg) using Mobile Phase B. 
Total peroxide injected: 6.09 nmol. Full scale detector sensitivity was 5 nA from 0- 12 min , 
2 nA from 12- 17 min, and I nA thereafter. Peak identities are as follows: (s) photooxidized 
cis-II-eicosenoic acid methyl ester (internal standard); (a) 7af7fi-OOH; (b) 5a-OOH; (e) 
6a-OOH; (d) 6fi-OOH; (e) PLOOHs. 

rate constants differed in the following order: 6f3-00H > POPC­
OOH > 7rxJ7f3-00H » Srx-OOH. 

We have also examined the LOOH distribution in a photooxidized 
natural membrane, the human erythrocyte ghost. After exposure of 
ghost membranes to a single dose of white light in the presence of 
AlPcS4 , lipids were extracted and analyzed by HPLC-EC(Hg), using 
Mobile Phase B. A representative chromatogram for these membranes 
is shown in Figure 3, where one sees at least 10 EC peaks over a 30-min 
elution span. The earliest peak (",4 min) represents a peroxidized 
eicosenoate ester, which was added as an internal standard to check 
stability of the electrode response. Referring to retention times of 
ChOOH standards with Mobile Phase B, we have assigned peaks a, b, 
c, and d as 7rxf7f3-00H, Srx-OOH, 6rx-OOH, and 6f3-00H, respectively. 
Mobile Phase B is more polar than A, which probably accounts for the 
longer retention of peaks a - d in Figure 3 than in Figure 2A. The group 
of peaks collectively denoted as fraction e (18 -27 min) in Figure 3 is 
believed to represent phospholipid hydroperoxides on the following 
basis. When photooxidized ghosts were incubated with Ca2 + and phos­
pholipase A2 , all the peaks in fraction e disappeared, whereas peaks a- d 
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were unaffected (not shown). This is consistent with fraction e being 
phospholipid-derived, since phospholipase A2 specifically catalyzes the 
hydrolysis of sn-2 linkages in phospholipids. When photo oxidized ghosts 
were incubated with GSHjPHGPX under conditions similar to those 
described in Figure 2, there was a progressive loss of peaks a-e (not 
shown), confirming that all of the compounds detected were hydroperox­
ides. All peaks decayed in apparent first order fashion, the rate constants 
(h- 1) being as follows: PLOOH (7.9); 6fJ-OOH (3.0); 6a-OOH = 7aj7fJ­
OOH (l.8); 5a-OOH (0.9). Thus, in this system, as with liposomes, 
5a-OOH stands out as the peroxide that is least reactive with GSHj 
PHGPX. Solubilization of the membranes with Triton X-lOO caused all 
of the LOOHs to decay more rapidly during GSHjPHGPX treatment; 
however, their relative decay rates remained essentially the same, suggest­
ing that low reactivity of 5a-OOH, for example, is not due to poor 
accessibility in the membrane environment, but rather low intrinsic 
reactivity. This might relate to the fact that 5a-OOH is a tertiary 
(inter-ring) peroxide, and as such might not be recognized by PHGPX 
as well as secondary peroxides such as 6fJ-OOH or 7aJ7fJ-OOH. Photo­
dynamically treated cell membranes can accumulate 5a-OOH at rela­
tively high initial rates [12, 24]. Rapid formation on the one hand and 
slow enzymatic detoxification on the other could mean that 5a-OOH is 
potentially more cytotoxic than all of the other peroxides considered. 
Whether this proves to be the case remains to be seen. 

Lipid hydroperoxides in photooxidized cells 

The excellent results obtained with isolated membranes prompted us to 
extend our work to more complex systems. Murine leukemia LI2l0 cells 
SUbjected to a photooxidative insult were chosen as one example. 
Content of major lipids in these cells is as follows [18]: phospholipid 
(69%), triacylglycerol (27%), cholesterol (4%). MC540, an amphiphilic 
dye of therapeutic potential in connection with its antileukemic proper­
ties [26], was used as the photosensitizing agent in these experiments. Of 
special interest to us was whether LOOHs could be detected before any 
gross photo killing had occurred, i.e., in minimally damaged cells. This 
would require operation of the HPLC-EC(Hg) system at maximal or 
near-maximal sensitivity. Results of a typical experiment [9, 18] are 
shown in Figure 4. Using a detector sensitivity of 2.0 nA full-scale, we 
observed no EC signals for unirradiated cells (Fig. 4A) or cells that had 
been irradiated in the absence of MC540 (not shown). By contrast, a 
complex profile with at least lOwell-defined peaks was observed when 
an equal number of dye/light-treated cells was analyzed (Fig. 4B). All of 
these peaks disappeared when a photooxidized sample was treated with 
triphenylphosphine, consistent with peroxide identity. We have deter-
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Fig. 4. Chromatograms of lipid hydroperoxides from photooxidized L12l0 cells. Lipids were 
extracted and analyzed by HPLC-EC(Hg) with Mobile Phase B before (A) and after (B) 
exposing L1210 cells (107/ml) to -0.11 J/cm2 of cool-white fluorescent light in the presence of 
25 JlM MC540. Each injection corresponded to 2 x 107 cells (-280 Jlg total lipid). The 
sample in (B) contained 1.4 ± 0.2 nmol of total LOOH (mean ± SD, n = 3). Vertical arrows 
indicate retention times of cholesterol hydroperoxide standards run separately: 7rx/7P-OOH 
(7.2 min); 5rx-OOH (8.3 min); 6P-OOH (11.4 min). The 18-22 min fraction in (B) was 
isolated by semipreparative HPLC and rechromatographed (C): 575 pmol LOOH injected. 
From Korytowski et al. [9]. 

mined that the three peaks marked with arrows represent mostly 7-
OOH, Sa-OOH, and 6fi-OOH (in order of increasing retention time); 
this was based on sample spiking with authentic compounds and thin 
layer chromatography (TLC) of isolated peak fractions [18]. Material 
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eluting as a broad peak at 18-22 min (Fig. 4B) was isolated in relatively 
large amount by semipreparative HPLC-EC(Hg). Re-examination by 
analytical HPLC-EC(Hg) revealed a single broad peak centered at 
",20 min (Fig. 4C). We have determined that the 18-20 min fraction is 
hydroperoxide in nature by showing that it can be completely reduced 
by GSHjPHGPX, but not affected by GSHjGPX. That this fraction 
consists predominantly of phospholipid hydro peroxide (specifically 
PCOOH), was established on the following grounds: (i) It comigrates 
with authentic POPC-OOH or egg PCOOH on a TLC plate; (ii) Its EC 
response characteristics are identical to those of POPC-OOH or PLPC­
OOH; (iii) It can be hydrolyzed by Ca2+-dependent phospholipase A2 , 

giving stoichiometric amounts of fatty acid hydroperoxides, as deter­
mined by HPLC-EC(Hg). Since triacylglycerols account for a large 
proportion of cellular lipid (see above), some of the other EC peaks 
might represent triacylglycerol hydroperoxides, but we· have no evidence 
for this yet. It is important to note that if these species are generated, 
their yields might be low, since triacylglycerols are located in the 
cytosol, whereas MC540 photo activation occurs mainly in the plasma 
membrane [26]. The light fluence resulting in the peroxide profile shown 
in Figure 4B ( '" 0.11 J jcm2) caused a relatively modest cell kill, '" 30% 
loss of clonogenicity. Using HPLC-EC(Hg), we were able to detect 
LOOHs at a fluence of only 0.045 Jjcms, which killed only 10% of the 
cells. Thus, it appears that lipid peroxidation was an early event in 
dye-mediated photo toxicity, raising the possibility that it was linked to 
cell killing in some fashion, as recently proposed [21]. 

Lipid hydroperoxides in low density lipoprotein 

We have also used HPLC-EC(Hg) to determine trace levels of LOOHs 
in human LDL [27]. Oxidative modification of the apoB-lOO protein of 
LDL, a process mediated by lipid peroxidation, is believed to playa 
causal role in atherogenesis [28]. Since rampant free radical-mediated 
peroxidation of LDL might be triggered by preexisting LOOHs, it is 
important that these species be determined with high accuracy and 
sensitivity. We have empirically developed a quaternary solvent system 
(Mobile Phase C) which effects a good separation of all major LOOHs 
found in oxidized LDL, i.e. species derived from cholesteryl esters (the 
most abundant lipid family), phospholipids, cholesterol, and triacylglyc­
erols. A great advantage of EC detection over, e.g. UV (234 nm) 
detection, was demonstrated for a cholesteryl ester standard, CLOOH. 
The single EC peak for CLOOH (retention time'" 10 min) disappeared 
after triphenylphosphine treatment; however, with UV (234 nm), which 
detects conjugated dienes of fatty acyl peroxides as well as their simi­
larly eluting hydroxy analogues, no change was observed. Therefore, as 
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Fig. 5. LOOHs in freshly prepared and aged LDL: susceptibility to enzymatic reduction. A 
single preparation of LDL was analyzed by HPLC-EC(Hg) (Mobile Phase C) within 24 h 
after final preparative centrifugation (A), and after two weeks (B) or six weeks (e) storage at 
4°C. LDL samples (I.Omg protein/ml in Chelexed PBS/I mM EDTA) were either analyzed 
directly (top traces) or after a I-h incubation with GSH (5 mM)/PHGPX (10 mU/ml) at 37°C 
(bottom traces). Full scale sensitivity: (A) 0.5 nA over the first 7 min, then a switch to 0.1 nA 
(arrow); (B) 0.5 nA over the first 7 min, then a switch to 0.2 nA (arrow); (e) 2.0 nA 
throughout. (a) cholesteryl ester (9.9 min); (b) ubiquinone-IO (14.1 min). From Thomas et aI. 
[27]. 

pointed out previously for other compounds [8, 9], EC is far superior to 
UV for specific peroxide detection (distinction of peroxides from hy­
droxides). With regard to sensitivity, the HPLC-EC(Hg) detection limit 
for CLOOH was found to be '" 100 fmol (signal-to-noise ratio of 3). 
This is at least 200-times lower than the limit determined for UV 
(234 nm) detection. An EC response curve for CLOOH showed linear­
ity out to at least 4.0 nmol. With the detector set at maximum sensitivity 
(0.1 nA full scale), we have been able to detect and quantify cholesteryl 
ester hydroperoxide (CEOOH) in fresh LDL prepared with the utmost 
care to avoid autoxidation. Pristine LDL (analyzed within 24 h after 
final centrifugation) exhibited a prominent CEOOH peak at '" 10 min 
and a peak at '" 14 min identified as ubiquinone-10 (COQIO) (Fig. SA). 
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The CEOOH content of four different preparations of fresh LOL 
(representing different donors) was found to be 9.8 ± 2.2 pmol/mg 
protein (mean ± SO), which corresponds to '" 1 CEOOH for every 200 
LDL particles. (The antioxidant, e.g. a-tocopherol, status of these 
preparations was normal.) When pristine LOL was allowed to stand at 
4°C in Chelexed PBS/l mM EOTA, CEOOH content increased to 
~ 25 pmol/rug protein after 2 weeks (Fig. 5B) and ~ 300 pmol/mg 
protein after six weeks, a 30-fold increase overall (Fig. 5C). Thus 
autoxidation took place, despite precautionary measures. It is important 
to note that the 6-week LOOH level was still far below the detection 
limit of a conventional iodometric or thiobarbituric acid assay. 

We found that incubating freshly prepared LDL with GSH/PHGPX 
caused CEOOH to be completely reduced without affecting COQIO (Fig. 
5A). Similar results were obtained with the aged preparations (Fig. 
5B,C). Importantly, the GSH/PHGPX-treated LDL was found to be 
much more resistant to Cu2 + -induced peroxidation, as evidenced by a 
longer lag in the formation of thiobarbituric acid-reactive substances 
[27]. These findings - largely derived through the use of HPLC-EC( Hg) 
.~ have clearly established that preexisting LOOHs in LDL can act as 
powerful sensitizers of large-scale oxidative damage. 

Discussion 

Interest in biological lipid peroxidation has intensified in recent years. 
This is attributed to a growing awareness that lipid peroxidation may 
play an important role in a wide variety of disorders and pathological 
conditions, including autoimmune inflammatory states, ischemia-reper­
fusion injury, atherogenesis, and carcinogenesis [25]. Along with this 
interest has come the need for improving the methods used for analyz­
ing peroxidation intermediates and products. Many investigators have 
focused on direct determination of fatty acid and lipid hydroperoxide 
intermediates [4-8]. When carried out carefully, direct measurement of 
hydro peroxides is subject to fewer artifacts and uncertainties than many 
other approaches used to assess lipid peroxidation, e.g., determination 
of conjugated dienes or aldehyde by-products such as malonaldehyde 
and 4-hydroxynonenal [24]. In biological systems, LOOHs generated as 
a result of some oxidative stress are present in complex mixtures 
typically representing many different lipid classes and different molecu­
lar species. In addition to the polydispersity, naturally occurring 
LOOHs may exist at very low steady-state levels due to metabolic 
detoxification or metal ion-mediated conversion to free radicals and 
other species [29]. These have been important considerations in the 
drive to develop high-resolution and high-sensitivity methods for 
LOOH analysis. Several different HPLC-based approaches have been 
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described in recent years, along with a variety of detection modalities, 
including chemiluminescence [30, 31], fluorescence [32], visible ab­
sorbance [33], ultraviolet absorbance [34], and electrochemical [4-9] 
detection. All of these modalities except the latter two depend on some 
type of postcolumn reaction (LOOH-induced oxidation) in order to 
generate a signal. The non-requirement for postcolumn chemistry is a 
major advantage for EC detection, since potential problems associated 
with mobile phase incompatibility, mixing inaccuracy, reagent instabil­
ity, or interfering contaminants are avoided. An additional advantage of 
EC detection that distinguishes it from ultraviolet or radiochemical 
detection is a high selectivity factor. The importance of selectivity can 
be illustrated for phospholipid hydroperoxides, which are often accom­
panied by hydroxy analogues (reduction products) in biological sam­
ples. Since phospholipid hydroperoxides and hydroxides are not 
resolved in any type of reverse-phase or normal-pha.se HPLC, differenti­
ating them in systems relying on ultraviolet detection (e.g., 234 nm 
absorbance of conjugated dienes) or radiochemical detection (radioac­
tivity of 14C_ or 3H-labeled species) is virtually impossible. However, 
hydroxy derivatives of all LOOHs, including fatty acid, phospholipid, 
cholesterol, and cholesteryl ester hydroperoxides, are EC silent [7, 8], 
meaning that only the peroxides will be detected in complex mixtures 
containing both forms. Although similar specificity is possible with 
other detection methods [30-33], occasionally false or interfering sig­
nals arise, which lead to confusion or uncertainty in peroxide determi­
nations. For example, in the well known chemiluminescence approach 
involving isoluminol as an indicator, peaks attributed to ubiquinols and 
troughs attributed to antioxidants such as ascorbate or a-tocopherol 
have been observed along with authentic peroxide peaks in chro­
matograms of plasma samples [31]. If coincident with or closely adja­
cent to peroxide signals, false signals such as these could obviously 
present problems. In our experience, none of the above mentioned 
compounds interferes with HPLC-EC(Hg). However, we have seen that 
the fully oxidized form of ubiquinol-lO, i.e., ubiquinone-10 (COQIO)' 
gives a strong EC signal at operating potentials used for HPLC­
EC(Hg). Under the conditions described for LDL-LOOH analysis, 
COQIO emerges well beyond all recognized peroxide species, including 
CEOOHs, and therefore does not pose a problem. We have not yet 
looked for COQIO in cell samples; a system of much lower polarity than 
Mobile Phase B (cf. Fig. 4) would be necessary in order to elute COQIO 
in a reasonable time ( < 1 h). It is possible that other oxidized species 
that extract with LOOHs (e.g., other lipophilic qui nones or peroxides of 
{3-carotene and a-tocopherol) will also be detected by HPLC-EC(Hg). 

In earlier work involving reductive mode HPLC-EC for LOOH 
analysis, we [8] and others [6, 7] used a thin-layer (glassy carbon) 
indicator electrode. Progressive loss of responsiveness due to electrolyte 
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deposits poses a major problem with permanent electrodes of this type. 
This problem can become critical when large negative operating potentials 
are used. Quite often, samples need to be spiked with internal standards 
to correct for response losses. Electrodes can be rejuvenated by polishing, 
but this is tedious and the results are often disappointing. These difficulties 
were eliminated by switching to the renewable mercury drop system. The 
EG&G-Princeton accessory that we describe can be interfaced with any 
available EC controller unit. We have determined that under normal 
conditions, several samples can be injected consecutively on a single 
mercury drop (at least five for CLOOH) without significant loss of 
detector sensitivity « 5% from run-to-run). However, we typically 
dispense a new drop before each injection. Dissolved O2 is the major source 
of interference in HPLC-EC(Hg). Although O2 elutes far upstream and 
well ahead of most LOOHs, high sensitivity runs ( <0.5 nA full scale) 
require that samples be carefully deoxygenated before injection. Scrupu­
lous deoxygenation of the mobile phase is also necessary in order to 
minimize the equilibration time for each newly dispensed mercury drop. 
Under normal circumstances, background currents of < 1 nA are attained 
within 2-3 min during equilibration, which is far better than the best 
possible time with the glassy carbon electrode [8]. Unlike thin-film 
electrodes, the mercury cathode is easily renewed. This translates into a 
great advantage for chromatographic flexibility, since the mobile phase 
can be changed at will without concern about permanent loss of sensitivity. 
With a detection limit of <0.5 pmol for ChOOHs and .....,0.1 pmol for 
CLOOH under specified conditions, mercury electrode EC is much more 
sensitive than glassy carbon EC [8], and probably more sensitive than all 
other HPLC-based detection modes. 

Using peroxidized membranes, cells, and LDL as examples, we have 
demonstrated that HPLC-EC(Hg) is eminently well suited for analyzing 
LOOHs in complex biological systems. As it continues to be developed 
and refined, this technique should prove to be extremely valuable for 
assessing LOOH status in oxidatively stressed cells and tissues. There is 
a growing interest in other biological peroxides besides LOOHs, e.g. 
nucleic acid and protein peroxides [35, 36]. Studies involving these species 
should also benefit from the availability of HPLC-EC(Hg). 
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Summary. Lipid peroxidation is a complex process whereby unsaturated lipid undergoes 
reaction with molecular oxygen to yield lipid hydroperoxides. In most situations involving 
biological samples the lipid hydroperoxides are degraded to a variety of products including 
alkanals, alkenals, hydroxyalkenals, ketones, alkanes. Although attack by singlet oxygen 
on unsaturated lipid has been shown to give hydroperoxides by a nonradical process, the 
vast majority of situations involving lipid peroxidation proceeds through a free radical­
mediated chain reaction initiated by the abstraction of a hydrogen atom from the unsaturated 
lipid by a reactive free radical, followed by a complex sequence of propagation reactions. 
The involvement of free oxygen radicals in the pathology of certain diseases explains 
the growing interest in the assay of lipid peroxides. Assay of polyunsaturated fatty acid 
degradation products is currently performed by measuring the so-called thiobarbituric acid-re­
active substances, of which malondialdehyde is the best known. Because this assay is 
controversial, a second index of free radical attack would be useful to confirm the peroxidative 
process. 

In this paper, we describe the determination of plasma lipid hydroperoxides and thiobarbi­
turie acid reactive substances (TBARS). We proposed an improved enzymatic technique for 
assay of lipid hydroperoxides in biological fluids. The technique previously described by Heath 
and Tappel cannot be used in biological determinations. In fact, the presence of endogenous 
enzymes such as glutathione peroxidase and glutathione reductase in the sample interferes 
with the reaction and makes the results unreliable. Elimination of these endogenous enzymes 
by deproteinization before assaying for lipid hydroperoxides in the plasma gives simple, 
reliable, and reproducible measurements. The determination of TBARS is a widely used 
method for investigating overall lipid peroxidation. The TBARS assay is accomplished by 
mixing the sample with a TBA reagent in acid medium and placing in a boiling water bath. 
After extracting the TBARS by organic solvent, their optical density or fluorescence intensity 
is measured. TBARS assay detects both preexisting malondialdehyde (MDA) plus whatever 
substances give rise to MDA during the assay. Lipid hydroperoxides can decompose during 
heating in the presence of acid and metals and give rise to MDA and other aldehydes capable 
of interacting with TBA during the assay. Many researchers use this assay in their laboratories 
but the procedures used vary; the variability could arise from differences in sample volume, 
acid type, .pH of medium, heating duration, blank undertaking and detection conditions. 
These variations render impossible the comparison of results between laboratories. The use of 
an assay kit for plasma TBARS assay would enable the method to be standardized. The 
results reported here indicate that the MDA-kit manufactured by SOBIODA (GRENOBLE, 
France) complies with criteria of good analytical practices. However, we concluded that no 
single method sufficiently meets analytical standards in all application to make it the choice 
(let alone universal) one. We thus emphasize the need to integrate different analytical 
approaches in the assessment of oxidant stress in vivo. 
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Introduction 

Reactive oxygen species (ROS) are involved in many pathologies (Aids, 
cancer, ischaemia/reperfusion, chronic inflammation, kidney failure) 
and in ageing process [1-6]. Free radicals are also produced as a 
secondary event in human disease, in particular trauma and toxins [7]. 
Though -it is extremely difficult to measure these transient, highly 
reactive species directly in biological fluids, determination of the degra­
dation products of the peroxidized substances (lipid, protein, or DNA) 
is becoming the procedure of choice [8]. Attack of a reactive species 
such as ·OH upon the side-chains of unsaturated fatty acids causes 
hydrogen atom abstraction. Hydrogen can be abstracted at different 
points in the side-chain, so that several isomeric lipid hydroperoxides 
can result. These hydroperoxides can then decomose into many low­
weight-molecular compounds. The measurement-·of putative elevated 
end products of lipids peroxidation in human material is probably the 
evidence most frequently quoted in support of the involvement of ROS 
in tissue damage in human diseases [9-11]. Estimation of lipid peroxi­
dation in blood samples has been based on the analysis of conjugated 
dienes absorption, lipid hydroperoxides (LHP) and malondialdehyde 
(MDA) content. Other aldehydes are also among the parameters com­
monly assayed [11]. Determination of each of these parameters has both 
advantages and limits. However, we think that at least two parameters 
have to be explored to confirm the presence of lipid peroxidation 
process. 

The most direct approach for the assessment of lipid peroxidation is 
the quantification of the primary (hydroperoxide) products. These 
products are relatively stable and usually the result of both free radical 
attack and biological enzyme activity such as lipooxygenase. Their assay 
can give information on the degree of peroxidation. Methods of LHP 
assay are based on several principles. The reference method uses the 
oxidation of iodide by LHP [12]. This method is not very sensitive in the 
presence of atmospheric oxygen when applied to human plasma [13]. 
This technique is indeed the most commonly used one for LHP assay in 
pure lipid solutions. Several other techniques have also been proposed 
[14, 15], in particular the enzymatic method described by Heath and 
Tappel [16], and recently taken up again by Allen et aI. [17]. Their 
technique involves a coupled glutathione peroxidase-glutathione reduc­
tase reaction. Currently, it is the technique most used in human biology. 
Though the initial method has satisfactory within-run and between-run 
precision, it lacks accuracy and specificity. The enzymes involved in the 
assay (glutathione peroxidase [GPx], glutathione reductase [GRx]) ex­
ist, indeed, in the endogenous state in the sample at concentrations that 
can distort the result. We thus define methods of treating the sample 
that would overcome the problem of endogenous enzymes and allow 
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better standardization of the procedure in order to satisfy the analytical 
criteria required for the biological assay. 

Malondialdehyde is one of the products of lipid peroxidation which 
appears to be produced in relatively constant proportion to lipid perox­
idation, it is therefore a good indicator of the rate of lipid peroxidation 
in vivo. MDA can act as either a nucleophile or an electrophile and 
forms multiineric adducts [18]. Upon heating at low pH, MDA readily 
participates in addition reactions giving rise to a variety of condensation 
products. However, all of these reactions lack selectivity with the 
exception of low-molecular-weight aldehydes [19]. The reaction between 
MDA and TBA produces a red pigment with a high molar absorbtivity. 
The red MDA:TBA condensation product is a 1:2 adduct with a MDA 
moiety at the end of the molecule of TBA. This adduct is both 
pigmented and fluorescent, and the reaction usually requires low pH 
and elevated temperature. However, several variations of the reaction 
have been reported to facilitate MDA detection and analysis by the 
laboratories. Subsequently, the assay of products reacting with thiobar­
bituric acid has led recently to the development of various commerical 
kits, one in collaboration with our laboratory [9, 20]. These kits gener­
ally give a better standardization of the method and allow interlabora­
tory comparisons. 

Materials and methods 

Reagents 

Tris (hydroxymethyl) amino methane (Prolabo), ethylene diaminete­
traacetic acid, metaphosphoric acid, glutathione peroxidase, glutathione 
reductase, NADPH2, reduced glutathione, tert-butyl hydroperoxide 
( + BHP), (Sigma), bovine albumin (Fluka). Solutions of glutathione, 
glutathione peroxidase, glutathione reductase, and NADPH2 were 
freshly prepared in Tris buffer (50 mM, pH 7.4). 

Reagents kit 

The reagents in the kit included solution 1 (thiobarbituric acid: TBA), 
solution 2 (Perchloric acid: HCI04) and a calibration solution consist­
ing of 20 mM 1,1,3,3-tetraethoxypropane (TEP) in ethanol. The TBA­
Acid working solution was prepared as follows: TBAjHCI04, 2/1, V/V. 
The stock standard solution was diluted with deionized water to obtain 
a concentration of 10 flmol/L. The working solution and standard 
solution were prepared fresh daily. 
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Additional chemicals 

n-Butanol, fiuorometric grade, (Merck, Darmstadt, Germany) was used 
for extraction. 2% wjv butylated hydroxy toluene (BHT) from Sigma 
(Sigma Chemical Co, via Coger, Paris, France) was prepared in abso­
lute ethanol. The control serum used was lyophilized Probiocal AB 43 
serum (BioMerieux, Lyon, France), reconstituted daily according to the 
manufacturer's instructions. 

Apparatus 

Spectrophotometry was performed using an Uvicon 860 (Kontron 
Instruments). Fluorescence was measured with a Perkin Elmer LS 50 
Fluorometer (Perkin-Elmer Ltd., Bucks, UK.). The reaction was run in 
disposable 7 ml polypropylene screw cap tubes (Sobioda, Grenoble, 
France) which had previously been tested to verify that they released no 
transition metals or substances interfering with the fluorometry assay. 

Blood collection 

Blood was collected by venous puncture into 5 ml trace element-free 
heparinized vacum tubes. After centrifugation (1600 g) for 10 min, the 
supernatant plasma was removed carefully to avoid contamination with 
platelets or white blood cells and was stored as rapidly as possible after 
sampling at - 20°C until further analysis. 

Principle of assays 

Lipid hydro peroxides measurement 
Glutathione peroxidase catalyses the reduction of LHPs (ROOH) in the 
presence of glutathione (GSH) to their corresponding alcohol: 

GPx 
2GSH + ROOH -------> ROH + GssG + H20 

The reaction can be followed by regeneration of glutathione by coupled 
oxidation of NADPH2 in the presence of glutathione reductase: 

GRx 
GssG + NADPH2 -------> 2GSH + NADP+ 

The decreased absorbance of NADPH2 at 340 nm is a direct function of 
the amount of LHP present in the reaction mixture. The LHP concen­
tration is determined through a calibration curve of tert-butyl hydroper­
oxide as a standard. 
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Fig. l. Formation of the fluorescent red adduct between one MDA and two TBA via an 
acid-catalyzed nucleophile addition reaction (according to [18]). 

TBA/MDA reaction 
Malondialdehyde (MDA) is one of the several-low-molecular-weight 
end products formed predominantly via the decomposition of certain 
primary and secondary lipid per oxidation products. At low pH and 
elevated temperature, MDA readily participates in nucleophilic addition 
reaction with 2-thiobarbituric acid (TBA), generating--a red, fluorescent 
1:2 MDA:TBA adduct (Fig. 1), with high molar absorptivity at 532 nm 
or high fluorescent intensity at 552 nm when excited at 532 nm. 

