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Abstract The so-called reactive oxygen species (ROS)

are defined as oxygen-containing species that are more

reactive than O2 itself, which include hydrogen peroxide

and superoxide. Although these are quite stable, they may

be converted in the presence of transition metal ions, such

as Fe(II), to the highly reactive oxygen species (hROS).

hROS may exist as free hydroxyl radicals (HO�), as bound

(‘‘crypto’’) radicals or as Fe(IV)-oxo (ferryl) species and

the somewhat less reactive, non-radical species, singlet

oxygen. This review outlines the processes by which hROS

may be formed, their damaging potential, and the evidence

that they might have signaling functions. Since our

understanding of the formation and actions of hROS

depends on reliable procedures for their detection, partic-

ular attention is given to procedures for hROS detection

and quantitation and their applicability to in vivo studies.
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Introduction

Oxidative stress may be defined as an imbalance between

the production of reactive oxygen species (ROS) and the

ability of a biological system to detoxify the reactive

intermediates and/or easily repair the resulting damage.

The term ROS refers to oxygen-containing species that are

more reactive than O2 itself. As shown in Scheme 1, it

covers several redox states of oxygen, ranging from the

relatively unreactive superoxide (O2
�-) and H2O2 to the

highly reactive oxygen species (hROS), which may exist as

free hydroxyl radicals (HO�), as bound (‘‘crypto’’) radicals,

or as Fe(IV)-oxo (ferryl) species [1–6]. There are also the

nitrogen-containing ROS nitric oxide and peroxynitrite

(RNS), which will not be discussed here but are reviewed

in detail elsewhere [7, 8].

The occurrence of oxidative stress has been implicated

in numerous pathologies including neurodegenerative dis-

eases, ischemic or traumatic brain injuries, cancer,

diabetes, liver injury, and AIDS [2, 3, 11–17]. It has also

been suggested that oxidative stress may play an important

role in the ageing process [18–20].

Whereas the involvement of H2O2 and superoxide in a

variety of cell-signaling processes is quite well estab-

lished [see 21–24], the situation regarding hROS is less

clear [see 25]. Problems in defining a role for hROS

include difficulties in their detection, the exact nature

of the species that might be involved, the lack of

specificity of their formation, and their high non-specific

reactivities.
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D. Varešlija � K. F. Tipton

Department of Biochemistry, Trinity College, Dublin 2, Ireland

Present Address:
L. Bianchi

Azienda USL 3 di Pistoia, 51100 Pistoia, Italy

Cell. Mol. Life Sci. (2011) 68:2067–2079

DOI 10.1007/s00018-011-0682-x Cellular and Molecular Life Sciences

123



The Fenton reaction and the nature of hROS

Many biochemical reactions are capable of forming H2O2

and superoxide but hROS are believed mainly to be gen-

erated in non-enzymic processes, including the breakdown

of some xenobiotics, those mediated by transition metal

cations, or generated by radiation. Although it is generally

assumed that free hydroxyl radicals produced by the Fen-

ton reaction, or Fenton-like processes involving other

transition metals than iron, is the main pathway for initi-

ating oxidative damage, this assumption cannot be

considered as proven.

In its simplest form the Fenton reaction, in which ferrous

iron catalyzes the formation of hydroxyl radicals from

hydrogen peroxide can be written as a two-step process

(Eqs. 1, 2):

Fe IIð Þ þ H2O2 ! Fe IIIð Þ þ HO� þ OH� ð1Þ

Fe IIIð Þ þ H2O2 ! Fe IIð Þ þ HOO� þ Hþ ð2Þ

where HOO� is the protonated form of superoxide, which is

sometimes known as the hydroperoxyl or perhydroxyl

radical. This has a pKa of about 4.8 and will therefore be

largely in the superoxide form at physiological pH values

(see Eq. 3) [see 26, 27]:

HOO� ¼ O��2 þ Hþ ð3Þ

There has been a continuing debate about whether the

product of the Fenton reaction or a Fenton-like process is

the free hydroxyl radical, a bound ‘‘crypto’’ radical or a

Fe(IV)-oxo species [4–6, 28–34]. Three possible

alternatives to the first step of the Fenton reaction may

be considered (see Eqs. 1a–c):

Fe2þ þ H2O2 ! Fe3þ þ HO� þ OH� ð1aÞ

Fe2þ þ H2O2 ! Fe3þ-HO� þ OH� ð1bÞ

Fe2þ þ H2O2 ! Fe IVð ÞO2þ þ H2O ð1cÞ

Thus, the free hydroxyl radical may be free to leave the

coordination sphere of the transition metal involved and

react independently from it (Eq. 1a). Alternatively, the

‘‘crypto’’ radical, formed in Eq. 1b, oxidizes its substrate

within the first or second coordination sphere of the metal.

In both of these cases, the electron gap is placed on the

oxygen atom. In contrast, a