Results 

Optimized procedure of LHP measurement 

400 III of plasma was treated with 400 ,til of 6% metaphosphoric acid in 
plastic tubes. After shaking, and a contact time of 3 min, centrifugation 
was performed at 1000 g for 15 min. 500 ,til of supernatant was neutral­
ized with 100,ti1 of molar NaOH (in order to obtain a pH of 7). 700,ti1 
of 150 mM Tris HCI buffer containing 2 mM EDTA, pH 7.5, was added 
to the preceding solution and the mixture incubated for 5 min at room 
temperature. The following solutions were then added: 100,ti1 of 2 mM 
NADPH2, 10,ti1 of 20 V/ml of glutathione peroxidase, and 100 It! of 
5 mM reduced glutathione. Tubes were shaken and incubated for 10 
min at room temperature. Absorbance of the solution (ABSI) was then 
read at 340 nm. 

10 ,til of 200 V /ml of glutathione reductase was added and the tubes 
were again shaken and incubated for 10 min at room temperature. 
Absorbance of the solution (ABS2) was again read at 340 nm. Calibra­
tion was performed with tBHP (0, 15, 30, 60, 120 ,timoll/I) in a solution 
of 65 gil of bovine albumin containing 0.9% NaCI and treated in a 
similar fashion. 

The calibration curve was drawn as follows: the abscissa indicates the 
concentrations of tBHP as a function of the difference between the two 
absorbances (ABSI-ABS2), minus the difference from the absorbance 
of the blank. DABS = (ABSI-ABS2 of assay) (ABSI-ABS2 of blank). 
(For more details, see [21]). 
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Fig. 2. Time-course of the absorbance of the reaction mixture without (A) and with (B) 
treatment of samples with metaphosphoric acid. (A) The assay was carried out using the 
Heath and Tappel method by monitoring the disappearance of NADPH2 during the second 
and third incubation steps on a plasma sample and on a solution of 120,liM tBHP. (B) As in 
(A) but after treatment of sample and standard solution with 6°/., metaphosphoric acid as 
described in the deproteinization section from [21]. 

It should be noted that inactivation of endogenous enzymes with 6% 
metaphorsphoric acid and neutralization of the supernatant with molar 
NaOH enabled us to achieve a stable absorbance in the first step of 
incubation as well as a clear termination of the reaction at the end of 
the 10 min incubation during the third stage of the reaction (Fig. 2). 

Optimized procedure of TEARS assay 
In a polypropylene test tube, 0.10 ml of assay specimen and 0.75 ml of 
kit working solution were mixed. In order to inhibit lipoperoxidation 
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when measuring native TBA reactants, 10 f!l of a 2% solution of 
butylated hydroxy toluene (BHT) was added. After vortexing tubes were 
tightly capped and placed in a controlled 95°C water bath for 60 min. 
They were then chilled in an ice bath. Reagent and assay blanks were 
left at room temperature. Two ml of butanol were added to each tube, 
the TBARS. complex was extracted by shaking, and the phases were 
separated by centrifugation. Fluorometric determination of the TBA 
reactive substances (TBARS) complex in the n-butanol extract was 
done at excitation wavelength of 532 nm and at emission wavelength of 
553 nm. The calibration was performed with TEP solutions 
(0, 1,2,4,6,8 f!moIJI) as before. 

Validation of the LHP assay 

Detection limit 
To evaluate the limit of detection, we used the protocol proposed by the 
French Clinical Biology Society (SFBC) "Validation of techniques" 
committee (ISB 1989, 15, Nr. 3). We measured the DABS of the blank 
(point 0 of the calibration range) 30 times in a single run. The calcula­
tion was made using the formula: 

limit of detection (LO) = K x (SObJs), 

where SOb is the standard deviation (0.0022) of the blank (n = 30), sis 
the initial slope of the curve (0.0008), and K is the square root of 
IJnb + IJny x 2.325, where nb is the number of measurements on 
blanks (for routine use = 1), and ny is the number of measurements on 
samples (for routine use = 1), i.e. K = 3.3. Therefore LO = (0.0022/ 
0.0008) x 3.3 = 9 f!M. 

Linearity 
We carried out this test on increasing concentrations of tBHP (0 to 
360 f!moIJI). Figure 3 shows the mean of the deltaABS obtained for 
each point on the calibration curve, each measured three times. The 
curve is linear up to at elast 360 f!molJI of hydroperoxide (r = 1). 
Plasma samples (n = 6) were also diluted by 50% and 25% in a solution 
of albumin (60 g/1), and LHP was assayed in both pure and diluted 
samples. Results were as follows: undiluted plasma, 66 ± 8.8 f!M; 50% 
diluted plasma, 33.3 ± 4 f!M; and 25% diluted plasma, 17 ± 2.8 f!M. 

Precision 
Within-run precision was evaluated on known concentrations of tBHP 
and on plasma samples. We carried out 20 determinations on the same 
plasma sample and on solutions of 60 and 120 f!molJI tBHP. The 
determinations were made on the same day and in the same run. Results 
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Fig. 3. Influence of assay specimen volume and their dilutions on linearity (Specimens were 
A = 0.5, b = 0.2; C = 0.1 ml) (From [9]). 

expressed as deltaABS (difference between the first and second reading) 
are given in Table 1. Within-run precision was satisfactory, the CV 
being about 5%. Between-run precision: We determined the level of lipid 
hydroperoxides under the conditions already described day after day for 
6 days on 10 different plasmas. The means of the six determinations of 
three of the plasmas studied are given in Table 1 in terms of deltaABS. 
Similarly, we carried out the determination at two points on the 
concentration range, 60 and 120 Jlmol/l tBHP. Between-run precision 

Table I. Within-run (WR) and between-run (BR) precision of LHP and TBARS optimized 
methods 

LHP (Delta ABS340nm X 1000) TBARS (/lmol/I) 

Medium Precision Mean ±SD CV,% Medium Precision Mean ±SD CV,% 

Plasma WR 74 ±4.7 6.3 Low Plasma WR 2.12 ± 0.04 1.8 
BR 56 ± 3.4 6.1 BR 2.08 ± 0.07 3.3 

Standard 
60/lmol/1 WR 64 ± 3.7 S.7 Normal plasma WR 2.77 ± 0.06 2.1 

BR 67 ± 2.8 4.2 BR 2.76 ± 0.09 3.2 
120/lmol/1 WR 101 ± 5.1 S.O High plasma WR 3.41±0.11 3.2 

BR 102 ±4.7 4.5 BR 3.38±0.16 4.4 
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Table 2. Percent recovery of LHP and TBRAs obtained with the optimized methods 

LHP (/lmol/I) TBARS (pmolfl) 

LHP added LHP detected Recovery, % MOA added MOA detected Recovery, % 

0 60 0 2.70 
75 132 96 0.25 /lmolJI 2.95 100 
0 "65 0.50 3.20 100 

150 215 100 1.00 3.64 94 
0 43 2.50 4.90 88 

250 283 96 5.00 6.80 82 

was good both for the standard solutions and for the plasma samples. 
The coefficients of variation of the plasma samples ranged from 4 to 
7.5% (mean 6%). 

Accuracy 
We calculated the percentage of recovery of different concentrations of 
tBHP added to eight different plasma samples. The amount of hy­
droperoxides before and after addition of tBHP was measured for each 
sample. The percentage of tBHP recovered with this technique ranged 
from 84 to 108% (Tab. 2). 

Stability of plasma LHP 
We assayed three pools of plasma collected into lithium heparinate-con­
taining tubes, fractionated, and stored at +22, +4, -20, and -80°C. 
Lipid hydroperoxides were assayed on DO, Dl, D2, D4, DI0, DIS, and 
D30. The stability was satisfactory for several weeks at -80°C, for 10 
days at -20°C, and for 2 days at +4°C. On the other hand, at room 
temperature stability was satisfactory only for a few hours. Thus, it is 
preferable to treat samples as rapidly as possible or store them at 
- 80°C for a maximum of 2 months. 

Reference values 
The reference range was determined on blood samples drawn from 
healthy volunteers into vacutainer tubes by the blood transfusion centre 
or from laboratory personnel. Seven ml glass tubes (Becton Dickinson), 

Table 3. Reference values of plasma LHP and TBARS levels obtained using the optimized 
methods. Assays were perfonned on blood samples drawn into tubes containing lithium 
heparinato! as an anticoagulant 

LHP (/lmol/I) TBARS (/lmol/I) 

n Mean so M±2SD n Mean so M±SO 

30 54.0 9.01 36.0-72.0 32 2.51 0.24 2.03-2.99 
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either dry or containing lithium heparinate or EDT A K3 were used. 
After centrifugation, samples were analysed the day of collection under 
the conditions defined earlier. Results obtained with blood drawn into 
potassium EDT A were significantly lower than those obtained with 
serum or blood drawn into lithium heparinate (Tab. 3). 

Analytical performance of TBARS assay 

Detection limit 
The detection limit (DL) was determined as described by Gatautis and 
Pearson [22]. A sample containing MDA at a concentration three to five 
times that of the reagent blank was measured 10 times and the detection 
limit was calculated with the formula: 

DL = (2*SD*(c»/S, 

where S is the mean of fluorescence measurements, SD is the corre­
sponding standard deviation and c the concentration of the tested 
solution. The detection limit obtained with our kit was 0.11 ,umol/!. 
This shows the excellent sensitivity of the proposed method. It is 
sufficient to enable the method to be applied, for example, with isolated 
human lipid fractions. Sensitivity decreased if the water used to prepare 
the standards and samples was not deionized. 

The concentrations of the TBA-perochloric acid reagent played a 
fundamental role in determining the linearity of the method when used 
with plasma samples. Linearity was acceptable only for a sample/ 
reagent ratio of 1/7.5 (V/V) (Fig. 3). This role was minimized when a 
standard solution was used. The correlation coefficient of the regression 
line (r = 0.9996; p = 0.0001) in the TEP range from 0 to 8,umol/l was 
excellent and thereby enabling TBARS to be assayed in most samples of 
human plasma. Linearity remained satisfying when TEP concentrations 
were 10 times higher (r = 0.982; p = 0.005). 

Linearity 
Linearity was established by using the correlation coefficient according 
to E.E.C. instructions (Additive to Directive 75/318/EEC, August 
1989). The standard calibration solutions (1,2,3,4,5,6 and 8,umol/l) 
were determined in triplicate. Linear regressions and the correlation 
coefficient were then calculated. A similar study was carried out with a 
high concentration range (5,20,30 and 60,umol/I). 

Precision 
In order to determine between-run and within-run precisions, aliquots 
of plasma from a control subject were frozen at - 20°C and were 
thawed only before analysis. Within-run precision was calculated from 
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15 assays done on the same day. Between-run precision was calculated 
from 15 assays done over a period of 30 days. Within-run precision and 
between-run precision over 30 days were acceptable (Tab. I). During 
the assay period, plasma samples were stored at - 20oe, with no freeze­
thaw cycles, in trace element-free tubes. This guaranteed the stability of 
the plasma samples and precluded any in vitro lipoperoxidation. 

Accuracy 
Accuracy was measured by evaluating the recovery of standard addi­
tions. Known quantities of the 10 ,umol/l standard solution were added 
to plasma from a healthy subject before adding the TBA-acid reagent. 
After homogenizing the sample, TBARS were measured as described 
above. The standard recovery was excellent when the final concentra­
tion of MDA was lower than 2.5 ,umol/l (Tab. 2). There are however 
relatively few published data on this aspect. As seen above, the recovery 
of standard additions was satisfactory only when the plasma/MDA-acid 
ratio was 1/7.5 (V/V). 

Physiological human plasma TBARS values 
Normal values were established with 32 healthy subjects between 20 and 
40 years of age (14 males, 18 females). The normal range (2.51 ± 
0.25 ,umol/l) determined in 32 normal subjects showed that there existed 
no sex-related difference for TBARS (Tab. 3). 

Discussion 

Lipoperoxidation is a biochemical process shared by a number of 
different phenomena, either physiologic (phagocytosis, mitochondrial 
respiration, platelet activation, etc.) or pathologic (atherosclerosis, is­
chemia, chronic infections, hemodialysis, etc.) [23]; and [1-6]. The 
detection of oxidation of polyunsaturated fatty acids in vivo and the 
assay of primary and secondary molecules released (whether or not 
responsible for tissue lesions) require the development of quantitative 
methods satisfying the fundamental analytical criteria of within- and 
between-run precision, sensitivity, specificity and accuracy. The thiobar­
bituric acid (TBA) test is the method most often used to quantify lipid 
peroxidation. Among the numerous fluorometric methodologies pro­
posed, only a few studies have evaluated these analytical criteria. 

In the absence of standard assay methods, laboratory investigation of 
free radicals is unsatisfactory at the present time. Indeed, many disor­
ders are related either directly or indirectly to overproduction of free 
oxygen radicals and, consequently, accelerate the peroxidative process. 
These phenomena can be involved in the aetiology of certain disorders. 
The real impact of this overproduction is much debated and poorly 
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clarified. Potential markers of the occurrence and extent of lipid perox­
idation, though numerous, are limited by the practical requirements of 
a routine laboratory determination. However, assay of LHP and 
TBARS seems appropriate. 

Various methods have been proposed for LHP assay using techniques 
that are either simple such as titration or very complex such as mass 
spectrometry. In this regard, the works of Khoda et al. [24] have shown 
that the coupled enzymatic technique using glutathione reductase as 
described by Heath and Tappel initially suffers from various interfer­
ences that make it unsuitable for assay of plasma LHP. In fact, this 
technique was originally developed on pure lipid products in simple 
media, and its application in complex biological media such as plasma 
can be compromised by endogenous enzymes that can interfere by 
participating in the reactions used in the assay. We therefore developed 
an improved protocol involving inactivation of the-endogenous enzymes 
implicated in the continued decrease in absorbance during the second 
incubation period. In addition, the deproteinization could also eliminate 
other enzymes likely to use NADPH2 or NADP + as a cofactor and 
thus interfere with the assay. Such enzymatic systems are known to be 
very numerous in biological media like plasma. The type of acid used 
for this inactivation is of prime importance. Inactivation of endogenous 
enzymes with 6% metaphosphoric acid and neutralization of the super­
natant with molar NaOH enabled us to achieve a stable absorbance in 
the first step of incubation as well as a clear termination of the reaction 
at the end of the 10 min incubation during the third stage of the 
reaction. 

Under the new experimental conditions, the different parameters of 
the assay were optimized. The limit of detection calculated according to 
the recommendations of the SFBC Validation Committee is 9,umol/l. 
This relatively high detection limit can be lowered to 4 ,umoljl by 
carrying out two readings instead of one for both samples and reagent 
blanks. The calibration curve is perfectly linear up to at least 360 ,umol 
of LHPjl. The new protocol gives good within-run precision with a 
coefficient of variation of 6.3% as well as good between-run precision 
with a CV of 6%. In addition, the percentage of recovery of the different 
concentrations of tBHP added to the plasma is 97 ± 6% for concentra­
tions up to 150 ,umol/l and 87 ± 7% for concentrations of 250 ,umol/l. 
This percentage of recovery is very satisfactory. The stability of plasma 
hydro peroxides is good at - 80°C up to 30 days, at - 20°C up to 10 
days, while it is 2 days at +4°C. At room temperature, it is stabile only 
for a few hours. It is thus advisable to treat the plasma samples as 
rapidly as possible. 

Lastly, the reference range of LHP was determined on blood samples 
collected from healthy volunteer donors. The mean obtained varied as a 
function of the anticoagulant used. EDT A tripotassium gave signifi-
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cantly lower values than those obtained with lithium heparinate or 
serum. EDT A is believed to be responsible for the degradation of a part 
of LHP when it is linked to a transition metal, in particular iron. It is 
thus recommended to assay LHP on blood samples drawn into lithium 
heparinate. This study shows clearly that elimination of endogenous 
enzymes from the reaction medium when assaying hydroperoxides in 
human plasma gives a simple, reliable, and easily reproducible proce­
dure. 

The measurement of TBRAs is still a more widely used test of lipid 
peroxidation. Its main advantage is its capacity to detect many kinds of 
peroxidation products and internadiates, but its specificity is rather low 
since various substances not related to the lipid peroxidation process 
could also react with the TBA during the test procedure [25]. Moreover, 
it is known that MDA molecules undergo self-condensation reactions, 
yielding polymers of variable molecular weight and polarity. They can 
be hydrolyzed in acid medium and are heat-labile. In order to insure 
satisfying linearity of the method, it is necessary to hydrolyze TEP 
directly in the presence of TBA so that the adduct can form as soon as 
the polymer is hydrolyzed [26]. 
, Linearity measured in standard solutions was excellent in the assay 

range corresponding to plasma concentrations. At higher values, the 
regression coefficient was 0.982 up to 6 /lmol/l. It was also found that 
the reaction was linear only in very defined analytical conditions [sam­
ple/reagent ratio 1/7.4 (V/V)], which can be explained by prior results. 
Thus, MDA can act as a nucleophilic or electrophilic compound. Its 
reactivity is such that it can non-specifically and covalently bind to 
various biological molecules in the samples (proteins, nucleic acids, 
aminophospholipids, etc.) [18, 27]. The response of the TBA test is thus 
both a function of the conditions of hydrolysis of these complexes (pH, 
type of acid, temperature) and the conditions of 1,2-MDA-TBA adduct 
formation [18, 28, 29]. In agreement with the results of Wong et al. [30], 
we have shown that there exists optimal conditions for adduct forma­
tion which require an optimum TBA concentration, as well as for the 
precipitation of plasma proteins or heating time. Also, in agreement 
with Wong et al. [30], we noted that it is more important to define these 
conditions for the samples than for the standards. When the method 
will be applied to tissue homogenates, it will be necessary to redefine 
optimal assay conditions. In addition, whenever the measured values 
are higher than 10 /lmol/l (in vitro peroxidation studies, patients treated 
with bleomycin), it is preferable to dilute the sample. The pH of the acid 
mixture is 1, equivalent to optimal conditions of complex formation 
[31]. 

The detection limit of the technique is 0.11 /lmol/l, which means that 
the method is applicable to TBARS assay in urine and lipoprotein frac­
tions and cultured cells which contain small quantities ofTBARS [9, 32]. 
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The within- and between-run precisions of the method are satisfac­
tory, with a coefficient of variation in the range of 1.8 to 4.4%. They are 
better than those reported by Vagi [33] varying from 6.5% in our 
experience to 12% for Conti et al. [34]. One of the advantages of using 
this kit for assaying biological samples when fonowing patients is the 
excellent recovery. Some authors [29] have reported limitations of their 
fluorometric method, with recovery of additions in the range of 55 to 
61 %. Our study has shown that satisfactory recovery of standard 
additions requires very strict assay conditions, i.e., a sample/reagent 
ratio of 1/7.5 (VjV). 

The specificity of the method was tested using the same reaction 
mixture with plasma from healthy subjects. The MDA-TBA complex 
was determined by high performance liquid chromatography (HPLC) 
with a method adapted from Knight [27]. The linear regression between 
the values measured with HPLC and those determined by fluorometry 
yielded a correlation coefficient of r = 0.80; p = 0.0001. These results 
show, thus, a good correlation between the two methods. The values 
generated by fluorometric analysis were significantly higher than those 
determined by HPLC. They confirm previous works showing that 
fluorometric methods give an overall view of peroxidation and that 
other aldehydes can also yield fluorescent complexes with TBA. 

Finally, this simple, rapid, reproducible and sensitive assay is adapted 
to screening patients who may be subjected to oxidative stress. It can be 
adapted by laboratories for the routine monitoring of their patients. 
Fluorometry remains necessary to prevent possible interference by 
molecules such as glucose [31] or bilirubin [35]. As the lack of specificity 
of the TBA reaction could lead to misinterpretation of increased lipid 
peroxidation in studies of human disorders, the more-specific HPLC 
methods should be used to confirm in vivo lipid peroxidation. Aside 
from the need for special equipment and the limitation of detector 
sensitivity, considerable time is required. The ease of use of the MDA­
kit, the ability to simultaneously process many derivatized samples, and 
the speed with which the derivative, once formed, can be quantified are 
practical reasons for supporting its use in screening and monitoring 
lipid peroxidation in human disorders. 

In conclusion, if we are positive that oxidative stress occurs in most 
human diseases, our understanding of the role played by ROS in disease 
pathology is still weak, largely because of the lack of accurate methods 
applicable to human patients. Our present ignorance of the signifance of 
oxidant stress status in human health arises from the substantial gaps in 
our analytical capabilities and in our abilities to clearly interpret the 
data. For example, for following the general change in lipid peroxida­
tion, it is appropriate to use a variety of methods for cross-checking 
purposes. This means that methods and hypotheses always need im­
provement. In this scenerio, the amelioration and the standardization of 
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already existing methods should contribute to the advancement of 
research in this field. 
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Summary. Oxidative modification of low-density lipoprotein leads to enhanced uptake by 
macrophages and hence to the formation of atherosclerotic lesions. Low-density lipoprotein 
oxidizability can be determined in vitro by several methods. We describe here a rapid method 
for the isolation of low-density lipoprotein by density gradient ultracentrifugation. Cu2 + -cat­
alyzed oxidation of low-density lipoprotein is then performed and the rate of conjugated diene 
formation is monitored continuously by the change in absorbance at 234 nm. This method 
p.rovides useful information for the evaluation of individual susceptibility of low-density 
lipoprotein to oxidation and of the protection afforded by antioxidant molecules. 

Introduction 

Recent reports have clearly established the essential role of oxidatively­
modified low-density lipoprotein (ox-LDL) in the etiology of 
atherosclerosis [for review see 1-3]. Ox-LDL is no longer recognized 
by the LDL receptor but binds with a high affinity to the macrophage 
scavenger receptor [4] and in some cases to the Fc receptor via im­
mune complex formation with autoantibodies against ox-LDL [5]. The 
accumulation of cholesteryl esters into macrophages exposed to ox­
LDL, leading to foam cell formation in the arterial intima, is thought 
to be one of the earliest events in atherogenesis. Many methods have 
been developed to monitor LDL oxidation in vitro: These were de­
signed to elucidate the mechanism of the LDL modifications result­
ing in their recognition by the scavenger receptor, and also to study 
the metabolic pathways leading to protection against the oxidative 
process. 

We will focus here on in vitro methods using isolated LDL. It 
should be kept in mind that LDL is also protected in vivo by water­
soluble antioxidants and by other lipoprotein particles, especially 
high-density-lipoprotein [6]. Therefore, establishing a causal relation­
ship between in vitro measurements of LDL oxidizability and predis­
position to atherosclerotic disease is difficult. 
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LDL Structure and composition 

LDL is derived from the conversion of VLDL through the lipoprotein 
lipase activity. This lipoprotein population is defined by a density within 
the range of 1.006 to 1.063 g/m1 and can be further separated, either by 
density gradient ultracentrifugation [7] or by electrophoretic migration 
in a 2-20% acrylamide gel [8, 9] into three or more subclasses differing 
in size, density, antioxidant content and susceptibility to oxidative 
modification. In electron microscopy, LDL appears as a spherical 
particle with a mean diameter of 25 nm. Each particle is made up of a 
hydrophobic core containing mainly cholesteryl esters and triglycerides, 
surrounded by free cholesterol and a phospholipid monolayer. A 
molecule of apolipoprotein B, a 550 kDa glycoprotein, is linked by 
hydrophobic interaction to the polar head groups of the phospholipids. 
Moreover, LDL is loaded with lipid-soluble antioxidants, ubiquinol, 
carotenoids and mainly a-tocopherol, whose concentrations vary be­
tween individuals. A phospholipase A2 is also associated with the 
lipoprotein particle [10, 11]. 

Oxidative modifications of LDL 

- Depletion of endogenous antioxidants is the first observable modifi­
cation that takes place before lipid peroxidation. Depletion of a-toco­
pherol precedes the disappearance of carotenes [12]. 
- Lipid peroxidation takes place after all the antioxidants are con­
sumed. This radical chain reaction is thought to be a common initiating 
step in the oxidative modification of LDL. Briefly, the initiation step 
consists of a hydrogen abstraction from a polyunsaturated fatty acid, 
mainly linoleic acid and arachidonic acid. The resulting carbon-centered 
radical is stabilized by a rearrangement of the double bond to form a 
conjugated diene. Under aerobic conditions, this radical combines with 
an oxygen molecule, to form a lipid peroxyl radical, ROO·. Abstraction 
of a hydrogen atom from another polyunsaturated fatty acid by the 
peroxyl radical leads to the propagation stage. In the decomposition 
step, the lipid peroxide generates a variety of breakdown products 
including aldehydes. 
- Phospholipids hydrolysis: a large amount (up to 50%) of the phos­
phatidylcholine is hydrolyzed into lysophosphatidylcholine through the 
action of the PAF acetyl hydrolase associated with LDL. 
- Protein damage: apolipoprotein B undergoes a series of modifica­
tions: on the one hand, oxygen-derived radicals induce nonenzymatic 
peptide bond disruption [13], and the resulting fragmentation of the 
protein alters the secondary and tertiary structure of the protein. This 
can be measured by circular dichroism spectropolarimetry as a reduc-
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tion of helicity of the apoprotein [14]. On the other hand, covalent 
binding of aldehyde products from fatty acids to a-amino group of the 
lysine residues precludes the recognition of the lipoprotein by the native 
LDL receptor. The resulting neutralization of positive charge, alters the 
electrophoretic mobility of the protein. 

Effects of naturally occurring antioxidants 

IX-Tocopherol is the most abundant antioxidant in LDL. Each particle 
contains from 3 to 12 moles of IX-tocopherol. It has been clearly 
established that vitamin E supplementation in vivo correlates with a 
greater resistance of LDL to in vitro oxidation [15], whereas no correla­
tion was found between LDL oxidizability and the tocopherol content of 
the lipoprotein in nonsupplemented subjects [16, 11]. The protective 
effect against lipid peroxidation depends upon the nature of the radica1-
generating system used [18]. Furthermore, the ability of IX-tocopherol to 
prevent LDL oxidation is dependent on the polyunsaturated fatty acid 
content of the lipoprotein [19]: these authors have shown that the 
amount of tocopherol carried by LDL is related to the amount ofPUFA 
per particle. Other antioxidants are much less abundant (0.3 mole of 
fJ-carotene and 0.1 mole of ubiquinol-10/mo1e LDL), so that the molar 
ratio of the antioxidants to the PUFA is very low, about 1/100, indicating 
that LDL should be protected in the blood by water-soluble antioxidants, 
namely ascorbate which is able to recycle vitamin E by reduction of the 
tocopheroxyl radical [20, 21], and probably by HDL when the LDL 
particle is transferred into the intracellular space of the vascular wall [6]. 

Isolation of LDL 

Isolation of LDL for oxidation experiments should be performed with 
appropriate precautions in order to minimize lipid peroxidation. Blood 
samples and subsequent operations must be carried at 4°C and quickly 
processed in the presence of a metal chelator and/or in a nitrogen 
atmosphere. Kleinveld et al. [17] reported that saccharose (final concen­
tration 0.6%) prevented LDL aggregation and supplemented plasma can 
be stored at - 80°C for at least 1 month without any change in the 
oxidizability indices determined by the conjugated diene method. 
Ethylenediamine tetraacetic acid (EDTA) is commonly used because it 
acts as an anticoagulant and as an antioxidant. Butylated hydroxy­
toluene (BHT) was shown to noticeably affect the lag time in oxidation 
experiment when added to the plasma samples [17]. Some researchers 
used heparin in place of EDT A as anticoagulant to avoid the time-con­
suming dialysis [18, 22, 23]. 
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Attempts to reduce the duration of the centrifugation step has ini­
tiated much research. A wide variety of single-run or two-step sequen­
tial ultracentrifugation protocols has been proposed, but a decisive 
improvement was provided by the emergence of tabletop ultracen­
trifuges capable of reaching 400 000 g within a few minutes. Neverthe­
less, two pitfalls have to be avoided: 

(I) The protocol used should preserve the endogenous antioxidants 
[17] ; 

(2) Contamination of the lipoprotein with plasma antioxidants and 
especially plasma protein should be minimized. Whatever the 
method chosen, it is important to ascertain the absence of albumin 
in the LDL preparation. 

Generally, KBr is used to bring the solutions to the desired density. 
Alternatively, a method using deuterium oxide i~ place of KBr was 
recently proposed [24], thus avoiding LDL alterations induced by high 
ionic strength. 

Quantitation of LDL 

Due to the variability of LDL composition and size, the best measure 
seems to be the determination of apolipoprotein B, since one mole of 
protein is associated with each LDL particle [16]. Nevertheless, for 
practical or cost arguments, total protein or cholesterol contents are 
frequently determined. 

Measurement of the resistance of LDL to oxidation 

LDL oxidation is a complex process and therefore can be measured by 
a variety of techniques. Each method required two elements: the first 
one producing the oxidant radical and the second one measuring the 
oxidation products. 

(1) Oxidant generation 

Cellular systems. Endothelial cells (aortic or umbilical), smooth mus­
cle cells, monocytes or neutrophils in the presence of catalytic amounts 
of metal ions or appropriate stimuli have all been shown to be capable 
of oxidizing LDL in vitro [25-27]. Although oxidants produced in these 
conditions are thought to be more relevant to the physiological process, 
the amount of oxidant produced per time unit differs greatly owing to 
the viability of the cells and the variability of the cell response, therefore 
affecting the reproducibility of the results. 
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Non-cellular systems. Metals: it is generally recognized that LDL 
oxidation by ferrous ion is very slow as compared to the efficiency of 
Cu2+. It has been reported by Esterbauer et al. [28] that Cu2+ strongly 
binds to LDL to at least two distinct sites. It is suggested that the 
binding of Cu2+ to the LDL is essential for the initiation of lipid peroxi­
dation and this has been proven by the inhibitory effect of EDT A, 
which if present in sufficiently high concentration, prevents binding of 
Cu2+ to LDL [29]. It is therefore important to carefully remove EDT A 
from LDL fraction. 

This can be done either by extensive dialysis or by gel filtration. 
The molar ratio of Cu2+ to LDL rather than the Cu2+ concentration 

exerts an influence on the lag phase duration and on the rate of diene 
formation. In our experience, 3 to 5 nanomole of Cu2 + for 0.05 to 0.15 g 
apo-B seems to be optimal. 

Cu2+ -mediated oxidation requires the presence of trace amounts of 
preformed hydroperoxides or the reduction of the metal ion [18]. 

Azo-initiators: another way of generating oxidizing radicals is the 
thermal decomposition of azo reagents [30]. These compounds decom­
posed at a temperature-controlled rate to produce radicals which react 
with an oxygen molecule to yield peroxyl radicals. These peroxyl radi­
cals are capable of abstracting a hydrogen atom from unsaturated fatty 
acids. In a recent publication, Frei and Gaziano [18] have shown that 
the kinetic of diene formation depends on the system used to produce 
radicals, indicating that LDL could be oxidized by different mecha­
nisms. 

The chemical process involved in LDL oxidation is not clearly under­
stood. Lynch and Frei [22] have shown that exposure to O2 or H2 0 2 in 
the absence of Cu2+ does not result in oxidative modifications of LDL 
whereas superoxide dismutase partially inhibited Cu2+ -dependent LDL 
oxidation. Moreover, hydroperoxides were undetectable in their native 
LDL preparation and it has been reported that hydroxyl scavengers 
does not inhibit cell-mediated LDL oxidation [31]. It could be hypothe­
sized that the extremely reactive hydroxyl radical is formed in the 
immediate vicinity or in the LDL particle and is therefore unavailable 
for the water-soluble scavenger. 

(2) Detection and quantitalion of the lipid peroxidation products 

Measurements of lipid hydroperoxides, thiobarbituric acid reactive sub­
stances or other aldehydes, fluorescent products of lipid peroxidation 
and conjugated dienes are frequently used. The latter is easy to perform, 
is carried out without previous lipid extraction and can be quantified in 
absolute values. The increase of the 234 nm diene absorbtion reflects the 
formation of the conjugated double bonds. Kinetic data obtained by 
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Fig. 1. Kinetic of the Cu2 + -induced formation of conjugated dienes. The LDL fraction 
(0.15 mg apo B in 1 ml PBS) was incubated in the presence of 3 Jlmole/l CuCl2 at 37°C, and 
the absorbance at 234 nm was measured every 4.5 min. 

monitoring the change in the absorption at 234 nm shows three distinct 
phases (Fig. 1): 

- a lag time defined as the interval between the intercept of the tangent 
to the curve with the initial absorbance axis. During the lag phase the 
endogenous LDL antioxidants disappear and only minimal lipid 
peroxidation occurs [16]. 

The duration of the lag phase is drastically affected by a variation of 
the temperature and it is therefore essential that measurements are made 
at constant temperatures. As reported by Puhl et al. [32], an increase in 
the temperature from 25° to 30°C, for example, reduces the lag phase by 
about 30%, probably by affecting the rate of hydroperoxyl radical 
production. 

- A propagation period defined as a rapid increase in diene formation. 
The maximal rate of diene production can be deduced from the 
maximal slope of the curve using a G234 = 29500 M- 1 • cm- 1 [12]. 

- A decomposition phase beginning as the diene formation reaches a 
plateau. The maximal amount of diene formed is calculated from the 
difference between the initial and final absorbances. After this time a 
first decrease is observed by some authors (probably due to the 
decomposition of conjugated dienes), followed by a slow increase 
again. This second increase results from the UV absorption of some 
decomposition products of the dienes in the 234 nm range. [16]. 
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Materials and methods 

Principle 
LDL isolated by a two-step, short-run ultracentrifugation is oxidized by 
the Cu2+ -mediated reaction and diene formation is monitored by the 
increase of the absorbance at 234 nm. 

Isolation of low-density lipoprotein 

Collection and treatment of the samples 
After overnight fasting of test subjects, blood samples are withdrawn by 
venipuncture and collected into evacuated tubes containing EDT A 
(0.15 mg/ml, final concentration). Tubes are centrifuged at 1400 g for 
15 min at 4°C. Generally, plasma is used the same day for low-density 
lipoprotein (LDL) isolation. 

LDL isolation 
The separation of plasma lipoproteins requires two sequential short-run 
ultracentrifugations in order to minimize contamination by adherence 
of albumin and other plasma proteins. All steps in the LDL isolation 
procedure are carried out at 4°C. 1.3 rnl of plasma is adjusted to the 

Chylomicrons and VLDL 

LDL ... 
HDL 

Proteins 

Fig. 2. Separation of plasma lipoproteins by density-gradient ultracentrifugation. Lipoproteins 
were prestained by addition of 15 "I of Sudan Black (5 gIl in ethyleneglycol) and centrifuga­
tion was carried out as described in the text. The arrows designate the slicing positions. 
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density of 1.220 g/rnl by adding 0.426 g of solid KBr. 0.6 rnl of the 
density-adjusted plasma is then layered under 1.4 ml of the isotonic saline 
solution (d = 1.006 g/ml) in each of two 2 ml polyallomer tubes (Beck­
man). Underiayering of the plasma sample is made by use of a syringe 
with a long needle. The tubes are then sealed by heating the plastic with 
the Beckman device and centrifuged at 430000 g for 45 min at 4°C. At 
the end of the run the tubes are carefully removed from the rotor. VLDL 
are at the top, LDL at the center and HDL and proteins at the bottom 
of the tube (Fig. 2). The LDL band is readily visible, due to the presence 
of endogenous carotenoids. To recover the LDL fraction, the tubes are 
sliced as shown in Figure 2. To minimize the contamination of the LDL 
fraction with albumin, we proceed to a second run which results in the 
"flotation" of the LDL. In practice, the LDL preparation collected after 
the first run is adjusted to a density of 1.063 g/rnl by adding solid KBr. 

The KBr mass (m) to be added is calculated-' as follows: meg) = 
0.042 x V, where V is the volume of LDL (in rnI) collected after the first 
ultra-centrifugation. The preparation is then divided into two fractions 
of equal volume and each fraction is adjusted to 1 ml with the KBr 
solution (d = 1.063 g/ml) in a thick-walled polycarbonate centrifuge 
tube (Beckman Instruments). The tubes are then centrifuged for 1 h at 
430000 g at 4°C. Under these conditions albumin is at the bottom of 
the tube and the LDL fraction which floats on the top is easily 
recovered by pipetting. Albumin contamination measured on LDL 
fraction was under the detection limit of the radial immunodiffusion 
assay (25 mg/I). 

Removal of EDTA 
PBS containing chloramphenicol (0.1 g/I) as a bacteriocide is purged in 
a stream of nitrogen for 15 min. To remove EDTA and KBr each 
collected fraction is diluted with 0.5 volume of PBS and then dialysed 
against 1 I of oxygen-free PBS and kept at 4°C in darkness under 
stirring for 2 h. The buffer is changed twice (the one solution for 2 
hours and the other one for overnight) to remove EDT A. The EDT A 
content in the bath and in the LDL fraction was undetectable using 
Erichrom Black T + Mg2+ at the end of the dialysis. 

Alternatively, EDT A and salt can be removed by gel filtration chro­
matography [32]. 

This EDT A-free LDL stock solution is used for subsequent oxidation 
studies. The LDL can be stored at 4°C in darkness, a sterile evacuated 
glass tube for no longer than 5 h. The apo B content is determined by 
an immunoprecipitation method. When 1.2 rnl of a normolipidemic 
plsama is centrifuged, the final LDL contains about 0.5 mg apo B. 

The cholesterol content of the LDL sample can be measured instead 
of apo B and correlated with the apo B measurement [32]. 
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Our procedure is adapted from the method described by Esterbauer et 
al. [12]. The EDTA-free LDL is diluted in oxygen-saturated PBS buffer 
pH 7.4 (without chloramphenicol) to give 1 ml containing 0.15 mg of 
apo B. Oxidation is initiated by the addition of 10 III of 0.3 mM CuCI2 • 

This solution is gently mixed and then transferred into a 1 ml quartz 
cuvette. The reference cuve contains 2.5 mM CuCl2 to compensate for 
the high initial absorbance. The absorbance at 234 nm is recorded every 
4.5 min for 180 min at 37°C. 

The spectrophotometer is connected to a computer for data acquisition. 

Application of the method in biochemistry and clinical chemistry 

Because oxidative modification of LDL is likely to be an important 
step in the initiation and progression of atherosclerosis, this method was 
used to study the role of several substances in preventing or in modifying 
LDL: 

Estrogens, independently of alteration of the lipid levels, exert an 
antioxidant effect as demonstrated in postmenopausal women, thus 
preventing cardiovascular diseases [33]. Previous in vitro studies have 
shown that estrogens inhibited the subsequent modification of LDL by 
copper ions, monocytes or endothelial cells [34, 35]. 

It was also reported that gas phase oxidants of cigarette smoke, which 
represents a risk factor for coronary artery disease, lead to an increased 
susceptibility of LDL to oxidative modification in vitro [36]. 

Furthermore, the use of this method allows us to study the role of 
antioxidants such as IX-tocopherol or carotenoids present in LDL in 
preventing LDL oxidation [28]. 

It would be of interest to investigate other parameters such as the 
antioxidant defence systems of blood plasma [37, 38], and to evaluate 
the in vivo preformed lipid hydroperoxide in LDL. In this respect, a 
vast array of methods have been developed and also very different results 
have been obtained, depending on the sensitivity or on the susceptibility 
of the techniques to various interferences. A protocol has recently been 
described [23], which allows the detection ofnanomolar amounts of lipid 
peroxides by chemiluminescence after separation by HPLC. Depending 
on the overall goal of the study, it is prudent to use more than one 
method to measure the susceptibility of LDL to oxidation. 
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Summary. High-perfonnance liquid chromatography coupled with electrochemical detection 
is a sensitive assay for 8-oxo-purines derivatives. This technique was applied to the measure­
ment of the rate of fonnation of 8-oxo-dGuo in photooxidized isolated DNA following either 
enzymatic digestion or acidic hydrolysis. The assay was also used to assess the excision of 
8-oxo-Gua from DNA upon incubation with the Fapy DNA glycosylase protein. It also 
allowed the detennination of the respective yield of 8-oxo-dGuo and 8-oxo-dAdo upon 
y-radiolysis of DNA in aqueous aerated solution. 

Introduction 

Oxidation reactions occurring within cells as the result of endogenous 
and/or exogenous processes may lead to several classes of DNA damage 
including base lesions, oligonucleotide strand breaks, abasic sites and 
DNA-protein crosslinks [1]. The detection of oxidized nucleobases 
within DNA has received increasing attention during the last decade. 
The precise quantitation of base lesions is required for the assessment of 
their biological role, including mutagenesis, lethality and repair. The 
measurement of a specific damage within DNA or in biological fluids 
can also be used as an indicator of "oxidative stress". Two main 
approaches can be considered for the measurement of modified nucleo­
bases within DNA [2]. The first one involves the whole DNA. It is 
mainly based on the use of immunological assays and indirect methods, 
including sedimentation and gel sequencing techniques, which require 
the conversion of the modified bases into abasic sites. The other 
approach requires the release of the modified bases, nucleosides or 
nucleotides from DNA, followed by their chromatographic separation 
coupled with a sensitive and specific detection. Major results have been 
obtained by using HPLC-radioactive [32P] post labelling assay [3, 4], gas 
chromatography separation coupled with mass spectrometry detection 
[5] and HPLC analysis associated with various detection techniques [2]. 

HPLC coupled to electrochemical detection has been widely used for 
the measurement of 7,8-dihydro-8-oxo-2'-deoxyguanosine (8-oxo-
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dGuo) [6]. In the present work, two possible assays aiming at detecting 
8-oxo-dGuo within DNA as a base or a nucleoside following either 
acidic hydrolysis or enzymatic digestion, respectively, are compared. 
The HPLC-EC assay was also applied to the determination of the 
action of the formamidopyrimidine DNA glycosylase (Fpg), a DNA 
repair enzyme of several guanine oxidative lesions. The extension of 
HPLC-EC assay to 7,8-dihydro-8-oxo-2'-deoxyadenosine (8-oxo-dAdo) 
is illustrated by the measurement of its formation within DNA exposed 
to gamma rays in aerated aqueous solution. 

Materials and methods 

Chemicals 

Guanine, calf thymus DNA and 70% w/w solution of hydrogen fluoride 
in pyridine (HF/Pyr) were obtained from Sigma (St. Louis, Missouri). 
7,8-Dihydro-8-oxoguanine (8-oxo-Gua) was purchased from Chemical 
Dynamics (South Plainfield, New Jersey) whereas 2'-deoxyadenosine 
(dAdo) and 2'-deoxyguanosine (dGuo) were obtained from Pharma­
Waldorf (Geneva, Switzerland). Methylene blue was purchased from 
Aldrich (Milwaukee, Wisconsin). 7,8-Dihydro-8-oxo-2'-deoxyguanosine 
and 7,8-dihydro-8-oxo-2'-deoxyadenosine were prepared by catalytic 
hydrogenolysis of the corresponding 8-benzyloxy purine nucleoside 
derivatives [7]. 

HPLC-EC system 

The high performance liquid chromatography system (HPLC) consisted 
of a model 2150 LKB pump (Pharmacia LKB Biotechnology, Uppsala, 
Sweden) equipped with a Rheodyne model 7125 loop injector (Berkeley, 
California) and an Interchrom HC18-25F octadecylsilyl silica gel 
column (250 x 4.6 mm LD.) (Interchim, Montluc;on, France). The elu­
ent was a mixture of 50 mM sodium citrate (pH 5) and methanol, in a 
[87:13] v/v and [83:17] v/v ratio for the detection of 8-oxo-dGuo and 
8-oxo-dAdo, respectively. The electrochemical detection was performed 
by amperometry using a model LC-4B/LC-I7 A(T) apparatus (Bioana­
lytical Systems, West Lafayette, Indiana) using two glassy-carbon elec­
trodes in parallel. The working electrode was set at a potential of 
+ 650 m V (with respect to an AgO / AgCl reference electrode) for the 
detection of 8-oxo-Gua and 8-oxo-dGuo. The potential was raised to 
+850 mV for the 8-oxo-dAdo assay. Unmodified nucleosides were 
simultaneously monitored by a Gilson Model III b UV detector 
(Gilson, Middleton, Wisconsin) set at 280 nm. 
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Enzymatic hydrolysis of DNA 

10 p;L of PI lOX buffer (300 mM pH 5.3 sodium acetate, I mM ZnS04 ) 

and 10 p;L (10 U) of a nuclease PI solution (Boehringer, Mannheim, 
Germany) were added to 100 p;L of the DNA solution. The sample was 
held at 37~C for 2 h. Then, the dephosphorylation of the resulting 
nucleotides was achieved by addition of 12 p;L of lOX alkaline phos­
phatase buffer (500 mM pH 8 Tris-HCI, I mM EDTA) and 1 p;L (1 U) 
of alkaline phosphatase solution (Boehringer, Mannheim, Germany). 
After incubation for 1 h at 37°C, the resulting solutions were stored at 
- 20°C prior to HPLC analysis. 

Acidic hydrolysis of DNA 

The DNA sample was freeze-dried in a 1.5 mL polypropylene Eppen­
dorf vial (Hamburg, Germany). HF/Pyr (50 p;L) was added and the 
~olution was homogenized by vortexing for 10 s prior to keeping at 
37°C in a water bath. After 45 min, the solution was poured under 
stirring into a suspension of 150 mg of calcium carbonate in 2 mL of 
water. After neutralization, the resulting calcium fluoride and the ex­
cess of calcium carbonate were spun down by centrifugation. The 
supernatant was collected and the solid residue rinsed with 200 p;L of 
water. The two aqueous solutions were mixed and freeze-dried. The 
resulting residue was dissolved in 500 p;L of water prior to HPLC 
analysis. 

Methylene blue mediated photosensitization of DNA 

Calf thymus DNA (50 p;g) was dissolved in 1 mL of water containing 
10 p;g of methylene blue. The solution was homogenized by stirring in 
the dark and subsequently photolyzed for increasing periods of time 
with a 100 W tungsten lamp fitted with a heat filter (10 mm of circu­
lating water) and a 590 nm cut-off filter (Kodak no. 23A). After 
irradiation, the volume of the solution was reduced to 200 p;L in 
vacuo. To this, a 3 M solution of sodium acetate (20 p;L) and 500 p;L 
of cold ethanol were added. After cooling overnight at - 20°C, the 
resulting solution was centrifuged for 8 min at 12000xg. The resulting 
DNA pellet was dissolved in 100 p;L of water and each sample was 
split into two aliquot fractions. The first one was used for enzymatic 
digestion and the second aliquot was freeze-dried prior to HF / 
pyridine hydrolysis. 
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Fpg protein mediated DNA repair 

A DNA solution (I mL, 100 fJ,g) was exposed to visible light for 
30 min in the presence of 20 fJ,g of methylene blue. The DNA was 
recovered by cold ethanol precipitation and resuspended in 150 fJ,L of 
water. An aliquot fraction (75 fJ,L, 50 fJ,g) was digested (vide supra) by 
incubation with nuclease PI and alkaline phosphatase and analyzed 
for 8-oxo-dGuo by HPLC-EC. The remaining DNA solution (75 fJ,L, 
50 fJ,g) was mixed with 25 fJ,L of Fpg buffer 4 x (200 M potassium 
phosphate, 400 mM KCI, pH 7.5) and further incubated for 30 min at 
37°C after addition of 2 fJ,L (0.5 fJ,g) of the Fpg solution. The reac­
tion was stopped by ethanol precipitation of both the enzyme and 
DNA. The supernatant was collected, evaporated to dryness and the 
resulting residue was analyzed by HPLC-EC. The DNA pellet was 
hydrolyzed by incubation with nuclease PI and -alkaline phosphatase 
prior to HPLC-EC analysis. A control experiment was carried out 
with non oxidized DNA. 

y-Radiolysis of aerated solution of DNA 

A 200 fJ,g. mL -1 solution (5 mL) of calf thymus DNA was placed 
under constant air bubbling in a pool where a 60Co source provided 
50 Gy . min - 1. After increasing periods of exposure, 400 fJ, L of the 
solution was collected, and 40 fJ,L of 3 M sodium acetate pH 4.5 
aqueous solution together with 1 mL of cold ethanol were added. 
After homogenization, the samples were kept overnight at - 30°C. 
The DNA was recovered by centrifugation for 30 min in a cold cen­
trifuge (5°C). The samples were resuspended in 100 ILL of water and 
digested into nucleosides (vide supra). 

R=H: 8-oxo-Gua 
R=2-deoxyribose: 8-oxo-dGuo 

:xNH2 I;i 
N:r N 

~ I >=0 
N N 

I 
R 

R=H: 8-oxo-Ade 
R=2-deoxyribose: 8-oxo-dAdo 

Fig. 1. Structure of 8-oxo-derivatives of guanine and adenine. 
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Results and discussion 

It is now well established that 7,8-dihydro-8-oxo-2'-deoxyguanosine 
(8-oxo-dGuo) (Fig. 1) can be electrochemically detected in the oxidation 
mode [6, 8]. The availability of this sensitive assay has allowed the use 
of 8-oxo-dGuo as a biomarker of the effects of oxidative stress on DNA 
in both cultured cells and tissues [4, 8-10]. The amount of 8-oxo­
dGuo present in biological fluids, like plasma and urine, has also been 
proposed to be an index of oxidative stress [10, 11]. The latter assay has 
recently been improved by immunoaffinity chromatography based on the 
use of specific antibodies raised against 8-oxo-Gua and its nucleoside 
derivatives, allowing a very efficient extraction of the lesions from the 
sample prior to its quantitation [12]. 

Amperometric detection of 8-oxo purine nucleobases and nucleosides 

The hydrodynamic voltammogram (HPLC-EC response for decreasing 
potentials with constant amount of product) of 8-oxo-dGuo exhibited a 
half-oxidation wave potential around 600 m V (with respect to an 
Ago/AgCl reference electrode). The corresponding value for the base 
derivative 8-oxo-Gua was found to be 550 mY. These relatively low 
values make the assay for 8-oxo-dGuo and 8-oxo-Gua quite specific. In 
particular, the unmodified bases and nucleosides are not detected at these 
potentials. The calibration curves, determined with an oxidation poten­
tial of 650 mY, were found to be linear over a range of 0.6 to 50 pmole 
for both the modified nucleobase and the 2'-deoxynucleoside. The 
detection limits were 0.02 and 0.03 pmole, for 8-oxo-Gua and 8-oxo­
dGuo, respectively. The 8-hydroxylated analog of 2'-deoxyadenosine, 
7,8-dihydro-8-oxo-2'-deoxyadenosine (8-oxo-dAdo), is also electroac­
tive, but a higher potential ( + 850 m V) is required for its detection [13]. 
The formation of 8-oxo-purines within DNA can thus be efficiently 
monitored by measuring the related nucleosides subsequent to enzymatic 
digestion. It should be mentioned that several other DNA lesions can 
also be detected by HPLC-EC, including 5-hydroxy-2'-deoxycytidine 
[14], and cyclic adducts resulting from the reaction of guanine with 
malondialdehyde [15] and several unsaturated aldehydes [16]. 

Measurements in DNA 

Measurement of oxidized purine bases in DNA may be carried out 
following either acidic hydrolysis or enzymatic digestion. 8-0xo-purines 
are monitored by electrochemical detection whereas normal bases and 
nucleosides are detected by UV spectrometry (Fig. 2). The latter analy-
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sis is used for the precise quantitation of the amount of DNA injected, 
which is inferred from the peaks corresponding either to thymidine or 
2'-deoxyguanosine_ 2'-Deoxycytidine cannot be used because it is eluted 
very rapidly, together with other fast eluting compounds. On the other 
hand, 2' -deoxyadenosine must be avoided since it is eluted as a broad 
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peak. Thymidine was used for calibration in methylene blue photosensi­
tization experiments since guanine is the main target of the latter process 
within DNA. 

Formation of 8-oxo-dGuo in DNA upon methylene blue photosensitization 

DNA samples were photo oxidized by methylene blue in the presence of 
visible light [17]. A first aliquot fraction was digested into nucleosides, 
using a classical method involving two steps. First, DNA was digested 
into nucleoside 5' -phosphates by nuclease Pl. The nucleosides were 
subsequently obtained by alkaline phosphatase treatment. The resulting 
solutions were analyzed for 8-oxo-dGuo. The second aliquot fraction of 
photo oxidized DNA was hydrolyzed by hydrogen fluoride stabilized in 
pyridine (HF/Pyr), to release the DNA bases and 8-oxo-Gua, which was 
further measured by HPLC-EC analysis [18]. HF/Pyr has been success­
fully used to hydrolyze the N-glycosidic bond without modifying the base 
moiety of several oxidized nucleosides, including disastereoisomers of 
5,6-dihydro-5,6-dihydroxy-thymidine [19] and 7,8-dihydro-4-hydroxy-8-
oxo-2'-deoxyguanosine [20]. This mild acidic hydrolysis assay has also 
been applied to the measurement of several nucleobase lesions within 
DNA, including ultraviolet-induced (6-4) photoproducts [21], and the 
ad ducts of unsaturated aldehydes to 2'-deoxyguanosine [16]. 

900 

800 

700 
011 c 
'1: 600 
tV 
:::I 
CJI 500 
It) 

011 
0 

400 

C1 300 0 x 
0 

200 

100 

0 

0 

----+- HF 

-:0- ENZ 

10 20 JO 

irradiation time (min) 

40 so EO 

Fig. 3. Dose-response curves of formation of 8-oxo-guanine in DNA upon methylene blue 
photosensitization. Results obtained by HPLC-EC assay following: (ENZ) enzymatic diges­
tion (release of 8-oxo-dGuo); (HF): acidic hydrolysis using HF/pyridine (release of 8-oxo­
Gua). 
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The extent of formation of 8-oxo-dGuo residues in photooxidized 
DNA was determined following enzymatic digestion. This was com­
pared with the yield of 8-oxo-Gua obtained by HF /Pyr hydrolysis 
followed by EC detection. In both cases, the level of modification was 
precisely determined by monitoring both the amount of lesions and 
normal bases in the HPLC profile. The dose-response curves (Fig. 3) 
were found to be very similar, confirming that 8-oxo-Gua is quantita­
tively released from DNA by acidic hydrolysis, as already observed at 
the nucleoside level [18]. However, the modification rates determined by 
HPLC-EC analysis following HF/Pyr hydrolysis are slightly lower than 
for the corresponding enzymatically digested DNA samples. An expla­
nation for this result was provided by complementary experiments 
showing that small amounts of isolated 8-oxo-Gua are trapped during 
the hydrolysis process. This is likely to be due to the high amount of 
solid salts produced during the neutralization step. Autoxidation of 
2'-deoxyguanosine during the 3 h incubation at 37°C can also partly 
account for the higher value of 8-oxo-dGuo rate found in enzymatically 
hydrolyzed samples of DNA. 

Excision of 7,8-dihydro-8-oxoguanine residues from DNA by the 
Fpg protein 
The Escherichia coli formamidopyrimidine DNA glycosylase (Fpg) has 
been isolated and initially characterized as an enzyme able to excise 
purine ring opening products [22-24]. 8-0xo-Gua has been recently 
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Fig. 4. Repair study of 8-oxo-guanine in DNA by formamidopyrimidine glycosylase (Fpg). 
Amount of 8-oxo-Gua detected in the supernatant fraction and of 8-oxo-dGuo from enzymat­
ically digested DNA. 
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shown to be an excellent substrate for the glycosylase activity of Fpg 
[18, 25, 26]. As shown in Figure 4, only a small part of the original 
amount of 8-oxo-dGuo was left in DNA after incubation with Fpg. The 
results of the analysis of the supernatant obtained after incubation with 
the Fpg protein are consistent with the almost quantitative release of 
8-oxo-Gua from DNA. This result confinns that the Fpg protein 
behaves liRe a glycosylase, by cleaving the N-glycosydic bond of the 
7,8-dihydro-8-oxoguanine residues in DNA. It should be added that no 
7,8-dihydro-8-oxoadenine was detected in the supernatant fraction upon 
treatment by the Fpg protein of DNA containing 8-oxo-dAdo (data not 
shown). This is in agreement with recent observations showing the lack 
of any detectable Fpg mediated release of 8-oxo-Ade from a synthetic 
oligonucleotide carrying a 8-oxo-dAdo residue at a specific site [27]. It 
should be noted that the use of Fpg may be an interesting alternative for 
the specific release of 8-oxo-Gua from DNA prior to its measurement 
by HPLC-EC. This could avoid autoxidation since 8-oxo-Gua is almost 
quantitatively released from double stranded DNA in 15 min under 
optimal conditions. 

Formation of 8-oxo-dGuo and 8-0xo-dAdo upon y-radiolysis of 
aerated aqueous solution of DNA 
The HPLC-EC assay was used to monitor the formation of 8-oxo-dAdo 
and 8-oxo-dGuo within DNA exposed to y-radiation in aerated 
aqueous solution (Fig. 5). 8-oxo-dAdo was found to be generated in an 
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Fig. 5. Dose-dependent formation of 8-oxo-dGuo and 8-oxo-dAdo within DNA upon -r-radi­
olysis in aerated aqueous solution. The measurement was carried out by HPLC-EC following 
enzymatic digestion. 
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approximately 10-fold lower yield than 8-oxo-dGuo. However, 8-oxo­
dAdo could also be a good marker of oxidative stress to DNA since its 
basal level is under the detection limit of the HPLC-EC assay ( <one 
8-oxo-dAdo for 105 dAdo) in calf thymus DNA. In contrast, the value 
for 8-oxo-dGuo was found to be 14 lesions for 105 guanine residues. 
Consequently, even a minor increase in the amount of 8-oxo-dAdo 
under conditions generating oxidizing species (mainly °OH radicals) 
could be detected. This may be partly explained by a lower sensitivity of 
adenine and 2' -deoxyadenosine to autoxidation. This was shown by the 
observation of an eight fold increase in the 8-oxo-dGuo level when 
DNA was solubilized in 10 mL of water and precipitated by addition of 
cold ethanol. Under identical conditions, the amount of 8-oxo-dAdo 
remained under the detection limit of the HPLC-EC assay. 

ArteJactual oxidation oj DNA samples 

As already mentioned, the formation of artefactual oxidation products 
is a key problem in the 8-oxo-dGuo assay, especially when the method 
is applied to cellular DNA [28]. Such autoxidation reactions can occur 
at several steps of the analysis. First, 8-oxo-dGuo can be produced from 
guanine residues when either DNA or digested nucleosides are left in 
aqueous solution. This artefactual production, often due to the presence 
of traces of transition metal generating °OH radicals or related reactive 
species through Fenton-like reactions [29], can be decreased by addition 
of metal ion chelators, like EDTA [30, 31]. Antioxidants, including 
glutathione [29], 8-hydroxyquinone [31], histidine [32] and butylated 
hydroxy toluene [33] can also be added to lower the artefactual forma­
tion of 8-oxo-dGuo. However, some antioxidants such as 5-aminosali­
cylic acid and ascorbate [29] can behave as pro oxidants by enhancing 
Fenton-like reactions in reducing oxidized transition metal ions. Arte­
factual oxidation may also occur because of the chemicals used in the 
extraction of DNA from tissue or cell culture. For instance, the use of 
phenol, shown to be a pro oxidant [30, 32], has been questioned. 
However, similar amount of 8-oxo-dGuo was measured in the same 
cellular DNA upon extraction involving either the use of phenol in 
association with antioxidants and EDT A or two other methods exclud­
ing the latter solvent [30]. Consequently, it seems that phenol extraction 
can be used prior to 8-oxo-dGuo analysis, if caution is taken [34, 35]. 
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Summary. Unlike necrosis, apoptosis was observed to proceed in an orderly and controlled 
manner that appeared to follow a defined program. DNA fragmentation is one of the features 
of apoptosis in lymphocytes. Most chemical and physical treatments capable of inducing 
apoptosis are also known to evoke oxidative stress. Dexamethasone can induce apoptosis and 
trigger a quantitative increase in lipid peroxidation. This work shows two means to measure 
with flow cytometry DNA fragmentation in mouse thymocytes after dexamethasone treat­
ment. Alternatively, electrophoretic analysis of thymocyte lysate DNA is performed. 

Introduction 

Apoptosis (derived from ancient Greek for "the falling leaves from trees 
or petals from flowers") is the name that has been given by Kerr et al. 
[I] to the process of physiological cell death. Unlike necrosis, physiological 
cell death was observed to proceed in an orderly and controlled manner 
that appeared to follow a defined program. The apoptosis process has been 
shown to proceed via a number of discrete steps, such as membrane 
blebbing, chromatin condensation and DNA fragmentation. 

Apoptosis-inducing stimuli are diverse, some of which are important 
in pathology and include radiation, hyperthermia, calcium influx, gluco­
corticoids and cytotoxic agents [2]. Oxygen free radicals appear to be 
involved in cellular injury caused by hyperoxygenation, ischemia/reper­
fusion, inflammation, exposure to ionizing radiation and aging [3] and 
can induce apoptosis [4]. Most chemical and physical treatments capa­
ble of inducing apoptosis are also known to evoke oxidative stress. Both 
ionizing and ultraviolet radiation are capable of inducing apoptosis, and 
generate reactive oxygen intermediate (ROI) such as R 20 2 and RO· 
[5]. As reported by Forrest et al. [6] and Lennon et al. [7], R 2 0 l can 
induce apoptotic death in mouse thymocytes and in other cell types. 
Severe oxidative injury produces necrosis in target cells, consistent with 
the suggestion by Duvall and Wyllie [8] that the severity of insult 
determines the form of cell death. In a recent study, Langley et al. [9] 
examined the possibility that apoptosis can be triggered by agents that 
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mimic different types of molecular damage that could be produced by 
ionizing radiation [10, 11]. These authors showed that tert-butyl hy­
droperoxide (t-BOOH) induced DNA fragmentation to the same extent 
as ionizing radiation. t-BOOH was used as a model for organic perox­
ides that are produced during irradiation [12]. As reported by Hocken­
bery et al. [13], other agents, such as dexamethasone can induce 
apoptosis and trigger a quantitative increase in lipid peroxidation within 
a 4-h treatment, which was much earlier than the effect upon cell 
viability. Reactive oxygen intermediates seem to be involved in dexa­
methasone-induced apoptotic cell death. In fact, antioxidants such as 
N-acetylcysteine can reduce this apoptotic cell death. 

On the one hand, this work shows two means to measure with flow 
cytometry one of the features of apoptosis, i.e., DNA fragmenta­
tion subsequent to endonuclease activation, in mouse thymocytes after 
treatment with a glucocorticoid, dexamethasone [-14]. Endonucleolysis, 
which accompanies apoptosis induced by dexamethasone, is assessed by 
two different flow cytometric methods. The first method is based on the 
DNA content measurement of ethanol-fixed and permeabilized cells, 
following extraction from these cells of the degraded, low MW DNA. 
Another method uses exogenous DNA polymerase to label in situ the 
DNA strand breaks with biotin-16,2'-deoxy-uridine-5'-triphosphate (bi­
otin-dUTP). 

Alternatively, electrophoretic analysis of thymocytes lysate DNA is 
performed. Most techniques used to assess apoptosis occurring in cells 
involve the quantitative or qualitative analysis of endonuclease-induced 
internucleosomal DNA fragmentation. 

DNA fragmentation is an early irreversible step in apoptotic process 
arising from the activation of an endonuclease that cleaves the DNA 
into nucleosome-sized fragments of approximately 200 base pairs. The 
gel electrophoresis of DNA solution displays a characteristic ladder 
pattern of discontinuous DNA fragments [15], often considered as the 
biochemical hallmark of apoptosis. Electrophoretic analysis of DNA 
size is a widely used method to probe apoptosis. 

Materials and methods 

Thymocyte isolation 

Balbe female mice (4-8 weeks old) are sacrificed with ether and their 
thymuses removed and placed in ice-cold PBS. Single-cell suspensions 
are prepared by pressing the organs followed by passage through a 
Falcon filter and a 25-gauge needle. The cells are washed once and 
resuspended in medium. Viable cells are determined by their ability to 
exclude trypan blue. 
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Dexamethasone treatment 

Mouse thymocytes (2 x 106/ml) are exposed to I pM of dexamethasone in 
culture medium (RPMI 1640 medium supplemented with 2 mM L-glu­
tamine, 50 pM 2-mercaptoethanol, 100 U/ml penicillin, 100 pg/ml strep­
tomycin and 10% heat-inactivated foetal calf serum: Gibco/BRL). The 
cells are the-n incubated at 37°C under an atmosphere of 5% CO2 in air. 

Flow cytometry 

DNA content analysis by using Propidium iodide (PI) 
In order to record DNA histograms, about 106 cells are pelleted, 
ressupended in PBS and fixed rapidly in 2 ml ice-cold ethanol for at 
least I h. Cells are centrifuged from the fixative, resuspended in 1 ml 
PBS, 50 J.lg/ml propidium iodide (PI), 100 J.lg/ml RNAase and incu­
bated at 37°C for 15 min. The excitation wavelength in the cytometer 
was 488 nm and red (> 620 nm) fluorescence was recorded [16, 17]. 

The flow cytometer is an Epics Profile 2 (Coulter) equipped with an 
argon-ion laser tuned to 488 nm. Histograms and cytograms are trans­
ferred to an IBM compatible PC on which data were analysed and 
figures prepared using software from Coulter. 

In situ labeling of DNA strand breaks or in situ nick translation assay 
(ISNT) 
The following method is a modification of those described by Gold et 
al. [18] and Gorczca et al. [19]. 

Reagents. 1% PF A solution of 1% formaldehyde: stock solution of 
PFA is prepared at 8% and stored at -20°e. (8 g PFA/IOO ml disti11ed 
water, heating at 60°C, drop NaOH (10 N) in this solution until the 
liquid becomes clear. After filtration, store at -20°e. 1% PFA is freshly 
prepared in PBS, check pH (7.4 - 7.6). Stock solution of formalin 
(Sigma) contains 4% of formaldehyde and is freshly diluted to 1% 
solution. 

Nick-translation buffer consisting of: 50 mM Tris (pH 7.8), 10 J.lg/ml 
BSA, 10 mM f3-mercapto-ethanol and 2.5 mM MgCI2 • 

dATP, dGTP, dCTP (initial concentration = 100 mmoles/l) (Boeh­
ringer Mannheim, Germany). Three nucleotide concentrations are tested: 
0.05, 0:2 nmol and 0.5 nmol/ J.ll in nick translation buffer. Biotin-16-
dUTP (b-dUTP: initial concentrations = I mmol/l or I nmol/J.lI), (Boeh­
ringer Mannheim, Germany). Three b-UTP concentrations are tested: 
0.05,0.2 nmol and 0.5 nmol in nick translation buffer. Prepare a solution 
consisting of the four nucleotides used at the same concentration: for 
each sample, one J.ll of this solution is used. 
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ISNT protocol. After dexamethasone treatment, cells were gently 
homogenized, harvested and centrifuged (400 g, 10 min, 4cC). After, the 
following centrifugations are done in the same conditions. 

- Fixation: After lavage in 3 ml PBS, the pellet is resuspended and cells 
are fixed for 15 min on ice in 1 % freshly prepared PF A or formalde­
hyde solution diluted in PBS. 
Store the cells at 4°C at least 30 min. 

- Permeabilisation: After lavage with 3 ml PBS, the supernatant is 
discarded and the pellet is resuspended with addition of ] ml of PBS. 
Drop ice-cold 70% ethanol into the cell suspension with gentle mix­
ing. It is possible to store the cells at - 20D C for several days. 

After two lavages with 3 ml of PBS, the tube is carefully dripped. 
Cells· (5 x 105 in 20,ul) were incubated in small reaction tubes (micro­
tube Eppendorf 0.5 ml) containing 25,ul of the-· reaction mixture in 
nick-translation buffer. This consisted of: 20 ,ul cell suspension, 1 III of 
nucleotide solution, 0.2 ,ul of DNA polymerase I (one unit), 3.8,ul nick 
translation buffer in a final volume of 25 ,ul. A time-incubation study is 
performed to determine the maximum of DNA polymerase activity at 
37°C from 45 min to 6 h in a shaking-water bath. 

After two lavages in PBS, indirect labeling is carried out using 
streptavin-phycoerythrine (10 ,ul/106 cells; Dako) or streptavidin-FITC 
(2 ,ul/l06 cells; Dako) in the ISNT assay. To stop the reaction, 4,u1 of 
0.5 M EDTA (Sigma) are added and the final volume of the reaction is 
100,ul. After 30 min at +4°C, and two lavages, the pellet is resuspended 
in PBS (250 tll). The excitation wavelength in the cytometer is 488 nm 
and orange (575 nm) or green (525 nm) fluorescence is recorded. 

DNA electrophoretic analysis 

Reagents. 

- Lysis buffer consisting of: 10 mM EDTA (pH 8), 50 mM tris-HCl 
(pH 8) containing 0.5% N-lauroylsarcosine. 

- TE Buffer (10 mM Tris-HCl, pH 8 and 0.1 mM EDTA). 
- TBE Buffer (Stock solution lOX) consisting of: 2 mM EDTA (pH 8), 

89 mM Tris, 89 mM boric acid. 

Cell preparation and DNA extraction. Mouse thymocytes (5 x 106/ 

ml) are induced to undergo apoptosis, as described above, by exposure 
to dexamethasone for 16 h. Thymocytes incubated in complete medium 
are used as negative control. 

Following treatment-induced apoptosis, thymus cells are washed with 
PBS buffer and pelleted by centrifugation at 200 x g for 10 min at room 
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temperature. Cell pellets are gently resuspended in 500 ml of sterile lysis 
buffer and incubated for 2 h with proteinase K (0.1 mg/ml) in a 60°C 
water-bath. 

In order to eliminate overlapping bands of RNA comigrating with 
the 180-200 base pairs of DNA fragments, RNAase (0.1 mg/ml; previ­
ously heat-treated to remove contaminating deoxyribonuclease activity) 
is added and samples are incubated for an additional hour at 60°C. 

DNA for gel electrophoresis is generally extracted with the classical 
phenol/chloroform method. In our study, crude DNA preparations are 
extracted using an original centrifugal device, i.e., Ultrafree-Probind 
Filters (Millipore), providing the removal of protein from nucleic acid 
solution. Each sample is collected into ultrafree-probind inset and 
centrifuged at 12000 g for approximately 1 min. Fragments of double 
stranded DNA lower than 10 Kb can only be recovered in the filtrate. 
DNA recovered is precipitated with 1:10 volume 3 M Na acetate (pH 
4.8) and 2 volumes of ice cold 100% ethanol and kept for 2 h at - 70°C. 

Nucleic acid pellets are obtained by centrifugation (13 000 g; 30 min; 
+4°C), air dried, resuspended in TE buffer and stored at +4°C. DNA 
concentration is determined by measurement of OD at 260 nm, the ratio 
260/280 allows to evaluate protein contamination. 

Electrophoresis. Before electrophoresis, loading buffer is added in a 
1:5 ratio, each sample is heated at 65°C for 10 min, in a dry bath. 
Electrophoresis is performed on a 2% agarose gel containing 1 mg/ml 
ethidium bromide. Approximately 10 mg of DNA is loaded into each 
well and electrophoresis is carried out at 80 V in TBE buffer for 2-3 h. 
DNA in the gel is visualized under UV light. 

Results 

As shown by Figure 1, glucocorticoid induced-apoptosis is observed by 
the measurement of DNA fragmentation by flow cytometry after la­
belling of DNA by propidium iodide: the fluorescence of apoptotic cells 
appeared lower than that of diploid cells, apoptotic cells are also called 
hypodiploid cells (sub-Go population). In these experiments, cells are 
treated by dexamethasone for 16 h. Cytograms A (control cells) and B 
(dexamethasone-treated cells) (Fig. 1) show two parameters: forward 
scatter (FS: it is an evaluation of cell size) and DNA content measured 
by the fluorescence of propidium iodide (FL3). Diploid cells and apop­
totic cells appear in box 3 and in box 2, respectively. We can observe in 
cytogram B a decrease of both DNA content (FL3) and in cell size 
(FS). Histogram C (control cells) and histogram D (dexamethasone­
treated cells) represent only one parameter: DNA content (FL3). A 
similar decrease of DNA content can be observed. As shown by Figure 
2, the time-kinetic study of dexamethasone treatment allows to detect 
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Fig. 1. DNA content analysis: control cells (A and C) and dexamethasone-treated cells (B 
and D). Thymocytes are treated during 4 h in culture medium. 
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Fig. 2. This diagram shows a representative experiment of a time-kinetic study of DNA 
content analysis in control cells and in I JIM dexamethasone-treated cells. At 2. 4, 6 and 16 h 
after addition of glucocorticoid, DNA fragmentation was determined as the percentage of 
hypodiploid cells. 
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apoptotic cells 2 h after addition of glucocorticoid, and a significant 
increase is observed at 4 h of incubation with dexamethasone: only a 
fraction of cell population is hypodiploid. Then, there is an increase of 
cell population in apoptosis after dexamethasone-treatment of cells and 
DNA damage also appear in control cells. In cells freshly harvested 
from normal mouse, no DNA fragmentation can be observed (data not 
shown). 

To assess apoptosis, DNA strand-break measurements are performed 
using ISNT assays. Incubation of fixed and permeabilized thymocytes 
with E. coli DNA polymerase and four triphosphodeoxynucleotides 
(dNTPs) resulted in incorporation of the labelled nucleotide (dUTP). 
To determine the maximum of dNTP incorporation with one unit of 
DNA polymerase for 3 h, three experiments with different dNTP con­
centrations (0.05-0.5 nM) are performed with a P9pulation of apop­
totic cells from thymocytes treated with 1 JiM dexamethasone for 16 h 
or with control cells incubated without dexamethasone for 16 h. Figure 
3a shows a representative experiment allowing to observe that the best 
dNTP incorporation is obtained with 0.2 nM dNTPs. A time-kinetic 
study of dUTP incorporation (Fig. 3b) in the two groups of cells 
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Fig. 3. ISNT assays: (A) effect of dNTP concentration on ISNT assay: mean orange 
fluorescence represents the mean of fluorescence intensity of the cells labelled with b-dUTP 
associated with phycoerythrin-streptavidin. The cells are incubated in culture medium for 16 h 
with or without dexamethasone. (B) Kinetic study with E. coli DNA polymerase (one unit). 
(C) ISNT assay with or without E. coli DNA polymerase, ISNT is performed on cells 
incubated in culture medium for 16 h. (D) A representative result of TSNT histograms (cell 
count against fluorescence of b-dUTP associated with phycoerythrin-streptavidin). I: control 
cells and 2: dexamethasone-treated cells after an incubation of 16 h. 
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Fig. 4. DNA strand-breaks measured with ISNT assay: This diagram shows a representa­
tive experiment of a time-kinetic study of ISNT analysis in control cells and in l.aM 
dexamethasone-treated cells. At 2, 4, 6 and 16 h after addition of glucocorticoid, DNA 
fragmentation was determined as the percentage of d-UTP-Iabelled cells. 

described above, is done to find the best time of incubation at 3TC with 
0.2 nM dNTPs. As shown by Figure 3b, in these experiments, the 
maximum of dNTP incorporation is obtained at 3 h of incubation. For 
the further experiments, therefore, we use to perform ISNT assays, 
0.2 nM dNTPs and an incubation of 3 h with E. coli DNA polymerase. 

Figure 3c shows that DNA strand-break detection is dependent of E. 
coli DNA polymerase added in the incubation medium: in fact, without 
this exogenous enzyme, no DNA strand-breaks can be observed. As 
shown by Figure 4, in this experiment, thymocytes are incubated during 
16 h: histograms A and B represent control cells and dexamethasone­
treated cells, respectively. We can observe a strong increase of DNA 
strand-breaks in histogram B. Apoptotic cells already appear in control 
cells after 16 h incubation; in fact, apoptosis is a physiological process 
of death in thymocytes. After 4 h incubation with dexamethasone, few 
DNA strand-breaks can be detected, albeit DNA damage begins to 
appear as shown above. Without exogenous DNA polymerase in the 
medium, no strand-breaks are observed. 

To confirm DNA fragmentation, DNA electrophoresis is performed. 
Figure 5 shows electrophoresis of thymocyte DNA extracted with 
ultrafree probind filters. In dexamethasone-treated cells, the characteris­
tic ladder pattern of discontinuous DNA fragments is exhibited, while 
no DNA fragments are detected in control cells. This confirms the 
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Fig. 5. Electrophoresis of thymocyte DNA extracted with ultrafree probind filters . Lanes I 
and 2, control cells. Lanes 3 and 4, thymocytes with I JtM dexamethasone for 16 h. Lanes 3 
and 4 exhibit the characteristic ladder pattern of discontinuous DNA fragments. 

previous results obtained with flow cytometry in dexamethasone-treated 
cells but electrophoresis method cannot detect DNA fragmentation in 
control cells. 

Discussion 

The first method is based on measurement of cellular DNA content. In 
this approach, the partially degraded DNA, a result of activation of an 
endonuclease in apoptotic cells, is extracted from ethanol-fixed cells 
prior to their measurement and apoptotic cells are identified on the 
DNA frequency histograms or bivariate FSjDNA cytograms as the cells 
with a fractional DNA content. The disadvantage of this method is that 



234 J. Mathieu et aL 

when DNA degradation, in a given cell, is not much advanced, most 
DNA in that cell is still of high MW and, thus, is not extracted prior to 
measurement. This causes an overlap between the live and apoptotic cell 
populations which leads to underestimation of the latter. The correla­
tion of DNA fragmentation with loss of apparent DNA fluorescence 
has also been demonstrated by Afanasyev et al. [20] by inducting 
internucleosomal DNA fragmentation in normal ethanol-fixed thymo­
cytes with micrococcal nuclease. This flow cytometric method is easy, 
rapid, and the fixed samples can be prepared and analyzed at a later 
time. 

In the second assay, formaldehyde-fixed and permeabilized cells are 
incubated in the presence of exogenous DNA polymerase and biotin­
dUTP. DNA strand breaks are labelled with biotin-dUTP under these 
conditions, and apoptotic cells, which contain a large number of such 
lesions, can be discriminated based on intense labelling. Since, unlike 
the first method, the cross-linking agent formaldehyde is used as a 
fixative. Here, the extraction of DNA from apoptotic cells during the 
procedure is minor. As reported by Gorczyca et al. [19], the methodol­
ogy of ISNT presents the advantage to detect DNA fragmentation on a 
single-cell level. In contrast, measurement of DNA content alone may 
not always be an adequate criterion of apoptosis because of possible 
changes in conformation of nuclear chromatin which may affect DNA 
accessibility to the dyes and the stoichiometry of its staining [21]. There 
are certain advantages of ISNT method over other assays of apoptosis 
[22]. This method directly detects DNA breaks (free 3' hydroxyl ends of 
the DNA strand, to which dNTPs are being enzymatically added), 
rather than relying on more indirect evidence of DNA damage. Thus, 
activation of endonuclease, which is a very specific and well-character­
ized step of apoptosis, is actually being measured. 

For example, the incorporation of the precursor under conditions of 
in situ nick translation is evidence of extensive DNA breaks, but cannot, 
per se, be proof of apoptosis. Other probes, therefore, should be used in 
parallel, such as analysis of cell morphology, plasma membrane assays 
or agarose gel electrophoresis, to identify the mode of cell death. 

In this study, to assess DNA fragmentation, electrophoresis is per­
formed. DNA purification is improved with ultrafree-probind filters. 
This device provides high recoveries of purified nucleic acid, using a 
special synthetic membrane which binds protein preferentially over 
double-stranded DNA. It is an alternative technique to phenol/chloro­
form DNA extraction, thus avoiding the use of toxic solvents. It is also 
a rapid method to recover in one centrifugation step a purified DNA 
solution containing only low weight ( < 10 Kb) DNA. 

Nevertheless, ethidium bromide staining might not be sensitive 
enough to determine low amounts of DNA fragments. This implies a 
sufficient percentage of cells undergoing apoptosis, to visualize the 
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DNA ladder. To overcome this lack of sensitivity, other procedures of 
DNA staining have been described [23]. 

As flow cytometry does not require destruction of the cells, it allows 
a more extensive study of the different steps leading to apoptosis, 
whereas cell lysate DNA electrophoresis only reveals one of the latest 
nuclear events, thereby this technique is currently used to confirm 
apoptosis detected by other methods [16, 17, 20]. 
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Summary. Free radicals species can modify proteins as well as lipids. In vitro study of protein 
oxidation involves the evaluation of amino acid degradation, bityrosine production as well as 
structural modifications of proteins. The protein electrophoresis j.s relevant to determine 
protein aggregation and/or protein fragmentation. The change of protein solubility is linked 
to the modifications of their secondary and tertiary structure. Direct evidence of protein 
conformational changes secondary to free radical attack can be obtained with X-ray diffrac­
tion studies. . 

However, few methods are available in clinical chemistry to evaluate in vivo protein free 
radical attack. The measurement of sulfhydryl and carbonyl are an interesting way to evaluate 
'the free radical attack of plasma protein. These measurements involve a spectrophotometric 
method using respectively for thiol and carbonyl groups 5,5'-dithio-bis(2-nitrobenzoic acid) 
and 2,4-dinitrophenylhydrazine. 

Introduction 

The implications of free radicals in protein and lipid damage in biolog­
ical systems is becoming important. These modifications are suggested 
to occur in the course of many degenerative diseases such as diabetes 
mellitus, cancer or chronic renal failure. For instance exposure of lipids 
to free radicals and the resulting lipid peroxidation products, leads to 
vascular lesions or accelerated aging and inflammation. Moreover, the 
exposure of proteins to oxygen free radicals (OFR) also causes gross 
changes leading to the structural modification of their primary, sec­
ondary or tertiary assembly. Consequently, their enzymatic or hor­
monal activities can be modified, their susceptibility to spontaneous or 
induced fragmentation can be increased, and their immunological reac­
tivity can be changed. These modifications are also involved in patho­
logic processes such as aging, inflammation or vascular lesions [1, 2, 3]. 
Despite considerable interest in this area, neither the mechanism(s) by 
which proteins are damaged nor their role in numerous diseases are wen 
established and major questions still remain regarding protein oxidation 
at different steps of the evolution of chronic diseases. This may be due 
to difficulties in monitoring in vivo protein modifications by OFR. 
Therefore, we describe two methods that are relevant to study plasma 
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protein modifications: the determination of thiol (SH) and carbonyl 
groups (e--0). But first, to better understand the mechanisms of 
protein damage secondary to free radical attack, it is important to 
catalogue the major modifications following the exposure of proteins 
to OFR. Generally, these modifications are obtained by in vitro sys­
tems on isolated proteins but one can speculate that similar modifica­
tions also occur during in vivo production of free radicals. 

General modifications following protein exposure to free radicals 

Loss of amino acids 

Although all amino acids (AA) are susceptible to modifications sec­
ondary to free radical attack, some of them are more sensitive. The 
primary AA to undergo free radical modification are tryptophan, ty­
rosine, cysteine [4] and histidine [5]. The different species of free 
radical have different effects on AA. For instance, if a protein is 
exposed to OH + 0;- the loss of amino acids is not increased as 
compared to ·OH alone. Moreover, the use of different chemical scav­
engers of ·OH in system producing different free radical species, re­
veals that ·OH is the primary radical responsive for amino acid 
modifications. The exception is cysteine residue which is both dam­
aged by OH and 0;- resulting in a reduction of sulfhydryl groups. 

Reaction between tryptophan and ·OH results in the destruction of 
its aromatic groups, measured by a decrease in spontaneous fluores­
cence (280 nm exc., 340-350 nm em.). This observation can also be 
obtained with phenylalanine and tyrosine which have aromatic 
groups. Hence the interpretation of a protein auto fluorescence de­
crease must take into account the accessibility of AA to photon exci­
tation [6] (i.e., depending on the secondary and tertiary structures of 
the protein). After free radical attack, tyrosine forms bityrosine. In 
this process, tyrosyl radicals react with other tyrosyl radicals or with 
tyrosine residues to form several stable biphenolic compounds. The 2, 
2, biphenol bityrosine appears to be the major product of this reac­
tion. Bityrosine production can be assessed by fluorescence at 325 nm 
excitation and 410-420 nm emission in comparison with authentic 
bityrosine or bityramine [4]. Generally, amino acid modifications 
caused by ·OH alone or by ·OH + 0;- progressively affect the overall 
electrical charge of the protein leading to new isoelectric focusing 
bands. The alterations of AA provide a key to an understanding of 
the modification of the primary and secondary structure of proteins 
and their increased susceptibility to fragmentation following an expo­
sure to OFR. 
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Protein aggregation and fragmentation 

Exposure of protein to high 'OH flux induces a generalized aggrega­
tion as shown by SDS-PAGE or acid precipitation studies. In contrast, 
exposure to both 'OH and 0;- generally produces a disperse pattern of 
lower molecular weight fragmented proteins. To reveal the nature of 
the molecu1ar bonds responsible for protein aggregation, comparison 
of non denaturing PAGE and SDS + PAGE + dithiothreitol can be 
performed. Such experiments show that most of the protein aggregates 
induced by 'OH can be attributed to new intermolecular S-S bonds. 
Moreover, few aggregation products can be assigned to non covalent 
interactions. A denaturing electrophoresis (SDS PAGE + urea) per­
formed on a protein exposed to both 'OH + 0;- compared to a non 
denaturing electrophoresis, reveals that the aggregation products are 
conglomerates of protein fragmented together by non covalent attrac­
tions such as hydrophobic or ionic bonds. When proteins are exposed 
to hydroxyl radical and then incubated with proteolytic systems they 
are degraded almost 50 times faster than untreated proteins [7]. In 
contrast, superoxide (0;-) does not cause fragmentation of the protein 
in presence of cell proteolytic systems. Degradation in erythrocyte 
extracts seems to be accomplished via a A TP and Ca2 + independent 
pathway and, inhibitor profiles indicate that it could involve a metallo­
protease and serine protease [8]. Then oxidative denaturation of 
proteins may increase the effective mechanisms for intracellular prote­
olysis and have important implications for the regulation of protein 
turnover [9, 10]. 

Modification of secondary and tertiary structure 

The alteration of the primary structure of proteins results in gross 
modifications of secondary and tertiary structure [11]. These changes 
can be evaluated by the solubility of the proteins [12]. In high salt 
concentration the repulsion of hydrophobic groups by the solvent cage 
is maximized. In the native state the hydrophobic residues are shielded 
from the aqueous environment, contrary to the denatured state where 
hydrophobic residues are not protected. In these conditions, a dena­
tured unfolded protein exhibits decreased solubility at its isoe1ectric 
point in high salt buffer because its exposed hydrophobic groups clus­
ter together and cause precipitation. The study of protein solubility is 
relevant in estimating its secondary and tertiary structure modifications 
as a dose-dependent relation can be observed between the free radical 
production and the loss of protein solubility_ This method only gives 
an indirect evidence of the conformational changes of a protein con­
trary to the X-ray diffraction study which is a direct approach to 
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examine protein conformation. However, the X-ray study requires a 
large amount of pure material which is often difficult to obtain from 
biological samples. 

Sultbydryl groups in proteins 

Sulfhydryl reactivity 

Sulfhydryl groups can be schematically divided into two groups: 

- non-protein thiols which are represented by very low molecular 
weight compounds as aminoacids (cysteine) or glutathione. 

- high molecular weight thiols are exclusively represented by protein 
thiols. In this chapter we will only focus on som~ aspects of the latter. 
Readers interested in chemical aspects of thiols can refer to the 
literature [13, 14]. 

Particular properties of sulfhydryl in proteins 

In proteins sulfhydryl groups play several important roles, some of 
which have been known for a long time: 

- conformational structure; 
- catalyst in the reactive site of numerous enzymes: For example, thiol 

is the active group of thiol protease. Standardized reagents are used 
for measuring creatine kinase activity in biological fluid containing 
SH donor as N acetyl cysteine; 

- binding of the substrate for some enzymes; 
- binding of some subunits; 
- conformational change linked with allosteric processes; 
- protective role against free radical effects. 

Reactivity of protein thiol with reagents is linked to their accessibility: 
some react very quickly, some slowly, and others react only with 
denaturated proteins. In enzymes, substrates can inhibit the reactivity of 
some thiol groups to a certain extent. 

Sulfhydryl groups and metals 

Metal ions seem to exert various and paradoxical effects on protein 
thiols. Stabilization of sulfhydryl groups can be enhanced by complexa­
tion with metal ions. The consequent ring formation gives an extra 
stability to the S-metal compounds. Zinc is often implicated in this 
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chelate formation. For example, it seems that spermatozoid chromatin 
is protected, against early decondensation process, by the high content 
of zinc in the seminal fluid. This method probably protects thio! groups 
in histones by complexation with sulfhydryl groups [15]. 

Sulfhydryl groups are relatively unstable, unlike S-S which are more 
stable, in any case thiol groups are not oxidized spontaneously in the 
absence of metal ions. Moreover, other factors influencing oxidation, 
such as pH, temperature, oxygen, and metal ions are potent catalysts 
for this degradation. 

Protein thiol and free radicals 

The radioprotective action of low molecular weight thiols is wen known. 
Glutathione, the major non-protein sulfhydryl compound, plays an 
important role in the protection of cells toward the ionizing radiation. 
Protein thiol seems to be involved in this protection, and probably takes 
part in the repair process as well [16]. 

The cell toxicity of some drugs such as Adriamicin and Menadione 
(Vitamine K derivatives) is probably due to oxygen radical generation, 
during metabolism. Alterations of protein thiol in cell or organelles 
membranes can alter Ca2+ efflux with an increase in cytosolic free Ca2 c­

level. This efflux precedes cell death [17]. 
The susceptibility of a thiol group to oxidation depends on the type 

of radical generated and how they are generated. Hydroxyl radical 
("OH) seems to be able to react with protein SH groups, particularly 
when they are generated by radiolysis, near these SH sites. But OH is 
unable to reach protein SH when generated in the medium, by metal/ 
H2 0 2 system. More diffusible species such as the hydroperoxyl and 
superoxide radicals, can be rapidly scavenged by protein thio!' Numer­
ous authors have speculated that protein thiol could be an immediate 
reservoir which can protect against free radical attack [18]. Glutathione 
seems to be the only thiol that is able to prevent peroxidation. 

Relation with nitric oxide (NO) 

Thiol seems to enhance "NO production or "NO protection: Properties 
of "NO donors such as trinitrine are known and used in clinical 
medicine, even though the therapeutic action is not fully understood. 
The clinicians have observed that the drug lowers its efficiency when it 
has been used for long-time therapy. It was also noted that a low 
molecular weight molecule such as N acetyl cysteine (NAC) can counter 
this side-effect. Knowing that the action of trinitrine is linked to its 
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capacity to liberate "NO, orie can now speculate about the effect of thiol 
molecule. Nitroprussiade which liberates "NO is not affected by a 
decreased reactivity [19]. But other authors pointed out that NAC has 
hypotensive action without any relation to "NO, and that it does not 
scavenge 0i -, as SOD [20]. 

Thiols seem to react with "NO metabolites: Peroxynitrite, a very 
potent oxidant, is probably produced during "NO metabolism, and can 
react with protein thiol at a rate 2600 times faster than H2 0 2 . Using 
electrophoresis, some authors have shown that this action does not 
generate any intermolecular disulfide bounds. Therefore, one can specu­
late that SH is rather oxidized to sulfinic (R-S02") and sulfonic 
(R-SOi) acids [21]. 

Thiol can also react with "NO derivative oxidants to form nitrosothiol 
derivatives which are more stable than "NO itself. It is postulated that 
these compounds, especially in plasma proteins, CQuid be considered as 
stable "NO reservoir [22]. 

Analytical procedures 

Numerous methods have been developed (amperometric, gas chromato­
graphic, etc.) in order to determine the thiol group [13, 14]. Here, one 
of the colorimetric methods will be described. 

For instance, aromatic disu1furs oxidize the thio1s [23]. In this group, 
a water-soluble compound is used: 5,5'-dithiobis(2-nitrobenzoic acid) 
(DTNB) (Fig. 1) [13]. This reagent is reduced by thiol and gives a 
yellow derivative which absorbs around 412 nm (Fig. 2). This reagent is 
the most frequently used for colorimetric assay of thiol groups. There 
are some limitations in using this compound, however. 

It is unsuitable for hemo protein measurements, because these 
proteins absorb in the same wavelength. 

The chromophores liberated by the reaction are intensely colored and 
tend to oxidize. 

Fig. I. 5,5'-dithiobis(2-nitrobenzoic acid). 
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s 

Fig. 2. p-nitrothiophenol anion. 

The stability of Ellman's reagent is not very good, especially when it is 
exposed to natural light. DTNB is very sensitive to the action of light near 
325 nm and is reduced to TNB. Ascorbate is unable to protect DTNB. To 
lower any damage to the reagent, it is necessary to operate in a dark room 
and to keep the reagents and the assay tubes in the darJ<: [24]. 

An added problem, which is not specific to DTNB, is the lack of 
standardization. 

Protein thiol can be evaluated using a kinetic reaction, allowing the 
reaction to continue for 1 h, and using a large amount of DTNB. Under 
these conditions, it is possible to observe a polyphasic absorbance 
corresponding to fast- and slow-reacting thiol groups [23]. 

The methods to distinguish protein thiol from no protein thiol consist 
of: 

- protein precipitation with trichloracetic or perchloric acids, but the best 
one seems to be salicylsulphonic or metaphosphoric acids, since they 
present antioxidant properties [13]; 

- dialysis or gel chromatographies; 
- using different pH and concentration ofDTNB, fast (non protein thiol) 

and slow reactive (protein thiol) can be distinguished [25]. 

Other authors have slightly modified the methods in order to resolve 
specific problems. For example, the presence of H2 0 2 in the sample assay 
affects the reaction so catalase must be added before thiol analysis with 
Ellman reagent can be conducted [26]. 

The thiol groups buried in the protein can be determined after protein 
denaturation. This can be achieved with a high concentration of urea, or 
with sodium dodecyl sulfate. This method can also be applied to measure 
protein thiol in cells or in tissues [27]. 

Carbonyl groups in proteins 

Introduction of carbonyl groups in amino acids residues is a hallmark 
for oxidative modification and can lead to structural modifications of 
proteins and increased susceptibility to proteolytic degradation. The 
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mechanism of the introduction of carbonyl groups into proteins in­
volves a metal ion catalyzed oxidation as described previously [28]. 
Consequently, assay for the carbonyl content of proteins is a suitable 
indicator for the evaluation of metal catalysed oxidation. We present 
here a colorimetric reaction using 2,4-dinitrophenylhydrazine. Other 
methods using radio-labeled reagents are available, in particular the 
reaction~ with tritiated borohydride. This is the most sensitive method, 
but it involves the utilization of a laboratory equipped to handle 
radio-labeled material. Thus, the results of the two methods are equal, 
and when one has sufficient sample, the 2,4-dinitrophenylhydrazine 
method provides a nonradiochemical assay for carbonyl groups in 
protein. The reaction involves the formation of Shiff bases as follows: 

Protein-C=O ---+ Protein=N-NH-2,4-DNP + H2 0 

Protein-C=N-Protein ---+ Protein=N-NH-2,4-DNP + H2 0 

The first assays were performed without the extraction of the excess of 
2,4-dinitrophenylhydrazine because of the possible loss of protein. This 
rendered the method rather insensitive and subsequent studies have 
shown that the reagent could be extracted without a significant loss of 
proteins [29]. 

Technical aspects 

Carbonyl groups measurement 

Reagents 
- HCI,2M; 
- 2,4-dinitrophenylhydrazine, 10 mM, in HC! 2 M; 
- Trichloroacetic acid, 20% (w/v); 
- Guanidine 6 M, with potassium phosphate 20 mM adjusted to pH 2.3 

with trifluoroacetic acid. 

Procedure 
The blood sampling must be performed with heparinized tubes and a 
minimum of 500 fll of plasma is required (200 fll for the blank, 200 fll 
for the reaction, and 100 fll to determine the protein concentration). 
Remove the plasma from blood sample by centrifugation (3000 g, 
15 min) and pipet into 1.5 ml centrifuge tubes. Aliquot the plasma 
sample for the blank and for the reaction and dilute each aliquot with 
800 fll deionized water. Precipitate each protein solution with 
trichloroacetic acic (2 vol for 1 vol of plasma), centrifugate 10 min 
(3000 g) and discard the supernatant. Add 1 ml of 10 mM 2,4-dinitro-
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phenylhydrazine in 2 M HCl and allow to stand at 37°C for 50 min, 
with vortexing every 15 min. Parallelly use 1 ml of 2M HCl as blank 
solution and allow it to stand at the same temperature. Add 1 mJ of 20% 
trichloroacetic acid, centrifuge the tubes (3000 g) for 15 min, and dis­
card the supernatant. Wash the pellet in 1 mJ ethanol/ethyl acetate 
solution (U) to remove free reagent: allow the sample to stand 10 min 
before centrifugation and discard the supernatant each time. This proce­
dure must be repeated until a clear supernatant is obtained. To be able 
to read the colorimetric reaction, you have to dissolve the precipitated 
protein in 1 mJ guanidine solution. Plasma is generally dissolved in 
30 min at 37°C. The insoluble material must be removed by centrifuga­
tion. Obtain the O.D. of the reaction and of the blank at 380 nm and 
calculate the carbonyl content (after subtracting with the blank value) 
using the molar absorption coefficient of 22 OOO/M/9.ffi. Use the 100 Jil 
plasma to determine the protein concentration of the plasma sample. 
Protein recovery is generally excellent but it may be checked by its 
measure at 280 nm and calculated using a standard curve of bovine 
albumin also treated with guanidine. 

Results 
The precision of the method shows that the CV of the within run 
(n = 30) is 4.5% and the CV of the between run is 7%. The reference 
value of the laboratory, established in 30 apparently healthy adults 
(age, 25 to 48 years) is 0.35 ± 0.08 Jimol/g of proteins. 

Total sulfhydryl groups measurement using Ellman's reagent 

Reagents 
- 0.05 M and 0.2 M pH 8 phosphate buffer; 
- Bovine serum albumin (BSA) 10 gIl stock solution; 
- N acetyl cysteine (NAC) 1 mM stock solution; 
- Ellman's reagent: DTNB 10 mM in 0.2 M phosphate buffer. 

Procedure 
Blood collection and preparation are shown for carbonyl assay. Plasma 
is diluted 10 times before analysis. Standard curves are made from BSA 
or NAC stock solutions. In a plastic cuvette add: 

- 500 Jil of water for blank, dilutes solution of BSA or NAC stock or, 
dilution of plasma. 

- 750 Jil of 0.05 M phosphate buffer. 

Gently mix and measure the first O.D. at 412 nm. Then add, in all the 
cuvettes, 250 Jil of freshly prepared Ellman's reagent and after mixing 
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Fig. 3. Evolution of protein thiol in plasma at ambient temperatm:e (0 to 4 h) and at -20·C. 

observe a 15 mn delay with assay tubes in the dark. Then read the 
second O.D. at 412 nm. 

Results 
Results are based on the following data and expressed in ,umol/ml of 
thiol: 

- BSA molecular weight: 69000 
- Sulfhydryl content of BSA: 0.66 per mole [13]. 

CV of the within run for this method is 6.01% (n = 30) and our 
reference value (established with 30 blood donors) is 0.78 ± 0.12 ,umol/ 
ml (values are around 0.6,umol/ml [13]). 
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Note: In order to minimize variation in protein content of plasma it 
seems better to express the results as nmol/g protein. With these units 
our reference value is 12.5 ± 1.9 nmol/g protein. 

Protein thiol content of human plasma is stable for at least 4 h at 
room temperature or 24 h at -20°e. For longer preservation plasma 
must be frozen at - 800 e (Figs 3 and 4). 
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Summary. Urinary excretion of oxidized bases and nucleosides has been suggested as a 
non-invasive biomarker of oxidative damage and repair. Oxidative adducts, resulting from a 
variety of reactive oxygen species, are in fact excreted in urine following repair. A method for 
the analysis of 5-hydroxyuracil (5-0HUra), 5-hydroxy-2'-deoxyuridine (5-0HdUrd), 5-hy­
droxymethyluracil (5-HMUra), 5-hydroxymethyl-2'-deoxyuridine (5-HMdUrd) in urine has 
been developed, based on GC/MS quantification. Stable isotopically labelled (M + 4) ana­
logues, synthesized in our laboratory, are used as internal standards, assuring appropriate 
quantification in complex biological fluids. Urines are first purified by HPLC on a reverse 
phase column and fractions corresponding to the compounds of interest derivatized for 
GC/MS analysis. Two different derivatives for GC/MS determination, the trimethylsylyl 
(TMS) and the tert-butyldimethylsylyl (t-BDMS) derivatives, have been tested. Detection 
limit in the selective ion monitoring (SIM) mode is generally two-fold lower with t-BDMS. 
Preliminary results on four healthy subjects show that the oxidized bases 5-0HUra and 
5-HMUra are excreted in urine (approximately 0.7 nmoljkgfday), while the corresponding 
nucleosides are not detectable. The developed method could have important applications in 
the analysis of oxidative lesions in DNA exposed to oxidative stress or in DNA from 
biological samples. 

Introduction 

The oxidative damage to DNA appears to be involved in ageing, 
carcinogenesis and mutagenesis [1-3]. Oxidized purine and pyrimidine 
bases constitute one of the major classes of oxidative DNA lesions, 
together with strand breaks, cross1inks and abasic sites. Hydroxyl 
radical, one-electron oxidation and singlet oxygen which may be pro­
duced by physical agents such as solar light and ionizing radiations are 
mainly involved in the formation of oxidized nucleobases [4, 5]. In 
addition, pathological conditions like infection and inflammation were 
also shown to induce a burst of oxygen radicals. 

The measurement of oxidized DNA bases and nucleosides in urine 
has been proposed as a non-invasive approach for the monitoring of 
oxidative stress in humans and animals [6-10]. The release of oxidized 
bases and nucleosides in urine appears to be the result of DNA repair 
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Fig. I. Two enzymatic repair pathways of damaged DNA. 

processes, namely base excision repair and nucleotide excision repair, 
respectively [11-14]. In the base excision repair the damaged base is first 
released by a glycosylase, giving rise to an apurinic site subsequently 
excised by endonucleases. In the nucleotide excision repair two phospho­
diester bonds at both sides of the lesion are hydrolyzed, leading to the 
removal of the damaged nucleoside. However, the enzymatic release of 
oxidized nucleosides in biological fluids such as urine has been recently 
questioned [IS] (Fig. 1). The GC/MS method associated with the 
selective ion monitoring (SIM) mode [16] is particularly suitable for the 
measurement of oxidized nucleosides and nucleobases in urine [17]. We 
developed a GC/MS assay for the measurement of four modified bases 
and nucleosides. These include S-hydroxymethyluracil (S-HMUra), 5-hy­
droxymethyl-2' -deoxyuridine (S-HMdU rd), 5-hydroxyuracil (5-0HU ra) 
and S-hydroxy-2'-deoxyuridine (S-OHdUrd). These compounds, whose 

6r0 
Co"OH 

HN 

~5N I 
H 

5-HMUra (M+4) 5-0HUra (M+4) 

5-HMdUrd (M+4) 5·0HdUrd (M+4) 

Fig. 2. Structure of the internal standards. 
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formation may involve ·OH reactions andlor one-electron oxidation 
[5, 18, 19] could be biologically important. In fact, 5-HMUra has been 
demonstrated to be present in the DNA of human blood cells [20]. In 
addition, a specific 5-HMUra glycosylase has been detected in several 
eukaryotes [21]. 

Accurat€ quantitative measurements require the use of stable isotopi­
cally labeled standards [22-24]. In this respect, emphasis was placed on 
the synthesis of enriched modified nucleobases and nucleosides. The 
internal standards differ from the compounds to be searched by at least 
three mass units due to the presence of stable isotopic atoms such as 
deuterium, nitrogen 15 and oxygen 18 (Fig. 2). Optimization of GC/MS 
analysis was also achieved in order to lower the threshold for detection 
of the DNA lesions described above. In the present chapter we will 
focus on the description of the method which includes HPLC prepurifi­
cation of urine samples and GC/MS analysis. 

Principle of the method 

The experimental protocol utilized for the measurement of oxidized 
nucleobases and nucleosides in urine is summarized in Figure 3. 

Materials and methods 

Pre purification of oxidized bases and nucleosides in urine 

Apparatus 
The prepurification of the oxidized bases and nucleosides in the urine 
samples was achieved by HPLC separation on a 5}lm particle size 
Interchrom semi-preparative octadecylsilyl (ODS) silica gel column 
(250 x 10 mm) (Interchim, Montlw;on, France) equipped with a RP-18 
guard column. A Gilson model 201 controller fractions collector 
(Gilson International, Villiers-le-Bel, France) was programmed to col­
lect 2 ml per fraction. 

Eluents 
The oxidized bases (5-0HUra and 5-HMUra) were purified on the ODS 
column by using 50 mM HCOONH4 in water at a flow-rate of 2 mIl 
min. The purification of the oxidized nucleosides (5-0HdUrd and 
5-HMdUrd) was achieved with a mixture of HCOONH4-MeOH (95:5, 
v/v) at a flow-rate of 2 ml/rnin. After each cycle of purification, the 
column was washed successively with approximately 30 ml water and 
30 ml methanol, prior to reconditioning with the appropriate solvent. 
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Evaporation of the first 
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Silylation 

GC/MS analysis 

Freezing of the 2nd series of fractions 

Mixing of the fractions for quantification 

Evaporation 

Silylation 

GC/MS analysis 

Fig. 3. Experimental procedure for the measurement of oxidized nucleobases and nucleosides 
in urine. 

Methodology 
Typically, urine samples (generally collected over 24 h) stored at 
- 80°C, were thawed and internal standards (56 ng) were spiked in a 
sample size of 2 ml of urine. After centrifugation for 5 min, the superna­
tant was filtered and then injected twice on the ODS column. A slight 
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isotopic effect was found to affect only the HPLC elution times of the 
oxidized bases. Therefore, in order to better locate the sample to be 
analyzed, each of the 4 ml HPLC fractions was divided into two: 

The first series of fractions was used to determine where the com­
pound of interest was eluted. Fractions were evaporated to dryness in a 
speedVac apparatus and the dry residues were resuspended in 500 pI 
acetonitrile" and centrifuged. The supernatants were transferred to 2 ml 
glass vials (Touzard & Matignon, Paris, France) and dried under 
vacuum. The content of each vial was then analysed by GC/MS (vide 
infra). Generally, 5-0HUra was present in fractions 10 and 11 whereas 
5-HMUra was in fractions 14 and 15. 

The second series of fractions was frozen during the GC/MS analysis 
of the first series. Once the fractions containing the compound to be 
analyzed were determined, these were combined and analyzed as re­
ported above. 

The isotopic effect was not observed on the HPLC elution of the 
oxidized nucleosides. Under the eluting conditions (see above), 5-
OHdUrd was present in fraction 15, whereas 5-HMdUrd was eluted in 
fraction 18. 

GC / MS analysis 

Apparatus 
GC/MS analyses were performed using a Nermag, Model RIO-lOc mass 
spectrometer in the electron impact (EI) mode and a Nermag, Model 
DN gas chromatograph equipped with a Ros injector. The source 
temperature was set at 210°C. The separations were achieved on a 
25 m x 0.32 mm CP Sil 5 capillary Chrompack column (Chrompack, 
Les Ulis, France) covered with a 1.2 pm film using helium as the carrier 
gas. Under these conditions, the column head pressure was 0.5 bar. The 
injection temperature was 250°C and the initial temperature of the 
column was 180°C. Immediately after the injection, the temperature was 
increased to 290°C at a rate of 7°C/min. 

Derivatization 
Two different silylating agents were used, N-(tert-butyldimethylsilyl)-N­
methyl-triiluoro-acetamide (MTBSTFA) (Fluka, St. Quentin-Fallavier, 
France) and N-(trimethylsilyl)-N-methyl-triiluoro-acetamide (BSTFA) 
(Pierce, Rockford, Illinois). They form the tert-butyldimethylsilyl (t­
BDMS) and the trimethylsilyl (TMS) derivatives, respectively. The 
detection limit of the TMS derivative was approximately two-to-five fold 
higher, compared to the t-BDMS derivative. In addition, with BSTF A 
as the derivatizing agent, results were less reproducible; an interfering 
peak was observed in the analysis of 5-HMUra. Therefore, t-BDMS 
derivatives were used in the protocol. 
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Typically, IOO/tl of a mixture of acetonitrile-MTBSTFA (1:1, v/v) 
was added to the dry contents of the tubes which were then heated at 
110Ge for 20 min. It should be noted that each of the two nucleosides 
is converted into the corresponding nucleobase during derivatization. 

Analysis -and quantitation 

Typically, 5 J.lI or 10 J.lI of each of t-BDMS derivatives of oxidized bases 
and nucleosides was injected. The quantification was obtained by mon­
itoring the specific M-57 ions resulting from the loss of a tert-butyl 
group from the molecular ion: 

-427.4 and 431.4 for 5-HMUra or 5-HMdUrd 

-413.3 and 417.3 for 5-0HUra or 5-OHdUrd 

Application of the method 

Calibration curves 
The calibration curves were obtained by measuring the peak area ratios 
of the base peak (M-57) for the four compounds of interest and the 
corresponding internal standards [24]. This was achieved by selecting the 
ions 427.4/431.4 for 5-HMUra and 5-HMdUrd (Fig. 4), while the cali­
bration curve for 5-0HUra and 5-0HdUrd (Fig. 5) was calculated by 
measuring the ratio 413.3/417.3. The calibration curves were linear up to 
112 ng. The detection thresholds for the four molecules are summarized 

o 3.--------------------------------------, 
.-
~ 2.5 

2 

1.5 

0.5 

O~--_,~--_.----_r----._----~--_.----~ 
o 10 20 30 40 50 60 70 

5-HM U ra (ng) 

Fig. 4. Calibration curve for the quantitation of 5-HMUra relative to 5-HMUra (M + 4) 
(internal standard initial quantity: 28 ng; injection quantity: 140 pg). 
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Fig. 5. Calibration curve for the quantitation of 5-OHUra relative to 5-0HUra (M + 4) 
(internal standard initial quantity: 28 ng; injection quantity: 140 pg) 

Table I. Detection threshold for nuc1eobases and nucleosides analysed 

Compounds 

Detection 
threshold 
(pg-pmoles) 
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Fig. 6. GCfMS-SIM chromatogram of urinary 5-HMUra. 
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Fig. 7. GC/MS-SIM chromatogram of urinary 5-HMdUrd. 
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in Table 1. 5-0HUra, 5-0HdUrd, 5-HMUra, 5-HMdUrd background 
levels in human urine were determined using these calibration curves. 

Standard recovery 
The averaged recovery of 5-0HUra and 5-HMUra standards from 
urine was between 70 and 80%. However, the presence of the internal 
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Fig. 8. GC/MS-SIM chromatogram of urinary 5-0HUra. 
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standard helped correcting for the partial loss of the compounds during 
analysis. 

Application to human urine 
The four DNA lesions were searched in 6 h urine samples of four healthy 
subjects. The corresponding chromatograms are shown in Figures 6-9. 
It was clearly shown that both 5-HMUra and 5-0HUra are present in 
human urine. The mean level of 5-HMUra was 10.5 nmoles/mmole of 
creatinine, with a variation of 1.7 nmoles/mmole between individuals. 
The variation due to experimental error was 6%. The presence of 
interfering impurities in the GC/MS elution profile led to a less accurate 
determination of 5-0HUra compared to 5-HMUra. Nevertheless, after 
averaging ten measurements, 5-0HUra level in normal urine was esti­
mated to be similar to that of 5-HMUra. On the contrary, the corre­
sponding nucleosides were not detectable, indicating that their levels 
were, at best, lower than 0.6 nmoles/mmole of creatinine for 5-HMdUrd 
and lower than 1.3 nmoles/mmole of creatinine for 5-0HdUrd, which 
represents at least ten-fold lower levels than nuc1eobases. 

Extension of the method: Measurement within DNA 

The GC/MS method is also suitable for measuring the oxidized nuc1e­
obases and nuc1eosides within naked DNA exposed to various condi­
tions of oxidation. The assay may also be applicable to monitoring the 
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levels of oxidative damage in cellular DNA exposed to oxidative stress 
and in DNA obtained from biological samples_ However, prior hydrol­
ysis of DNA is necessary in this case. Two approaches including acidic 
treatment and enzymatic digestion are usually employed to induce the 
release of modified bases and nucleosides, respectively [25]. The first 
method consists of the cleavage of the N-glycosidic bond. This can be 
achieved using hydrogen fluoride stabilized in pyridine [26-28]. The 
method is reliable to obtain a quantitative release of 5-0HUra. How­
ever, this method is not applicable to 5-HMUra as it is significantly 
unstable under acidic conditions. An alternative approach involves the 
enzymatic digestion of DNA into nucleosides. This is achieved with 
enzymes such as nucleases and phosphatases (Douki et aI., this volume, 
pp. 213-224). In both cases, however, it seems necessary to separate the 
unmodified from the modified bases (or nucleosides). This procedure 
should avoid any artefacts due to oxidation of the normal constituents 
during the steps of silylation or GCjMS analysis. One particular ap­
proach for purification is immunoaffinity chromatography, as illustrated 
for the prepurification of 8-oxoguanine compounds [29]. 

Measurements of the oxidative lesions in DNA, i.e., from lymph­
ocytes, and in the urine from the same individuals could provide useful 
information for validating the possible use of urinary modified bases 
and nucleosides as biomarkers of oxidative damage, and for clarifying 
mechanisms and extent of DNA repair. 
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Summary. Cell culture systems are especially useful to study the cytotoxicity mediated by 
reactive oxygen species (ROS) under defined conditions, and to understand cytoprotection 
and cellular adaptative response. This article reviews the methodological and practical aspects 
for studying cell injury using chromium-release assay, loss of cellular "adhesion/proliferation" 
ability and inactivation of mitochondrial enzymes in different model systems subjected to 
intracellular or extracellular oxidative stress. Their advantages, limitations as well as their 
biological significance are discussed. 

Introduction 

Among the damaging events which may injure a cell, considerable 
attention is being devoted to the role of free radicals in cell injury in 
various pathologies and to the development of antioxidant drugs. In 
cells, the deleterious effects of active oxygen species may become domi­
nant when the balance between radical formation and removal is 
disturbed to produce "oxidative stress". The cell culture systems are, 
therefore, especially useful to study the cytotoxicity mediated by reac­
tive oxygen species (ROS) under defined conditions, and to understand 
cytoprotection and cellular adaptative response. 

This article reviews the methodological and practical aspects for 
studying cell injury on fibroblasts using chromium-re1ease assay, loss of 
cellular "adhesion/proliferation" ability and inactivation of mitochon­
drial enzymes in model systems subjected to various oxidative stress: 
extracellular sources of superoxide (0; -) or hydrogen peroxide (H2 0 2 ) 

and intracellular oxidative stress mediated by UVA exposure. 

Cell culture systems for oxidative stress 

To assess cytotoxicity, various cell types may be used ranging from 
differentiated cells with a finite in vitro life span to transformed cells. 
Depending on the cells used, endogenous antioxidant defenses differ 
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leading to differences between cell disturbances. Although different 
methodologies for measuring toxic effects of oxidative stress will be 
discussed, attention will be focused mainly on studies involving human 
fibroblasts. 

To induce oxidative stress, two alternative approaches may be fol­
lowed to disturb the prooxidant-antioxidant balance: either by increas­
ing free. radical fluxes via extracellular 0; - or H2 0 2 generation, 
hyperoxia, free radical-generating drugs such as menadione, exposure to 
irradiation such as UV A or by inhibiting the extent of antioxidant 
defenses. For instance the use of buthionine sulfoximine which induces 
glutathione depletion [1] increased cell injury. Similar results were 
obtained with drugs like 3-aminotriazole or diethyldithiocarbamate 
which inhibited metalloenzymes, catalase and superoxide dismutase, 
respectively. This chapter will only deal with cell injuries caused by an 
increase in extracellular or intracellular free radical generation. 

Free radical generation 

Different free radical generators can be used to induce oxidative stress 
leading to cell injury. The most commonly used are summarized in 
Table 1. 

Factors that modulate 0;- or H2 0 2 toxicity for cells 

The composition of the cell culture media may modulate cellular dam­
ages. In general, the cell culture media may contain scavengers of 0;-

Table 1. Most commonly used generators inducing oxidative stress for cells 

Extracellular sources 

H20 Z 

Bolus 
Continuous flux 
0;-
Bolus 
Continuous flux 

Intracellular sources 

UV irradiation 
Hypoxia-reoxygenation 
Gamma radiation 

H Z0 2 stock solution 
Glucose oxidase-glucose 

Potassium superoxide 
Xanthine oxidase-xanthine 
(0; -, H 2 0 2 , 'OH) 
FMN reductase (0; - ) 

Chemicals (paraquat, hydralazin, menadione) 
Hyperoxia 
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or H2 0 2 , (phenol red, pyruvate) as well as other antioxidants such as 
alpha-tocopherol or ascorbic acid. On the other hand, the medium 
may exert a pro oxidant effect. It has been reported that histidine 
greatly enhances the cytotoxicity of hypoxanthine-xanthine oxidase 
(HX-XO) system or the cytotoxic effect of H2 0 2 , [2-4]. Also the 
presence of transition metals in the medium may stimulate hydroxyl 
radical ("OH) formation from H2 0 2 , by the transition metal-catalyzed 
Haber-Weiss reaction. This phenomenon is supposed to be limited 
because ·OH formation can only occur when transition metals are 
available in their reduced form. However, the presence of ascorbic 
acid or other reducing agents may increase the formation of ·OH by 
maintaining the transition metals in their reduced forms. 

Finally, in complex media many other secondary reactive species or 
toxic products may be formed. Therefore, the use of a simple buffer 
system is recommended. However, it may be important to add glu­
cose and glutamine to the buffers in order to provide the cells with 
their major energy sources. For instance, the two frequently used 
buffer solutions, Dulbecco phosphate buffer (PBS) and Hanks' bal­
anced salt solution (HBSS), differ only in their glucose content. The 
higher cytotoxicity observed with PBS as compared to HBSS [51 
could be explained by the reduced glucose levels. The modified Ea­
gle's medium (MEM) includes aminoacids and vitamins in addition 
to the constituents of HBSS. These compounds are able to scavenge 
free radicals and this may explain why the cytotoxicity of HX-XO 
system was lower in MEM than in HBSS [5]. In the same experimen­
tal conditions Noel-Hudson et aI. [5] observed a better survival in 
presence of fetal calf serum (MEM + 10% FCS). This is consistent 
with the finding of Bishop et al. [6], who demonstrated that serum 
had a pronounced scavenging effect towards H2 0 2 • Calcium (Ca) 
salts may be another important factor to consider in cytotoxicity 
assays. When cells are exposed to oxidative stress, intracellular Ca 
flux increases. It is known that Ca may physiologically activate vari­
ous enzymes involved in catabolic processes, e.g., proteases, lipases 
and endonucleases [7). Thus it appears possible that cellular damages 
may be different in presence or absence of calcium. 

The exposure time, and so the conditions of incubation during the 
assay, must be taken into account to choose the buffer. When the 
cells are incubated under CO2 it is necessary to use a bicarbonate 
buffer and not a phosphate buffer in order to provide an adequate 
pH because cytotoxicity also depends on pH [2). 

To study the pure cytotoxic effect of 0; -, catalase should be 
added to the culture media to remove H2 0 2 as well as to prevent 
·OH formation. The purity of the catalase preparations is of utmost 
importance because many commercial catalase samples appear to be 
contaminated with superoxide dismutase (SOD). 
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The other factors that modulate cellular response to free radical-medi­
ated stress are linked to the cells themselves. The cell density [5, 8] is an 
important factor. Toxicity varies inversely with plating density. This effect 
seems to be dependent on the ratio between the rate of RLO generation 
and cellular antioxidant content. Not only does cell density influence the 
toxicity of RLO, but it also affects the cell cycle [9, 10] and cell differ­
entiation, In effect, both cell density and cell cycle should be controlled. 

Methodological and practical aspects for in vitro cytotoxicity studies 

MTT evaluation oj living cells 

MTT (3-( 4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide) is 
a tetrazolium salt whose tetrazolium ring is cleaveq in active mitochon­
dria by dehydrogenase enzymes. Thus, the yellow substrate is trans­
formed into a dark blue formazan product only in living ceUs. 

Chemicals and reagents 
RPM I 1640, fetal calf serum (FCS), Puck's saline solution and trypsin, 
were purchased from Gibco (Grand Island, New York, USA). 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was 
from Sigma Chemical Co. (Saint-Louis, Missouri, USA). Dimethyl 
sulfoxide (DMSO) was purchased from Merk (Nogent sur Marne, 
France). Other reagents were from Prolabo (Paris, France). Stock 
solutions were prepared as follows: Tyrode buffer [NaCl 8 giL, KCI 
0.2 giL, NaHC03 I giL, NaH2 P04 , H2 0 5.8 mglL, MgCI2 , 6H2 0 
I mM, CaCI2 , 2H2 0 2 mM, HEPES 0.238 giL, D-glucose I giL, pH 7.3 
adjusted with HCl] was sterilized by filtration (0.2Ilm) and stored at 
4°C. MTT stock solution (5 giL) was prepared in Dulbecco phosphate 
buffer (PBS). Before use, this solution was filtered (0.2 ,11m) and diluted 
six times in tyrode buffer or in the medium according to the procedure 
used to measure cytoprotection and cytotoxicity. 

Cell treatment 
The confluent fibroblasts were harvested, counted and seeded into 
96-well microplates (Falcon Plastic, California, USA) in growth 
medium (RPMI 1640 + FCS 10%; 100 Ill) at a final concentration of 
2.5 x 104 cells per well. The controls represent wells filled with 100 ilL 
of growth medium without cells. Multiwell plates were incubated at 
37°C, in a 5% CO2 atmosphere for 24 h. 

Oxidative stress 
H2 0 2 induced oxidative stress. Hydrogen peroxide solution was pre­

pared in Dulbecco phosphate buffer (PBS) at a final concentration 
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ranging from 10-4 to 10-' M before use. The HzOz concentration was 
verified spectrophometrically (l = 230 nm; e = 81 M·cm'). Cells were 
washed twice with PBS before being subjected to oxidative stress for 
30 min at room temperature in darkness. Control cells were maintained 
in PBS during the same period. 

UVA irradiation. Cells were rinsed twice and irradiated in PBS buffer 
with a Uvasun 2000 apparatus (Mutzhas, Munich, Germany). The 
spectrum is from 340 to 420 nm with a maximum intensity at 375 nm. A 
compensated Kipp and Zonen thermopile coupled to a digital voltmeter 
was used to measure UV-A energy effectively received by the cells 
through the culture dishes. Non-irradiated cells were left on the bench 
in PBS buffer while irradiation was being carried out. 

Cell survival 
Cell survival was quantified by a modified colorimetric method previ­
ously described by Mossman [11]. Mter treatment of cells, plates were 
rinsed twice (100 J.d buffer/well). Each well then received 120 p.l of the 
diluted MTT solution and cells were incubated for 2-4 h under a 
humidified atmosphere containing 5% CO2 at 37°C. Then the dark-blue 
'crystals formed by living cells were dissolved by adding 100 p.l/well of 
DMSO and mixing thoroughly. Alternatively, acidified isopropanol 
(HCl 0.04 N) could be used and mixed thoroughly overnight. The 
absorbance was recorded at 570 nm using a multiscan spectrophotome­
ter (Titertek Multiskan, Labsystems Group, Les VIis, France) inter­
faced with a computer. The absorbance or optical density (OD) is 
directly proportional to the number of viable cells. 

Processing of results 
The percentage of cytotoxicity (Fig. 1) is determined from the equation: 
[(ODcontrol- OD stressed cells)/(ODcontrol)] x 100. In order to eval­
uate cytoprotection, antioxidants are prepared in buffer and generally 
added to the cells 10-15 min before inducing the oxidative stress. They 
are maintained in contact with the cells during the stress. The toxic 
effect of the stress is evaluated by applying the following equation [5]: 
X = [(Control wells - Exposed wells)/Control wells] x 100. The protec­
tive effect of an antioxidant is evaluated by the equation: Protection 
% = [(X - y)/X] x 100. 

The time-lag between oxidative stress and MTT evaluation of living 
cells is a determinant variable (Fig. 2). Indeed, it has been shown that 
oxidative stress (tumor necrosis factor, radiation) is a mediator of 
apoptosis [12]. 

Limitations 
MTT can react with superoxide and can give a positive reaction by a 
non-specific pathway without the involvement of active mitochondria. 
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Fig. 1. Determination of H20 2 cytotoxicity in presence or not of catalase (50 Vlml) using 
MIT assay. The measures are done immediately after the oxidative stress according to the 
procedure described in the methodological section. 

Further refinements and interpretation of tetrazolium-based assays for 
antioxidant drug evaluations will definitely benefit from careful atten­
tion to concepts and observations already described in the literature. 
For example, it is important to note that some components (ascorbic 
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Fig. 2. Influence of the delay between the irradiation and MIT assay on the cytotoxicity of 
uv A. The measures are done immediately after irradiation (TO) and after 3 h or 24 h. 
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acid, sulfhydryl agents) are capable of reducing tetrazolium salts by 
direct interactions, whereas other compounds (malonate, rotenone) can 
block cell-mediated MTT reduction indirectly by inhibiting early steps 
in cellular respiration [13]. A major difficulty with this assay is the 
solubilization of the formazan crystals before reading the color absorp­
tion. Acidified isopropanol, dimethyl sulfoxide [14] and ethanol have 
been identified as suitable solvents. An ultrasound water bath can be 
used to dissolve the crystals after addition of acid isopropanol [15]. The 
use of 2,3-bis(2-methoxy-4-nitro-5-sulfopheoyl)-5-[(phenylamino) car­
bonyl]-2H-tetrazolium hydroxide, inner salt, sodium salt (XTT) will 
simplify this step. In general, XTT is metabolicaUy reduced by viable 
cells to a water soluble formazan product; however, numerous cell lines 
were oot able to efficiently reduce XTT during 4 h incubation time, thus 
making it necessary to use longer incubation times for obtaining 
absorption values significantly greater than the background values. 
However, supplementation of the XTT incubation mixtures with an 
electron-coupling agent like phenazine methosulfate (PMS) results in 
adequate absorbance levels [16]. 

Cell ability to adherate and proliferate 

This method has been recently developed in our laboratory [8] and 
has been validated only in a few laboratories [17]. It is a variant of 
the cell-forming colony (colony forming unit) test. It may be useful 
for adherent cells and reflects both the ability of a cell to adhere and 
proliferate after the induction of a stress. 

Chemicals and reagents 
RPMI 1640, fetal calf serum (FCS), Puck's saline solution and 
trypsin, were purchased from Gibco (Grand Island, New York, 
USA). Xanthine oxidase, hypoxanthine were obtained from Sigma 
Chemical Co (Saint-Louis, Missouri, USA). 

For protein determination stock solution was prepared as follows: 
Na2 C03 40 gil, NaK tartrate, 4 H2 0 20 gil, CuS04 , 5 H20 10 gil. 
Just before use the working solution is prepared by mixing 24 V 
Na2 C03 ; 0.5 V tartrate salt, 0.5 V CuS04 • Folin and Ciocalteu's phe­
nol reagent 2N is from Sigma. It is diluted by half just before analy­
SIS. 

Cell treatment 
Fibroblasts are placed in 35 mm diameter culture dishes and incu­
bated at 37°C under a 5% CO2 atmosphere in their usual growth 
medium (RPMI 1640 + FCS lO%). The original cell density used is 
105 - 106 per dish. 
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Oxidative stress 
Hydrogen peroxide and UV A irradiation are applied as described above. 

Hypoxanthine-xanthine oxydase system. Hypoxanthine solution stock 
(30 mM) is prepared in Tyrode buffer and stored at 4°C whereas 
xanthine-oxidase is diluted just before use to give a final concentration 
20 Ujl. Cells are incubated in presence of the HX-XO mixture for 
90 min. Under these conditions hypoxanthine concentrations used vary 
from 0.05 to 0.3 mM. 

Repiating assay 
After oxidative stress, cells are rinsed with Puck's saline, harvested by 
trypsination, replated into another dish and reincubated for 18 h in 
fresh culture medium. Non-adhering cells and cell debris are removed 
by rinsing vigorously three times with 0.9% NaCl. Survival levels and 
proliferation capacities are determined by assaying total protein using 
the method of Shopsis and Mackay [18]. Cells are digested with 0.5 m1 
NaOH (0.5 N) per dish during 2 h at room temperature. The samples 
are frozen at _20DC until further analysis. For analysis, 150.ul of 
a1calin solution of protein are added to 375 ,Ill of the working solution. 
After 15 min, 150.ul of Folin Ciocalteu's phenol reagent is added. Tubes 
are mixed and left in darkness during 45 min before measuring ab­
sorbance at 630 nm. Assays are performed in duplicate. A calibration 
curve is made with 2.5 x 104 to 106 cells per dish and the protein 
concentrations measured are directly proportional to the number of 
adherent cells. 
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Fig. 3. Immediate (MTT assay) and delayed (replating assay) cytotoxicity of UV A irradiation. 
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Fig. 4. Correlation between MIT and replating assays in assessement of cytotoxicity of 
xanthine oxidase (XO 20 U/l)-hypoxanthine mixture. 

The plating efficiency of the untreated cells ranges from 90 to 95%. 
Cytotoxicity is determined via the percentage of cells which have re­
attached versus control cells. This method only investigates a delayed 
toxicity (Fig. 3). 

Limitations 
It has been reported that trypsin can amplify the toxic effects of 
oxidative stress when it is added to the cells before oxidative stress [19]. 
In the present method we use proteases, after oxidative stress, while 
transferring treated cells to a new dish. We have often noted an effect of 
the lagtime between stress and trypsination using the mixture HX-XO 
[8]. In this system, we observe a greater susceptibility to killing, which 
is either all-or-nothing, if trypsination is done immediately after the 
oxidative stress. However, when trypsination is performed after a delay 
of 90 min between stress and trypsination, a good correlation between 
MIT and replating assay was observed (Fig. 4). Nevertheless, the 
cytotoxicity of the mixture HX-XO appears to be more important when 
we use MTT assay rather than replating assay, whereas UV A irradia­
tion gives opposing results (Fig. 3). The hypothesis of a direct reduction 
of MTT salt by the superoxide anion generated by HX-XO could 
explain these results. Finally, a potential susceptibility of the cells to 
trypsin could be avoided by scrapping. On the whole, a main disadvan­
tage of this technique is that it is time consuming and lacks automation. 
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Chromium release assay 

The basis of the assay is the use of the radioactive isotope of chromium 
("ICr), which binds to the cellular proteins of cultured cells. Target cells 
are pre-labelled by incubation with 51Cr, and incubated with oxygen free 
radicals generators, or UV irradiated. The amount of radioactivity 
which is released into the supernatant reflects the amount of cell lysis. 
This assay is mostly adapted to the measurement of cell killing caused 
by disruption of the cell membrane. 

Chemicals 
Cell culture reagents are as previously described. Sterile radioactive 
sodium chromate (Na2 5ICr04), biologically tested for cytotoxicity was 
purchased from NEN Du Pont de Nemours (Bad Homburg, Germany). 
Triton X 100 was from Sigma Chemical Co (St-Louis, Missouri, USA). 

Cell treatment 
A monolayer of fibroblasts in 35 mm diameter dishes, grown to conflu­
ence is incubated in 1 ml complete culture medium containing 10 ,uCi 
51Cr for 16 h. Unincorporated 51Cr is aspirated and cells are washed 
three times with the Puck solution. After hydrogen peroxide treatment, 
cells are incubated with 1.5 ml of fresh culture medium in the incubator 
for 2 to 24 h (Fig. 5). Supernatants are then removed for counting 
(aliquots) in an auto gamma scintillation spectrophotometer (Packard 
5160). To measure maximal 5lCr release, 2 x I ml of culture medium 
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Fig. 5. Determination of cytotoxicity of H2 0 2 using chromium release assay. The measures 
are done 30 min, 2, 6, and 24 h after the exposition of the cells. 
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containing 0.67% Triton X-IOO are added per dish to lyse cells, and the 
suspension is counted. These values are added to the supernatant values 
to give maximal 51Cr release. Spontaneous release is obtained by count­
ing supernatant of control cells. The amount of cellular cytotoxicity is 
quantified based on a simple calculation of the amount of cell bound 
51Cr versus cell free 51Cr. 

Oxidative stress 
Hydrogen peroxide is applied as described above. 

Processing of results 
Specific release is calculated for all samples according to 

% specific release = [51 Cr supernatant 

lelCr supernatant + 51Cr lysat)] x 100 

In order to compare results from the different methods (Fig. 6), we 
consider 

% of 51Cr retention = 100-(% specific 51Cr release) 

Limitations 
This method can be applied either to adherent or non adherent cells. It 
is adaptable either to microplates or to Petri dishes but can be auto­
mated only with specific and expensive material. It is the most sensitive 
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Fig. 6. Determination of the cytoprotective effects of known antioxidants (SOD: superoxide 
dismutase 100 jig/ml, Cat: catalase 100 V/ml, DMSO: dimethyl sulfoxide 0.1 mM , Man: 
mannitol 0.1 mM , Nac: N-acetylcysteine 0.05 mM , ThioV: thiourea 50 mM) using MTT assay 
and chromium e1Cr) release in fibroblasts exposed to H20 2 . 
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method to measure precisely the membrane damages but is not ade­
quate for monitoring cellular mortality. When membrane damage is 
only a secondary effect, it may be difficult to interpret the results. 
Moreover, the technique is time consuming. However, Salnikow et al. 
[20] showed that incorporation of StCr into proteins of human osteosar­
coma cells did not differ significantly between a 3 h or 24 h incubation 
period. Thus, the period of labelling could be reduced. Another impor­
tant limitation of this technique is the requirement of a short half-life 
radioactive material. 

Discussion 

Different methods can be used to evaluate cytotoxicity. Dye exclusion 
has been used as a simple qualitative or quantitative estimation of cell 
viability. Moribund cells as well as cells with leaky membranes are 
stained. Various dyes may be employed: erythrosine, eosine, alcian blue, 
or trypan blue. This last method may be easily automated. Another 
automated colorimetric determination to score cell injury is based on 
the uptake of a vital dye by viable cells. Neutral red, which accumulates 
in the lysosomes, is the most commonly employed method [21]. 

To determine the integrity of the cell membranes during cell damage 
it is also possible to follow the release of substances. Among the 
endogenous substances, the marker most commonly used is the leakage 
of lactate dehydrogenase (LDH) which is expressed as a function of the 
number of cells [22] or the protein content of the cells in the culture 
plates [23]. It has been previously suggested that 2-deoxy-D-3Hglucose 
is the most sensitive label to assess cellular damage [24] but because this 
isotope has a high rate of spontaneous release, it is only suitable for 
short studies (i.e., 1 to 2 h incubation). For longer experiments some 
elements such as indium (In) or chromium have been proposed. It has 
been shown that StCr is a more sensitive label than 111In. Although S1Cr 
is the most widely used, it has been proposed by Andreoli et al. [24] that 
3H adenine could be considerably more sensitive, but this has been 
refuted by Warren and Ryan [25]. Whorton et al. [26] have tested both 
S1Cr and LDH release by endothelial cells SUbjected to cytolytic action 
of H2 0 2 • The data concerning the release of S1Cr suggest that a critical 
level of damage must be reached and after this threshold S1Cr release 
increases rapidly. Conversely, the release of LDH is a time-dependent 
phenomenon. Accordingly, results on oxidative cellular damage depend 
on the markers used. 

MTT assay is a fast, easy method which facilitates the screening of an 
antioxidant. Very often, this technique is considered to be equivalent to 
chromium release or LDH release assay. It must be pointed out that 
these assays measure different end-points. When mitochondria is impli-
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cated as primary targets organelles (hypoxia, toxics) reduction of MIT 
has been found to be a more sensitive endpoint, followed by the neutral 
red assay [27]. Under the same conditions the authors did not observe 
any LDH leakage. Twentyman and Luscombe [14] have compared 
MIT assay with total viable cell counts as indicators of cytotoxicity on 
mouse tumor cell line. A satisfactory degree of agreement was noted 
between the results obtained using the two assays. 

It must be remembered that neither of these previously cited assays 
(MTT, cell count and endogenous or exogenous substances leakage) is 
equivalent to a cIonogenic assay. The clonogenic assay determines the 
proportion of cells with intact proliferative capacity [28]; but conversely 
to thymidine incorporation, it takes no account of reduced growth rate 
induced by the stress or by an antioxidant drug. It is also true for the 
replating assay which is a less time-consuming variant of clonogenic 
assay [2]. 

Conclusion 

The different tests available to measure cytotoxicity do not reflect the 
same cellular damage, so the cytoprotection mediated by a substance 
could appear to be different. In conclusion, a great deal of attention 
must be paid to the choice of the marker which must be defined based 
on the over-all aims of the proposed experiment. 
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Summary. The methods most commonly used to detect or measure nitric oxide are summarized 
in this chapter. Measurement of nitrite produced from 'NO by activated human monocytes or 
by synthetic thionitrites is described in detail. Special emphasis is made on the spectroscopic 
assays for 'NO, including spectrophotometry and EPR spectroscopy:'rhe assays are based on 
the reaction between a metal center and ·NO. A very specific EPR test, based on the reversible 
coupling reaction between 'NO and the tyrosyl radical of ribonucleotide reductase, is reported. 

Introduction 

The measurement of nitric oxide ("NO) production in biological systems 
is a rather difficult task. Actually, ·NO is a gas which is highly unstable 
when dissolved in buffers. As a radical, it reacts with molecular oxygen 
very efficiently [I]. As a consequence, its concentration is very low (less 
than .uM) and very sensitive methods are needed to detect and quanti­
tate it. 

Despite its instability, several direct or indirect techniques have been 
developed for monitoring the produciton of ·NO. Direct detection 
assays are essentially based on ·NO trapping reactions. ·NO traps can 
be free radicals, metal ions or ozone. Indirect detection consists of 
measurements of stable end breakdown products of ·NO, such as nitrite 
and nitrate ions, which are considered to be reliable markers for ·NO 
formation. The methods most commonly used to measure ·NO are 
summarized in Table 1. Some of these methods, including nitrite assay, 
spectrophotometric assay with hemoglobin and EPR measurements, 
will be described in detail in this chapter. 

Materials and methods 

Nitrite measurement-Greiss reaction 

This IS an indirect colorimetric assay of ·NO [2]. NO, in solu­
tion, IS rapidly oxidized by O2 yielding quantitative amounts of 
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Table 1. A summary of assays used to detect nitric oxide 

Detection 
Method Principle - detected species threshold Comments 

Greiss Colorimetric detennination of nitrite, lllM - simple 
reaction the NO oxidation product [2] most widely used 

technique 

Nitrite reacts with sulfanilamide in an - indirect method: 
acidic solution of N-( I-naphtyl)ethylene cannot distinguish 
diamine to fonn an azo derivative which nitrite derived from 
can be monitored by spectrophotometry NO or from 
at 548 nm other sources 

Chemilumi- After reaction with 0 3 in the gas phase, InM - great sensitivity 
nescence light is emitted and can be detected - drawback: NO 

using a photomultiplier tube [3] must be shifted 
NO +03->NO~ ->hv + N02 from the 

biological medium 
medium to a gas 
phase, a process 
not always 
quantitative 

Electro- NO binds to a nickel-porphyrin 10nM - great sensitivity 
chemistry adsorbed onto an anode and is - possible chemical 

oxidized electrochemically [4] and electrical 
Ni(P) + NO -> Ni(P)(NO) interferences 

-> Ni(P)NO+ +e-

The current generated is proportional 
to the amount of NO oxidized 

Spectro- Hb02 + NO -> metHb + NO) lllM - simple 
photometry NO quantification is based on - limited sensitivity 
of modification of the visible spectrum - possible inter-
hemoglobin during the oxidation [5] ferences with 

redox compounds 

Electron ( I) Reaction of NO with a O.I-IIlM 
Spin diamagnetic trap gives rise to an 
Resonance EPR active paramagnetic stable species 

Different traps are used: 
- Oxyhemoglobin [6] 
- Fe(ll)-diethyldithiocarbamate [7] - on-line detection 
- Fe(II)-thiosulfate [7, 8] - quantitative 

(2) Reaction of the tyrosyl radical of - highly specific 
ribonucleotide reductase with NO 
reversibly abolishes its characteristic 
EPR signal [9] 
TyrO' + 'NO ..... TyrONO 

Fluorimetry Reaction of nitrite with 2,3- 10nM - 50-100 times 
diaminonaphtalene forms the fluorescent more sensitive than 
product I-(H)-naphtotriazole [10] Greiss assay 

- fast assay 
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nitrite: 

Thus, measurement of nitrite may give a reliable estimate of 'NO. 
In acidic solutions, nitrite undergoes a diazotation of sulfanilamide. 

In a second step reaction with N-( l-naphtyl)ethylenediamine it results 
in the formation of a red azo derivative absorbing at 548 nm which can 
be easily monitored by spectrophotometry. 

In order to illustrate this method, two 'NO generating systems have 
been used. The first one is from the specific oxidation of L-arginine 
catalyzed by 'NO synthases within cells. 'NO is produced in macro­
phages, endothelial cells and neutrophils for example, in a process that 
is inhibited by N-substituted-L-arginine analogs such as N-mono­
methyl-L-arginine (NMMA). 

We will describe here the detection of NO] produced by human 
monocytes, after induction of 'NO synthase activity. 

Another source of nitric oxide is NO-donors. These are synthetic 
chemicals which can, either spontaneously or by activation (with light 
or reducing agents, etc.), decompose into 'NO in solution. 

Evaluation of 'NO production by human monocytes 

It is now well established that a variety of human cells is able to 
generate nitric oxide in vitro, through the action of inducible or consti­
tutive NO synthases: hepatocytes, keratinocytes, vascular cells, endothe­
lial cells, etc. 

However, there is still controversy regarding 'NO production by the 
human monocytes and macrophages, and the existence of 'NO synthase 
within these cells [11-14]. 

Macrophages and monocytes are mononuclear phagocytes which 
playa central role in specific immunity, non specific defense against 
infection, regulation of cell growth and in inflammation and, as such, 
constitute a major host regulatory and defense system. These cells are 
also important in malignancy because many tumors have been shown to 
be heavily infiltrated by monocytes and monocyte-mediated cytotoxicity 
has been demonstrated against a variety of tumor types. 

Mammalian monocyte-derived macro phages produce two indepen­
dent classes of inorganic oxidants that can contribute to tumoricidal 
and microbicidal activity: reactive oxygen intermediates (ROI) and 
reactive nitrogen intermediates (RNI). The role of RNI in some antimi­
crobial and antitumor activities of rodent macro phages is well estab­
lished while it is still unknown whether this is also the case for human 
monocytes and macrophages. 
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Methodological and practical aspects for stimulating and measuring 
"NO production by peripheral blood monocytes from healthy human 
volunteers 

Blood manipulation 
- Anticoagulant: Acid Citrate Dextrose (ACD): 

• D-Glucose: 2 gil 
• Trisodium citrate: 0.25 gil 
• Citric acid: 0.14 gil 
• pH: 4.5 

- Histopaque 1077 (Sigma Chemical Co) 
- RPMI 1640 with or without phenol red (Gibco) 

Cell Culture 
- Culture dishes: Falcon primaria 35 mm diameter 
- Agents used to activate or inhibit "NO production by human monocytes: 

Human recombinant Interferon-gamma (IFNy) (Boehringer-Mannheim 
Biochemicals); Lipopolysaccharide (LPS, E. coli serotype 055: B5, Sigma 
Chemical Co); Nw-nitro-L-arginine (Sigma Chemical Co). 

Nitrite assay 
- Spectrophotometer Uvikon 860 (Kontron) 
- Sodium nitrite, sulfanilamide and N-( I-naphtyl)ethylenediamine 

were purchased from Sigma Co 
- Greiss reagent: This is a mixture in a volume ratio 1: 1 of solutions A 

and B which are stable for 2 months at -4°C sheltered from light 
• Solution A: Sulfanilamide dissolved in 100 ml 5% aqueous H3P04 

• Solution B: 100 mg naphtylethylenediamine dihydrochloride dissolved 
in 100 ml distilled water 

Greiss reagent should be prepared freshly as required. 

Isolation of human monocytes 
The following procedures require fully sterile conditions. 

150 ml of whole blood from one healthy volunteer was collected from a 
separation chamber which was then transferred into plastic tubes con­
taining 16% ACD and diluted two-fold with endotoxin-free RPMI 1640. 

The solution was slowly loaded on top of a density gradient material 
(Histopaque 1077), in 50 ml plastic tubes (histopaque: blood volume 
ratio. 1 :2). 

After centrifugation at 200 g for 30 min at 4°C, a relatively pure 
peripheral blood mononuclear cells (lymphocytes, monocytes) popula­
tion was concentrated as a ring at the surface of the histopaque. The 
cells were sucked off with a plastic pipette and washed in 15 ml of 
RPMI 1640 and centrifuged at 720 g for 10 min at 4°C. Supernatant 
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was removed and the pellets containing the mononuclear cells were 
washed twice in RPMI 1640 by two successive to-min centrifugations 
respectively at 600 and 400 g. 

The cell pellets were collected and resuspended in medium A: RPMI 
1640, supplemented with 10% inactivated fetal calf serum, 1 mM glu­
tamine and an antibiotic-antimycotic solution (penicilline 170 U /m1, 
streptomyc1n 0.17 mgjm1, kanamycin 54 Jigjml and fungizone 0.5 Jigj 
ml). 

Mononuclear cells were counted automatically (Coulter counter JT2 
model S plus II Coultronics SA). Cells were then plated out at a 
concentration of 2-4.106jml in individual 30-mro culture plates falcon 
primaria ( Boehringer). 

A trypan blue exclusion analysis was performed at this stage and 
showed a mean viability of 95%. 

Monocyte enrichment was achieved by allowing the cells to adhere to 
the plates for 2 h at 37°C in 5% C02 j95% air atmosphere. Then the 
medium was removed by aspiration and cells were delicately washed 
twice with RPM I 1640 to remove lymphocytes and all other non 
adherent cells. 
, For the final incubation, cells were cultured in RPMI 1640, supple­
mented as above, with various combinations of inducers of ·NO produc­
tion and ·NO synthase inhibitors. It is crucial to carry out blanks to 
evaluate the specific contribution of the RPMI and the various addi­
tives, under strictly identical conditions. 

All samples and blanks were incubated for 48 h at 37°C in 
5% C02 j95% air atmosphere. The supernatants were then removed for 
subsequent nitrite assay and cell protein content of individual culture 
plate was determined according to the Lowry method. 

Determination of ·NO by the Greiss reaction 
Supernatant solutions were centrifugated at 800 g for to min at 37°C to 
eliminate cell debris. 300 Jil supernatant was added to an equal volume 
of freshly prepared Greiss reagent and incubated for 15 min at room 
temperature. The optical density was measured with an Uvikon spec­
trophotometer at 548 nm. The corresponding nitrite concentration was 
determined from a comparison with a standard curve generated with 
known concentrations of sodium nitrite. Nitrite concentration was 
expressed as pmol NOi j Jig protein, after correction of the values of the 
corresponding blanks. 

Decomposition of thionitrites 

The concentrated solutions of S-nitrosocysteamine are prepared quanti­
tatively by reaction of cysteamine with one equivalent of tert-butyl 
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Table 2. Stability of S-nitrosothiols, effects of reaction conditions. S-nitrosothiols (0.5-
2 mM) were dissolved in 0.5 ml of 50 mM Tris buffer (pH 7.4) or acetate buffer (pH 4), in a 
spectroscopic cuvette. The absorbance at 333 nm (S-nitrosocysteamine) or 339 nm (SNAP) 
was recorded at time intervals. Results are expressed in terms of t'12' the half-life of the 
compound, at 37°C. In some experiments buffers were first treated with Chelex resin, 0.1 mM 
or DTT 6 mM were present during the decomposition. The effect of light was studied by 
illuminating the incubation mixture with a slide projector, 20 cm from the cuvette 

Conditions 

S -nitrosocysteamine 
buffer pH 4 
buffer pH 7.4 
chelexed buffer pH 7.4 

+ des feral 
+ des feral + illumination 

SNAP 
buffer pH 7.4 

+DTT 

tl21 (min) 

720 
5 

40 
180 

5 

240 
5 

mtnte [15]. This compound can be stored only in acidic aqueous 
solutions but not as a solid. On the other hand, SNAP can be obtained, 
as a pure solid, after reaction ofN-acetyl-D,L-penicillamine with sodium 
nitrite in acidic solutions [16]. S-nitrosothiols are characterized by two 
absorption bands, one between 330 and 350 nm and the other, much less 
intense, between 500 and 650 nm. 

Thionitrites spontaneously decompose in neutral aqueous solutions. 
During the reaction, the characteristic absorption bands disappear, 
which allows for effective monitoring of its decomposition. The reaction 
yields the corresponding disulfide and NO according to the following 
Equation: 

2 RSNO ---> RSSR + 2 "NO 

Half-lives of thionitrites greatly depend on the structure of the 
molecule and on several other factors, such as the pH, illumination, 
presence of reducing agents and trace metal contamination. This is 
demonstrated in Table 2. 

The decomposition of S-nitrosocysteamine or SNAP is, as expected, 
accompanied by the formation of nitrite, resulting from the oxidation of 
"NO. However, in most experiments the reaction is not quantitative. For 
example, a solution of 0.1 mM S-nitrosocysteamine gives approximately 
60 ,11M nitrite, at room temperature. A portion of the nitrogen atoms is 
also recovered in the fonn of nitrate. 

Materials and methods 

N-acetyl-D,L-penicillamine was purchased from Sigma. S-nitroso-N­
acetyl penicillamine (SNAP) was synthesized as previously described 
[ 16]. 
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S-nitrosocysteamine: To an aqueous solution (10 ml) of cysteamine 
hydrochloride (125 mg, l.10 mmol) was added t-butyl nitrite (90%, 
150 Ill, 1.10 mmol) under an argon atmosphere. After 5 min, water 
( 10 ml) was added to the red mixture, then the solution was concen­
trated to a final volume of 10 ml to remove t-BuOH and excess t­
BuONO. UVrnax (H20): 333 nm (8 = 15), 546 nm (8 = 790); IH NMR 
(Me2 SO-d6) b 2.99 (t, J = 7.0 Hz, 2H), 3.96 (t, J = 7.0 Hz, 2H), 8.43 
(broad s, 3H). The solution has to be stored in the cold, protected from 
light. 

Nitrite assay: 

( 1) Preparation of the Greiss reagent. 
Solution A: 1 g sulfanilamide (5.81 mmol) dissolved in 100 ml of 

1.2 N HC!. 
Solution B: 300 mg of N-(l-naphtyl)ethylenediamine dihydrochloride 

(1.16 mmol) dissolved in 100 ml H2 0. 
The Greiss reagent (solution C): mixture of 1 volume of A and 

volume of B. 
(2) The standard concentration line is obtained as follows: 
A 10 mM aqueous solution of sodium nitrite was prepared (69.0 mg! 

100 ml). 5 ml of solution was diluted to obtain 100 ml of 0.5 mM 
solution. 200 III samples were prepared by addition of water and sodium 
phosphate buffer (conditions used in the assay with thionitrite: pH 7, 
final concentration 2 mM) to 0-200 III aliquots of freshly prepared 
0.5 mM solution of sodium nitrite. Then 400 III of solution C were 
added. After 15 min incubation at room temperature and shaking, the 
absorbances at 540 nm and 750 nm (blank for verification) were 
recorded. 

(3) Decomposition of S~nitrosocysteamine: the thionitrite (25 I1mol) 
is dissolved in 25 ml of 60 mM sodium phosphate buffer pH 7 (final 
concentration 1 mM). The red solution is then left for 1-2 h in the dark 
at room temperature, during which thionitrite decomposes, giving rise 
to a bleaching of the solution. After a 10-fold dilution, 0.2 ml of the 
solution is added to 0.4 ml of solution C. After 15 min shaking at room 
temperature, the absorbance at 540 nm is recorded. 

Methemoglobin spectrophotometry assay 

This technique is based on the rapid oxidation of reduced hemoglobin 
to methemoglobin metHb by 'NO [5, 17]. The threshold for detection 
using 'NO is 111M. The advantages of that method include the ready 
availability of spectrophotometers, avoidance of sample acidification, 
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and the relative stability of methemoglobin. Furthermore, 'NO synthesis 
can be measured continuously. However, the assay is not highly specific 
since oxidation of Hb02 to metHb also takes place with NOi but nitrite 
is much slower in promoting the reaction. Hb02 spontaneously and 
slowly oxidizes to metHb, however minor amounts of metHb in the 
starting solution of Hb02 do not interfere with the 'NO quantification. 

The commercially available hemoglobin is 50-95% methemoglobin 
and must be reduced with an excess of dithionite [18]. The protein is 
then purified by gel chromatography using a Sephadex column. 'NO is 
detected by observing the characteristic shift in the Soret absorbance 
peak of hemoglobin from 433 to 406 nm. Accumulation of oxy­
hemoglobin is not a problem because of the higher affinity of 
hemoglobin for 'NO than for O2 • As a consequence, oxyhemoglobin 
can be used instead of reduced hemoglobin. In that case the shift is from 
415 nm (Soret peak of Hb02 ) to 406 nm. The reaction is as follows: 

Hb02 + NO -------+ Hb+ + N03 (Hb = metHb) 

Another method is derived from the metHb assay described by 
Kaplan [17]. The proportion of metHb in a mixture of metHb and 
Hb02 can be obtained, at any time, from the ratio R = OD578 /ODm . 

Actually, in addition to the Soret bands, the hemes have less intense 
absorption bands between 500 and 600 nm (a ou {J bands). Hb02 has 
two bands at 578 (I> = 15.2 mM- I cm- I ) and 542 nm (I> = 14.2) while 
metHb has a shoulder at 578 nm (I> = 3.52) and a broad band at 635 nm 
(I> = 4.09). During the transformation of Hb02 to metHb an isobestic 
point is seen at 525 nm. Consequently, the absorption of 525 nm is 
proportional to the total amount of hemoglobin in the reaction mixture. 
Thus there is a linear correlation between R and the proportion of 
metHb in solution. Rmax is obtained for 100% Hb02 , R min is obtained 
for 100% metHb. 

The time dependence of metHb formation during decomposition of a 
S-nitrosoderivative can be monitored in the presence of Hb02 • 

Materials and methods 

Preparation of hemoglobin solutions 
Oxyhemoglobin solutions may be stored under anaerobic conditions at 
- 80°C during several days without alterations of the protein. However, 
it is recommended to store it rather concentrated (> 1 mM) at slightly 
alkaline pH. 

Method A 
5 ml of blood from a healthy person is collected in a tube containing 
0.5 mg/ml heparin. Then 0.1 ml of blood is washed three times with 
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physiological serum. Hemolysis is achieved with 4 m1 of phosphate 
buffer 10 mM pH 6.5 followed by centrifugation at 5000 rpm for 
10 min. The oxyhemoglobin content of the supernatant is determined 
from the UV-visible spectrum, Amax: 542 nm (e = 14.2 mM- 1 cm- I); 

578 nm (E = 15.2 mM- i cm- I). 

Method B 
Human methemoglobin was purchased from Aldrich (86% metHb, 2% 
desoxyHb, 7% oxyHb). 

Three flasks are flushed with argon for 1 h. The first one contains 
2 ml of 10 mM phosphate buffer pH 7.5, the second 4.2 mg sodium 
dithionite in 1 ml of the same buffer (C = 24 mM), the third 85 mg of 
metHb. Under anaerobic conditions, 0.75 m1 of the buffer is transferred 
to the metHb flask to dissolve the protein (final conc. 1.7 mM). Then 
1 ml of dithionite solution is transferred to the metHb solution and the 
mixture is shaked for 5 min. Desalting of the mixture is achieved by 
filtration on 25 ml Sephadex G 25, equilibrated with two volumes of 
10 mM phosphate buffer 7.5. Elution is with the same buffer. During 
elution deoxyHb is transformed into Hb02 , which is collected (70 mg, 
yield 83%). 

Nitric oxide spectrophotometric assay 
Nitric oxide concentrations were determined spectrophotometrically by 
monitoring the oxidation of oxyhemoglobin to methemoglobin in phos­
phate buffer pH 6.5. In a standard reaction, S-nitrosocysteamine 
(82 JIM) was incubated with an excess of oxyhemoglobin solution 
(30 JIM, 4 hemes/protein). OD578 and 00525 , the absorbances at 578 nm 
(maximum for Hb02 ) and at 525 nm (isobestic point) were recorded at 
various time intervals for 2 h. The percentage of remaining oxy­
hemoglobin was obtained from R = OD578 /OD525 • R reference values 
corresponding to 100% (Rmax) and 0% (Rmin) Hb02 were obtained from 
pure solutions of 30 JIM oxyhemoglobin and methemoglobin, respec­
tively. A straight line can then be obtained between Rmin and Rmax. 
From that standard curve one can calculate from each couple of 
experimental values (OD578 , OD525 ) the proportion of metHb. Total 
oxidation of oxyhemoglobin to metHb is achieved by addition of 
potassium ferricyanide (5 mg/mI). 

EPR spectroscopy 

"NO is a radical with an unpaired electron in the p orbital and 
theoretically could be EPR-active. However, the relaxation times of the 
excited electron is too short and NO EPR signal cannot be detected by 
conventional EPR. 
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However, there are several tools to solve these problems and EPR 
spectroscopy remains an interesting technique to detect the presence of 
°NO, in aqueous media, cells and tissues. For this, °NO traps should be 
added to reaction mixtures in order to generate stable and detectable 
paramagnetic species: 

Trap + °NO -------+ Trap - NO° 

In general, °NO traps are metal iron complexes since °NO is a very 
good ligand of ferrous ions and the resulting nitrosyl complexes are 
EPR active with characteristic EPR signals. Two °NO traps are widely 
used: the oxyhemoglobin complex [6], the Fe-diethyldithiocarbamate 
complex [7]. Unlike the diazotization assay, °NO is measured directly 
without acidification of °NO reaction mixture. Another trap which can 
be used easily is the iron (H)-thiosulfate complex [7, 8]. 

°NO trapping by hemoglobin 

Hemoglobin is also useful as a spin trap since nitrosyl-hemoglobin 
(HbNO) is readily detected by EPR [6]. °NO interacts with hemoglobin, 
producing HbNO as an intermediate leading to methemoglobin during 
reaction with O2. The low temperature (= 110 K) spectrum of HbNO, 
obtained after 30 s incubation of a S-nitrosothiol with hemoglobin, in a 
phosphate buffer, pH 6.5, has a characteristic three-line hyperfine signal 
that is not seen when hemoglobin is exposed to nitrite. The g values for 
HbNO are 2.060, 2.010, 2.005 with a nitrogen coupling constant of 
17.2G. 

However, the assay is not highly sensitive because of the rather large 
instability of the HbNO complex. As a consequence, it is not quantita­
tive and can be only used as a rapid qualitative assay for the presence 
of °NO. 

°NO trapping by Fe-diethyldithiocarbamate 

During incubation with yeast, mammalian cells or tissues, DETC pene­
trates the cell wall and complexes the intracellular iron in the form of 
Fe(DETC)2 in hydrophobic membrane compartments [7]. °NO gener­
ated, for example, from the decomposition of a S-nitrosothiol, in yeast 
cells suspensions is trapped as the nitrosyl [NO-Fe(DETC)2] complex 
and its production can be quantitated by EPR following calibration 
with a standard. An advantage of this technique is that it measures °NO 
production directly. Moreover, it is specific for °NO since reaction with 
NOi gives rise only to minor amounts of the nitrosyl complex [19]. One 
limitation is that °NO can only be trapped and stored for EPR detection 
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in lipophilic compartments since the ferrous complexes of DETC precip­
itate in neutral aqueous solution. Addition of SOD or anaerobiosis greatly 
increases the amplitude of the signal, probably preventing the destruction 
of "NO by superoxide anions present in the incubates. 

The spectrum of the N 0-F e( D ETCh complex shows an isotropic triplet 
signal at giso = 2.03 at 37°C. The amount of "NO trapped can be calculated 
from the amplitude of one of the triplet lines calibrated by means of a 
dinitrosyl-Fe-thiosulfate complex standard. 

"NO trapping by Fe-thiosulfate 

"NO forms a stable FelI(S20~-h(NO)2 paramagnetic complex in deoxy­
genated aqueous solutions of ferrous sulfate and sodium thiosulfate [7, 
8]. At 77 K, a broad signal is observed at gl. = 2.041~· This signal can be 
integrated to determine the "NO concentration from a standard curve 
obtained with pure nitric oxide. 

Scavenging of the tyrosyl radical of the small subunit of ribonucleotide 
reductase by "NO 

Protein R2, the small subunit ofribonuc1eotide reductase from Escherichia 
Coli, contains a stable tyrosyl radical, which is responsible for a charac­
teristic EPR signal of protein solutions at 77 K [20]. The stability of this 
protein radical is explained by the fact that it is deeply buried in the interior 
of the protein and the access to the radical site is greatly constrained. 
However, because of the small size and the electrical neutrality of "NO, 
on one hand, and because of the general intrinsic reactivity of phenoxyl 
radicals towards "NO, on the other hand, a specific reaction between "NO 
and the protein radical takes place, which can be used as an assay for 
detection of "NO [9]. Actually, "NO couples to the radical giving rise to 
an EPR-silent nitroso adduct, a process which can be monitored by the 
disappearance of the tyrosyl radical EPR signal. Furthermore, the 
reaction is reversible, so that when "NO disappears from the reaction 
mixture, the EPR signal increases back again and is totally recovered at 
the end of the reaction. A further confirmation that this process was due 
to "NO can be obtained from the very efficient inhibition of the scavenging 
of the tyrosyl radical by oxyhemoglobin. 

Material and methods 

Materials 
Human methemoglobin, ferrous sulfate heptahydrate and sodium thiosul­
fate were from Sigma. Diethyldithiocarbamic acid sodium salt trihy-
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drate was from Janssen. Normal baking yeast was purchased in a local 
store. Protein R2 was prepared from overproducing strains of E. coli 
[9]. 

EP R spectroscopy 
Detection of ·NO by paramagnetic HbNO complex. To a mixture of 

200 III of oxyhemoglobin solution (l mM, pH 7.5, phosphate buffer 
10 mM) and 100 III of sodium acetate buffer (pH 6.5, 10 mM), 100 III of 
aqueous S-nitrosocysteamine solution (0.5 mM) were added. The mix­
ture was stirred and the EPR spectrum was recorded at 77 K as a 
function of time of reaction at room temperature. 

Detection of ·NO by paramagnetic Fe(DETC)2NO complex [7]. A 
suspension of yeast cells (200 mg/ml) in 0.1 M HEPES pH 7.5 was 
incubated with DETC (2.5 mg/ml) for 30 min at 37°C. The suspension 
(2 x 2 ml) was washed once by centrifugation and"the plug were resus­
pended in 2 x 1 ml 0.1 M HEPES pH 7.5. To 200 ml of this suspension 
was added 200 III of an aqueous solution containing S-nitrosocys­
teamine (0.5-1 mM). The reaction was performed during 15 min at 
37°C. The samples were transferred into an EPR tube, frozen in liquid 
nitrogen and the EPR spectra were recorded at 110 K using a Varian 
E102 spectrometer. The microwave power was 40 milliwatts, the mi­
crowave frequency was 9.2 GHz, the modulation amplitude was 2 G 
and the time constant was 1 s. For calculation of the complex concen­
tration, double integral of the EPR signal was compared to that of the 
EPR signal of a frozen solution of stable paramagnetic Fell(S20~-)2 
(NO)2 complex as described recently. 

Detection of ·NO by paramagnetic Fell(S20}- )2 (NO)2 [7, 8]. Ferrous 
sulfate heptahydrate (20 mg) and sodium thiosulfate (356 mg) were 
dissolved in 20 ml of water previously deoxygenated by argon bubbling. 
Argon was flushed through the solution for 15 min. The resulting 
solution can be kept at 4°C for a week. 

·NO detection: To a mixture of 200 III of the freshly prepared ferrous 
sulfate and sodium thiosulfate solution, 100 III of Hepes buffer (pH 
7.5, 100 mM) and 50 III of aqueous S-nitrosocysteamine solution (0.5 
mM) were added. The mixture was stirred and the EPR spectrum was 
recorded at 77 K. 

EP R spectroscopy with pure protein R2. The reaction was carried out 
at 37°C into an EPR tube containing R2 (1 mg/ml) and S-nitrosocys­
teamine at various concentrations, in 150 III of 50 mM Tris-HCl buffer, 
pH 7.5, 10% glycerol. At time intervals; the tube was frozen in liquid 
nitrogen and the EPR spectrum of the solution was recorded at 110 K 
using a Varian EI02 spectrometer. The amount of tyrosyl radical was 
determined from the comparison of the amplitude of the typical EPR 
signal at g = 2 to that of a pure sample of protein R2 (1 mg/mI). The 
microwave power was 1.5 milliwatts, the microwave frequency was 
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9.2 GHz, the modulation amplitude was 3.2 G and the time constant 
was 0.25 s. 
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Summary. The in vivo measurement of highly reactive free radicals, such as 'OH radical, in 
humans is very difficult. For this reason, secondary products of oxidative stress are frequently 
measured. The most indirect methods (TBARs [thiobarbituric acid reactants] test, conjugated 
diene, hydroperoxides) are rather unspecific and can give conflicting results. New, more 
specific markers are currently under investigation (protein oxidation, DNA adducts and 
aromatic probes). All these methods are based on the ability of 'OH to attack the benzene 
rings of aromatic molecules to produce hydroxylated compounds that can be measured 
directly. 

In vivo, radical metabolism of salicylic acid produces two main hydroxylated derivatives 2,3-
and 2,S-dihydroxybenzoic acid [2,3- and 2,S-DHBA]). The latter can also be produced by 
enzymatic pathways through the cytochrome P-4S0 system, while the former is reported to be 
solely formed by direct hydroxyl radical attack. Therefore, measurement of 2,3-DHBA, 
following oral administration of salicylate in its acetylated form (aspirin), could be proposed 
for assessment of oxidative stress in vivo. 

In this work, evidence is presented for a sensitive method for the detection of hydroxyl free 
radical generation in vivo. The methodology employs a high pressure liquid chromatography 
with electrochemical detection for the identification and quantification of the hydroxylation 
products from the reaction of 'OH with salicylate. A detection limit of less than I pmol for the 
hydroxylation products has been achieved with electrochemical detector responses which were 
linear over at least five orders of magnitude. Using this technique, we measured plasma levels 
of 2,3- and 2,S-DHBA and dihydroxylated derivatives/salicylic acid ratios following the 
administration of 1000 mg aspirin in 20 healthy subjects. 

Introduction 

Oxygen-derived species such as superoxide radical anion (,02 ) and 
hydrogen peroxide (H2 0 2 ) have been implicated as damaging agents in 
the action of many toxins and various diseases and in aging [1-7]. The 
possibility that much of the toxicity produced by increased '02 and 
H2 0 2 generation is mediated by metal-ion-dependent formation of the 
highly reactive 'OH radical has also been discussed in detail by Halliwell 
and Gutteridge [8, 9] and others [10, 11]. Although much circumstantial 
evidence supports the biological relevance of the iron-ion-catalysed 
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formation of ·OH radical from .02 and H2 0 2 , [12] there has been as yet 
no direct demonstration that ·OH radical is formed in vivo. The infl­
amed rheumatoid joint, the myocardial infarction, diabetes and cancer 
chemotherapy, in which conditions are proposed to be ideal for ·OH 
generation, seems to be good places to look. 

The in vivo measurement of highly reactive free radicals, such as the 
·OH radical, in humans is difficult. Due to its high reactivity, ·OH 
radical has a very short half-life and is therefore present in extremely 
low concentrations. For these reasons, secondary products of oxidative 
stress are frequently measured. The commonly used indirect methods 
(TBARs test, conjugated diene, hydroperoxides) are rather unspecific 
and can give conflicting data. This is partly due to the lack of direct 
methods for measuring oxidative stress and/or oxygen free radical 
production in humans. Recently, some "direct" methods have been 
proposed to probe the formation of ·OH radical in-Divo, such as electron 
spin resonance measurement ethylene from 2-keto 4-methylthiobutyrate 
[13, 14]. These methods are neither sensitive nor practical. 

At the moment, more specific markers are under investigation (aro­
matic probes, DNA adducts and protein oxidation). All these methods 
are based on the ability of ·OH to attack the benzene rings of aromatic 
molecules to produce hydroxylated compounds that can be measured 
directly. Aromatic hydroxylation has already been used for measuring 
in vitro ·OH [12, 15, 16]. For in vivo studies, the scavenger molecules, 
and the hydroxylated products must not undergo extensive 
metabolisme. Aromatic compounds react with high rate constants with 
·OH, to form a specific set ofhydroxylated products [16]. If an aromatic 
compound can be safely administered to humans in doses that produce 
concentrations in body fluids sufficient to scavenge ·OH, then assaying 
such products would be a reasonable evidence that ·OH is being formed 
in vivo, provided that these products are not formed by enzymatic 
hydroxylation. A suitable candidate for use in humans may be salicylate 
or its acetylated form, i.e., aspirin. 

Aspirin (O-acetylsalicylic acid, ASP) is a commonly used analgesic 
and anti-inflammatory agent in man. After injestion, a substantial 
amount of ASP is hydrolysed to salicylic acid (SA) by esterases in the 
gastrointestinal tract, in the liver and, to a smaller extent, in the serum 
[17]. Salicylate reaches its peak in plasma about 0.5 to 1.5 h after the 
oral intake of aspirin. SA is further metabolised by conjugation to 
glycine (liver glycine N-acetylase) to form salicyluric acid, by hydroxy­
lation (liver microsomial hydroxylases) to form gentisic acid, and by 
formation of the phenolic glucuronide (conjugation of the hydroxyl 
group of SA with the first, hemiacetal carbon of D-glucuronic acid to 
form an ethereal linkage) and the acyl glucuronide (conjugation of the 
carboxylic group of SA with the first, hemiacetal carbon of D-glu­
curonic acid to form an ester linkage) [18]. About 60% of salicylate 
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Fig. I. Major reported enzymatic and oxidative by-products of aspirin in human. 

remains unmodified and can undergo ·OH attack to produce two products 
namely 2,3-dihydrobenzoate (2,3-DHBA) and, to a much smaller extent, 
catechol [19], which have not been reported as products of enzymatic 
metabolism. Thus 2,3-DHBA appears to be a useful marker of in vivo ·OH 
production. We, therefore, propose to develop techniques to identify and 
quantify this derivative in human body fluids (Fig. 1). 

Materials and methods 

Chemicals 

Aspirin (Aspegic) was obtained from Synthelabo, Le Plessis Robinson, 
France; sodium salicylate from Merck; 2,3 dihydroxybenzoic acid, 2,5 
dihydroxybenzoic acid, 2,6 dihydroxybenzoic acid and 3,4 dihydroxy­
benzoic acid were purchased from Sigma. Acetonitril, methanol, 
trisodium citrate, sodium acetate, ether and ethyl acetate from Prolabo. 
All chemicals were analytical reagent grade and used without further 
purification. 

Instrumentation 

For dihydroxybenzoic acids (DHBAS) assay, we used a Hitachi Liquid 
Chromatograph pump equipped with autosampler WISP (Waters) (in-
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jected volume = 100 Jil). Two electrochemical amperometric detectors 
(Bioanalytical Systems, model LC4B or Shimadzu L-ECD-6A) with a 
plastic cell equipped with a glassy carbon electrode operated at + 0.7 V, 
and an Ag/ AgCl reference electrode. The signals from the detector were 
acquired on Varian DS601 data system and subsequently processed. 

The analytical stainless-steel column was 150 x 4.6 mm, and packed 
with octadecyl silane (Spherisorb ODS2 , C18) with average particle size 
of 3 Jim (Alltech). A guard column packed with 10 Jim spheri-1O PRl8 
(30 x 4.6 mm I.D., from Alltech) was also used. Peak areas at 0.7 V 
were recorded with aIm V potentiometric screen. All separations were 
performed at ambient temperature. 

Optimisation procedures 

Choice of oxidation potential 
The hydrodynamic voltamograms between 0 to 1400 mV were recorded 
using solutions containing 100 mg/l of all studied substances in mobile 
phase (85% phosphate buffer 100 mM, 0.10 mM SDS, pH 3.3 and 15% 
methanol, V/V). A CES detector (Erosep Instrument) equipped with 16 
electrodes set up at variable potentials was used. The choice of appro­
priate oxidation potential by measuring signal/noise ratio of concerned 
substances especially 2,3-DHBA. 

Choice of eluent 
The composition and the pH of the eluent, and the flow rate were 
examined. The retention time, the separation of peaks and the ratio 
peak/noise were recorded. 

Choice of internal standard 
Four potential internal standards (2,4-DHBA, 2,6-DHBA, 3,4-DHBA, 
and catechol) were studied. 

Extraction procedure 
Volume of sample, solvent type and volume and extraction duration 
were studied. For SA, two deproteinisation procedures were tested, i.e., 
with ethanol and with acetonitril. 

Preparation of standard curves 
Saline and plasma, with no detectable salicylate as measured by the 
present method, were used to make up solutions of different concentra­
tions (10 to 200 nM, and 100 to 2000 nM, of 2,3-DHBA and 2,5-
DHBA) respectively. Stock solutions (0.1 mM, 1 mM) of 2,3-DHBA, 
and 2,5-DHBA respectively were stable for at least 2 months when 
stored at 4°C in the dark. For SA assay, saline and plasma were used to 
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make up solutions varying in concentrations (100 to 2000 pM from a 
stock solution of 100 mM). The concentrations were determined by the 
peak-area ratio method using 3,4-DHBA as internal standard for 
DHBAS assay and 2,6-DHBA for SA assay. 

Analytical data 

The detection limit was determined according to Gatautis and Pearson 
[20]. A sample, with salicylate or 2,3- and 2,5-DHBA concentrations of 
three to five times the noise level (2 nM for 2,3- and 2,5-DHBA, and 
6 pM for salicylate) was measured 30 times. The detection limit was 
calculated according to the formula DL = (2 x SD x c)/S where DL is 
detection limit, S is the mean relative area, SD is the corresponding 
standard devation and c is the concentration of the--"test" solution. 

The linearity was established with correlation coefficients. Calibration 
standard solutions (20 to 4000 nM of 2,3-DHBA; 20 to 5000 nM of 
2,5-DHBA; and 20 to 4000 pM of salicylate) were determined. The 
variation coefficients and correlation coefficients were then calculated. 

The accuracy was evaluated by standard addition recoveries; known 
amounts of 2,3-DHBA (100 nM); 2,5-DHBA (lOOO nM) and salicylic 
acid (300 and 600 pM), were added to saline and to pooled plasma. The 
preparations were then analysed. The obtained peak areas were then 
converted to concentration using appropriate regression equations, and 
the values from plasma and saline were then compared. The ratio of the 
concentration in the plasma to the corresponding concentration in 
saline was then used as an index of recovery. 

The precision was determined according to the ValTec protocol [21]. 
Intra- and interassay reproducibility was conducted on pooled samples 
of human plasma with known concentrations of 2,3-DHBA (100 nM), 
2,5-DHBA (1000 nM) and SA (600 pM). 

The specificity of the method was studied by assaying plasma samples 
form subjects before and after receiving ASP. Comparison of the 
retention times with those of standards established the peak identity. 

Salicylic acid measurement 

The chromatograph was from Kontron Instruments (Rotkreus, Switzer­
land) and consisted of two solvent-delivery pumps (model T414), a 
sample injector 234 Kontron, an analytical stainless-steel column 
packed with ultrasphere ODS 5 pm (150 x 4.6 mm I.D., from Alltech), 
a guard column packed with 10 pm spheri-lO PR18 (30 x 4.6 mm I.D., 
from Alltech), and a muliwavelength detection system (HPLC detector 
430, Kontron). The system was controlled by a computer (Data System 
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450, Kontron). Salicylic acid assay was perfonned as elsewhere indi­
cated [22]. Briefly, aliquots (100,ul) of standard solutions or plasma 
samples were mixed with 100,ul of 2.5,uM 2,6-DHBA and de­
proteinized by 200,u I of ethanol in polypropylene conical tubes. The 
samples were mixed on a vortex-type mixer for exactly 2 min. The tubes 
were then centrifuged at 1600 x g for 15 min, and 50,ul of the superna­
tant was-diluted with 950 ,ul of mobile phase. The diluted solution was 
then filtered on 0.45,u (Alltech) and 50,ul were injected onto the 
column. Mobile phase consisted of sodium citrate and acetate 30 mM, 
pH 5.45/methanol (85/15). Flow rate was 1 ml/min and the detector was 
set up at 295 nm. Standard curves were constructed from measurements 
of peak-area ratios. Saline and plasma blanks were analysed with each 
set of standards. The used concentrations were as follows: 0, 62.5, 125 
250, 500, 1000,umoles/l of SA. 

The human study 

To show the applicability of the proposed method, salicylic acid, 2,3-
and 2,5-DHBA concentrations were measured in 20 human subjects 
after a single oral dose (1000 mg in 150 ml water, prepared just prior to 
administration) of soluble (Aspegic). 7 ml blood samples were drawn 
from the antecubital vein with a vacutainer system in heparinized tubes 
before and 120 min following ASP administration. The tubes were 
centrifuged within 30 min of blood collection at 1600 g for 10 min. 
Plasma was separated, quickly frozen and kept until required for 
analysis. 

Results 

Optimisation procedures 

Choice of oxidation potential 
The hydrodynamic voltamograms of the various monohydroxylated 
products and of salicylic acid are presented in Figure 2. The 2,3- 2,5-
and 3,4-DHBA acid compounds produce a maximum current when the 
potential is about 0.7 V. However, at this voltage the other hydroxyben­
zoic acid products 2,4- and 2,6-DHB acids catechol and salicylic acid do 
not yield a detector response. At a detector potential of 1.1 V, salicylic 
acid and all the dihydroxybenzoic acid products are recorded. An 
oxidation potential of 0.7 V versus Ag/AgCl reference electrode was 
chosen so as to get maximum current response and minimum back­
ground noise for the hydroxylated products of salicylate. Because SA 
occurs at high concentrations in plasma, it cannot be monitored at 
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0.7 V, and the noise average is very important at J.l V, therefore we 
decided to detect SA spectrophotometrically at 295 mm. 

Choice of eluent 
An isocratic delivery system was used conslstmg of a single eluent 
containing sodium acetate/trisodium citrate (30 mM/30 mM) pH 3.90. 
The flow rate was 0.2 ml/min. The mobile phase was carefully selected 
to achieve maximum separation and sensitivity. The mobile phase was 
sparged continuously with helium gas during elution. Moreover, the 
isocratic elution allows a minimum of down-time. If this eluent revealed 
very appropriate for DHBAS assay, the retention time of SA with this 
eluent was 37 min and that of 2,6 DHBA was 48 min, with a flow rate 
of I ml/min. Several eluents consisting of buffer with different percent­
age of methanol (0 to 30%) were then tested. We found that the eluent 
containing 15% of methanol constitutes a good-.compromise with a 
retention time for SA of 7 min and 11 min for the internal standard 2,6 
DHBA. 

Choice of an internal standard 
We assayed different substances previously used by other investigators 
(3,4 DHBA, 2,4-DHBA, 2,6-DHBA, and catechol). Though catechol 
could be one of the radical metabolites of salicylate, we were then 
unable to detect it in our patients. Moreover, the analysis time was 
increased when we used catechol as internal standard. The 2,4- and 
2,6-DHBA do not yield a detector response at a detector potential set at 
0.7 V. The 3,4-DHBA was thus used for the measurement of DHBAs. 
For SA assay, the 2,6 DHBA was found to be the most appropriate. In 
the SA assay conditions, the retention time of 3,4 DHBA was very short 
and it coeluted with non identifiable peaks. 2,6 DHBA had a retention 
time more important than that of SA without any interfering peaks. 

Extraction procedure 
Extractions with ether and ethyl acetate were compared. DHBAs were 
better extracted with ethyl acetate. Double extraction results were not 
sufficiently different, and therefore one simple extraction with ethyl 
acetate was applied. The extraction with different volumes of ethyl 
acetate was then examined. We obtained satisfactory results with 3 ml 
of solvent when 0.4 ml of sample is used. 

Optimised procedure 

Aliquots of standard solutions and of plasma samples (400 Jil) were 
mixed with 100 Jil of 2.5 jiM 3,4-DHBA and acidified by 75 Jil of 
concentrated Hel in 10 x 70 mm glass tubes. The samples were mixed 
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on a vortex-type mixer for 30 s; 3 ml of ethyl acetate were then added 
and mixed for exactly 2 min. The tubes were finally centrifuged at 
1600 x g for 15 min, and 2 ml of ethyl acetate phase were dried under 
nitrogen steam. The dry residue was taken up by 200 pI of mobile phase 
and 100 pI were injected into the column. Mobile phase consisted of 
sodium citrate and acetate 30 mM, pH 3.90. Flow rate was 0.2 ml/min. 
Standard curves were drawn using peak-area ratios. Saline and plasma 
blanks were analysed with each set of standards. The used final concen­
trations for calibration curves were as follows: 25, 50, 100, 200, 
400 nanomol/l for 2,3-DHBA 125, 250, 500, 1000, 2000 nanomolfl for 
2,5-DHBA. 

Analytical performance 

Detection limit 
The detection limit was found to be 0.37 nM for 2,3-DHBA and 
'0.62 nM for 2,5-DHBA (electrochemical detection) and 3.47 pM for SA 
(spectrophotometric detection) when calculated according to the for­
mula of Gatautis and Pearson. These limits demonstrate the excellent 
sensitivity of the proposed method for both DHBAs and SA measure­
ment. These ranges allow the determination of the three compounds 
after ingestion of ASP in moderate dose in all patients at risk for 
intensive oxidative stress. 

Linearity 
The concentrations and peak areas showed linear relationships for 2,3-
and 2,5-DHBA in the concentration range investigated (0 to 4000 and 
5000 nmol/l respectively). Figure 3 illustrates this linearity for 2,3- and 
2,5-DHBA with their corresponding correlation coefficients and varia­
tion coefficients (Fig. 3). 
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Fig. 3. The calibration plots for salicylate-derived-hyroxylated products. 
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Table I. Within-run (WR) and between run (BR) precision of salicylic acids and its 
hydroxylated products 

2,3-DHBA 2,5-DHBA 

Spiked plasma 100nmol/1 1000 nmol!1 
WR 4.1% 2.1% 
BR 6.2% 7.4% 

Standard - 100nmol/1 1000 nmol/I 
WR 3.3% 2.1% 
BR 5.4% 5.7% 

Accuracy 
The absolute recoveries of 2,3-DHBA added to a concentration of 
25 nmol/l to six different plasma samples ranged from 86 to 102% with 
a mean of 94%. Similar studies on 2,5-DHBA (250 nmol/l) yielded 
recoveries from 94 to 103% with a mean of 98%. SA assay showed a 
recovery percentage with a mean of 96.2%. 

Precision 
The within-run and between-run coefficients of variation are indicated 
in Table 1. In terms of within-run precision, they ranged from 3.3 to 
4.1% for 2,3-DHBA and 2.1 for 2,5-DHBA. The between-run co­
efficients of variation ranged between 5.4 and 6.2% for 2.3 DHBA and 
from 5.7 to 7.4% for 2,5 DHBA. Our CV are better than those of 
previous studies conducted by others at similar concentrations. More­
over, the SA method permitted very low within-run coefficient of 
variation less than 2%. The between-run coefficient of variation of SA 
assay is 3.9%. The between-run and recovery assays were conducted 
during a 15 day period. During this period, the stability was good for 
the three compounds, as shown by the correlation coefficients. 

2,3-DHBA and 2,5-DHBA in healthy volunteers 

Figure 4 shows a chromatogram of a blank plasma sample and a 
chromatogram of a plasma sample from the subject receiving ASP. Both 
2,3- and 2,5-DHBAs were well separated with the following retention 
times: 2,3-DHBA 22.0 min; 2,5-DHBA 19.6 min and 27.0 min for the 

Fig. 4. HPLC-electrochemical detection chromatogram showing separation of isomeric 
DHBAs. (A) Plasma sample from a normal subject before 1000 mg per os ASP administration 
(TO). (B) Plasma sample from the same subject 2 h after ASP administration (T2). (C) Elution 
of a standard mixture containing 125 nM 2,3-DHBA, 1000 nM 2,5-DHBA and 500 nM of 
internal standard 3,4-DHBA. The flow rate for the HPLC mobile phase (pH 3.85-3.90) was 
0.2 ml/min and the chromatographs were recorded. The identification of peaks is as follows: 
(I) 2,5-DHBA; (2) 2,3-DHBA; and (3) 3,4-DHBA. 
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Table 2. Plasma salicylic acid and its hydroxylated products levels 2 h after ingestion of 
1000 mg of aspirin in adult humans 

Total (n = 20) Men (n = 10) Women (n = 10) 

2,3-DHBA (nmol/I) 63.2 ± 23.8 57.2 ± 21.4 69.3 ±25.5 
2,5-DHBA (nmol/I) 832 ± 309 656 ± 190 1008 ± 312 
Salicylic acid (pmol/I) 487 ± 116 427 ±62.8 548 ± 128 
2,3-DHBA/SA (nM/pM) 0.129 ± 0.034 0.133 ± 0.041 0.125 ± 0.025 
2,5-DHBA/SA (nM/pM) 1.69 ± 0.387 1.55 ± 0.433 1.83 ±0.293 
2,3/2,5-DHBA (nM/pM) 0.080 ± 0.031 0.092 ± 0.039 0.069 ± 0.013 

internal standard (3,4 DHBA). No interfering peaks were seen in blank 
plasma samples. Concentrations of 2,3- and 2,5-DHBA as low as 
10 nmol/l could be accurately measured. Analysis of samples drawn 
before aspirin administration shows that volunteers' plasma fractions 
were free of salicylic acid or its dihydroxybenzoic acids. The volunteers' 
plasma, analysed 2 h after aspirin administration, contained high con­
centration of salicylic acid, reaching in some subjects more than 
800 jlM. 

Table 2 shows the results obtained from 20 laboratory volunteers 
ranging from 20 to 40 years with a mean age of 28.2 ± 5.22 years (10 
women and 10 men). As expected, the concentration of 2,3-DHBA was 
low and that of 2,5-DHBA was relatively high. Two hours after ASP 
administration, the plasma SA level was 487 ± 116; 245-729,umoles/1 
(M ± SD; M ± 2.086SD). The plasma level of 2,3-DHBA was 63.2 ± 
23.8; 13.6-113 nM (M ± SD; M ± 2.086SD) and that of 2,5-DHBA 
was 832 ± 309; 187-1477 nM (M ± SD; M ± 2.086SD). Plasma aspirin 
levels were not determined in this study. Due to individual variations in 
the pharmacokinetics of aspirin, the plasma level of salicylic acid could 
vary largely from one individual to another (344 to 868 ,umol/l). Conse­
quently, the concentration of dihydroxybenzoic acids was corrected for 
this variation. For this reason, we reported our results as 2,3-DHBA/ 
salicylic acid ratios (mmoles/moles). 

Discussion 

Despite the emergence of electron spin resonance and spin trapping 
techniques, the identification and the characterisation of oxygen-derived 
free radicals in humans still pose a formidable task. The present paper 
describes a chromatographic method for the specific identification and 
quantification of hydroxylated salicylate products in body fluids. It is 
hoped that this methodology will be used by those attempting to detect 
and measure ·OH generation in oxidative diseases such as diabetes, 
myocardial infarction, rheumatoid arthritis, cancer, ageing. 
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Attack by 'OH radicals, generated by the Fenton system at pH 7.4, 
upon salicylate, produces three products [23]. The major products are 
2,3-DHBA and 2,S-DHBA. However, formation of the decarboxylation 
product catechol has not been reported in previous experiments in 
which salicylate was exposed to Fenton systems under physiological 
conditions [24], but its formation is not unexpected [2S], especially since 
radioloysis of aerated salicylate solutions produces some catechol. Also, 
decarboxylation of benzoate has been used as assay for 'OH radicals in 
vitro [26]. 

Salicylate reacts with 'OH at a rate constant of about S X 10+ 9 to 
10 + 10 M -1 S - 1 [27]. The fairly low oral doses of aspirin used in our 
study (1000 mg per os, or approximately IS mg/kg) gave body-fluid 
salicylate concentrations between 24S and 729 flM (confidence interval 
= M ± 2.086SD), which is sufficient to trap 'OH radicals. However, in 
vivo metabolism of salicylic acid produces two main hydroxylated 
derivatives (2,3- and 2,S-DHBA) which could be measured. 

Many techniques have already been used to evaluate the hydroxylated 
compounds in in vitro as well as in in vivo studies. A colorimetric 
method has been initially described by Richmond et al. [16], in which 
the hydroxylated products phenols were treated with sodium tungstate 
and sodium nitrite in acid medium. The pink colour was developed in 
alkaline medium and measured with a spectrophotometer at 410 nm 
[28]. HPLC techniques were then developed to separate and quantify 
the hydroxylated derivatives in animal [IS, 29, 30] or in humans [24, 31, 
32]. The spectrophotometric and spectrofluometric methods were ade­
quate for in vitro studies, where high concentrations of 'OH are usually 
formed; however, these detection modes are not sensitive enough to 
quantify hydroxylated derivatives in general and 2,3-DHBA in particu­
lar in in vivo studies. Consequently, the electrochemical detection mode 
became popular in most laboratories interested in the quantification of 
oxidant stress in vivo and especially in man. 

2,S-DHBA is usually considered a bona fide marker for detecting 
hydroxyl radicals. However, its level is markedly lower than that of 
2,S-DHBA [29]. Here, we examined the level of both 2,3- and 2,S­
DHBA in the human plasma. Our findings show a significantly higher 
level of 2,S-DHBA than 2,3-DHBA (three- to five-fold). The selective 
difference between 2,3- and 2,S-DHBA could be associated with differ­
ing metabolic rates of production of these adducts, different efficiencies 
of scavenging 'OH radicals at the 3 or the S position of the salicylate 
aromatic ring, and differences in the stability of the adducts against 
metabolic or biochemical modifications by cellular components. Indeed, 
when added to a tissue homogenate, the decrease in 2,3-DHBA concen­
tration was 2.5 to 3 fold higher than the 2,S-DHBA. This difference in 
the metabolic removal of 2,3-DHBA and 2,S-DHBA may be even more 
pronounced within the tissue where the enzymatic content is higher than 
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the homogenate [33]. However, this difference seems to be due to the 
fact that 2,5-DHBA, but not 2,3-DHBA, is produced by an enzymatic 
hydroxylation pathway through the cytochrome P-450 microsomal sys­
tem [34]. The latter seems to be formed exclusively via a radical 
pathway, which further substantiates the validity of the assumption that 
2,3-DHBA authentically reports free radical fluxes in vivo. 

Thus,2,3-DHBA appears to be a sensitive and specific marker of in 
vivo oxidative stress studies. There is now increasing evidence for 
2,3-DHBA production after aspirin administration in conditions of 
oxidative stress such as exposure to 100% oxygen [35], treatment with 
the redox-cycling drug Adriamycin [29], in vitro neutrophile activation 
[36], diabetes [31], or rheumatoid arthritis [24]. 

Recently, this technique has been used by Tubaro et al. [32], who 
demonstrated the formation of hydroxyl radicals in acute myocardial 
infarction in man. In this study, all the subjects received 100 mg aspirin 
p.o. daily, venous blood samples were taken 30 min after the first dose 
(time 0) and then at 3-, 6-, 12-, 24-, and 48 hand 5 days. Serum was 
analysed by HPLC-e1ectrochemical detection for 2,3- and 2,5-DHBA 
contents. 2,3-DHBA was present in all subjects with acute myocardial 
infarction and undetectable in healthy volunteers at all time points 
studied. On the contrary, serum level of 2,5-DHBA did not show 
statistically significant differences between acute myocardial infarction 
patients and healthy volunteers. Their data support the hypothesis that 
hydroxyl radicals are formed during acute myocardial infarction in 
man. 

In another study, Ghiselle et al. [31] have reported plasma levels of 
2,3- and 2,5-DHBA following oral administration of 1000 mg of aspirin 
in well-controlled diabetic patients and in healthy subjects. They also 
determined plasma level of TBARsas an index of lipid peroxidation 
process. They have noted that 2,3-DHBA levels were significantly 
higher in diabetic patients than in controls (63.4 ± 20.0 vs 49.0 ± 
6.8 nmol/l). However, TBARs levels were not significantly different in 
groups. They concluded that salicylate hydroxylation is useful to reveal 
differences in vivo oxidative stress. 

Finally, Grootve1d and Halliwell [24] reported that patients suffering 
from rheumatoid arthritis have 2,3-DHBA values twice as high as 
normal SUbjects. They also found increased production of 2,5-DHBA in 
patients than in controls. About 4.5 h after ingestion of 600 mg ASP, 
they found approximately 100 nM 2,3-DHBA; 600 nM 2,5-DHBA and 
200 J.tM SA in rheumatoid arthritis patients. In control subjects, these 
values were approximately 50 nM 2,3-DHBA; 250 nM; 2,5-DHBA and 
200/lM of SA. These results suggest an increase in 'OH production in 
these patients. 

Grootveld and Halliwell [19, 24] were the first to report the presence 
of 2,3-DHBA in blood plasma and urine of healthy adult volunteers. 
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They found that plasma concentration of 2,3-DHBA peaked approxi­
mately 2 h after ASP ingestion. Thus, we used this time period in our 
technique. The levels of 2,3-DHBA and 2.S-DHBA were very low 1 h 
after ASP administration, but increased to 50 and 160 nM 2,3-DHBA 
2 h after the ingestion of 600 and 1200 kmg ASP in adult man. Our 
results are in good agreement with these findings. 

The presence of 2,3-DHBA in the plasma of healthy subjects after 
aspirin intake could be due to the baseline rate of intracellular 'OH 
formation from ionising radiation and Fenton reactions in vivo [24J. 
This phenomenon is supported by the detection of baseline values of 
several markers of 'OH production such as al1antoin [37J, 8-hydroxy­
deoxyguanosine, thymine and thymidine glycols in plasma or urine of 
healthy subjects [38]. 

Because the plasma level of 2,3-DHBA depends on that of salicylate, 
and because the latter could vary among individuals iagesting the same 
dose of aspirin, the concentration of 2,3-DHBA should be expressed as 
2,3-DHBA/salicylate ratio (mmoles/moles). It should be noted that 
plasma ASP is rapidly hydrolysed (40% hydrolysis in 120 min at room 
temperature after sampling) and this could increase plasma level of 
salicylic acid [39J. Indeed, this hydrolysis is faster in whole blood than 
in plasma, and is attributed to plasma and red blood cell esterases. It is 
thus necessary to remove red blood cells from plasma as rapidly as 
possible. However, it appears that plasma enzymatic hydrolysis is com­
pletley inhibited by physostigmine (0.2 mM). This should prevent an 
increase in salicylate plasma level after blood was drawn. In our case, 
plasma ASP level, 2 h after ASP administration should be negligible. 
However, at higher doses of ASP or when samples are drawn in the 
early periods, inhibition of esterases should be considered. 

However, the present study and the other studies on human samples 
[24, 31, 32J do not prove that the 2,3-DHBA detected in body fluids 
originate exclusively from radical attack on salicylate. The presence of 
low concentrations of this product in the plasma of healthy human 
volunteers after aspirin ingestion might be related to the baseline rate of 
intracellular 'OH formation from ionising radiation and Fenton reac­
tions or, it might be also generated by an as yet unreported minor 
metabolic pathway [40, 41J. 

Thus, many aspects still remain to be investigated. First, larger doses 
of ASP should be examined. In fact, in humans, ASP is generally not 
acutely toxic until the plasma concentration of salicylic acid reach the 
millimolar range [42]. Thus, the ASP dose used in the present study 
was well below toxic concentrations. Secondly, salicylic acid has less 
pharmacological effects than ASP. For example, inhibition of platelet 
function by ASP could underestimate 'OH production by the cyclooxy­
genase pathway. The direct administration of sodium salicylate could 
overcome this concern. Third, because 2,3- and 2,S-DHBA could be 
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metabolised and excreted in the urine, their determination in the urine 
could be of great interest. Finally, evaluation of the relationships 
between 2,3-DHBA levels and the antioxidant defence systems in differ­
ent oxidative stress should now be undertaken. 

In conclusion, direct evidence for the formation of free radicals in 
oxidative processes and the causal relationship between free radicals 
and the aamage are still lacking. The major reasons for this are that free 
radicals are present in very low amounts in the tissues, are highly 
reactive, and are short lived. A newly developed methodology is now 
available, where a specific hydroxyl radical trap produces stable hydrox­
ylation products that can be specifically identified and quantified with 
high sensitivity using HPLC coupled with electrochemical detection. 
Plasma 2,3- and 2,5-DHBA are specifically quantified (electrochemical 
detection, 0.7 V) with an octadecyl silane reversed-phase chromato­
graphic column by peak-area ratio (internal standards 3,4-DHBA). The 
mobile phase was carefully selected to achieve a maximum separation 
rapidly. The isocratic elution allows a minimum of down-time. The 
improved salicylate hydroxylation products assay, as described in the 
present paper, provides a simple and convenient method by which ·OH 
radicals may be detected and quantified in vivo. The small plasma 
requirement (0.4 ml) permits determinations of ·OH from infants and 
young children. Finally, it should be noted that the principle behind our 
methodology can be applied to other aromatic compounds such as 
phenylalanine or benzoic acid [43-46]. 
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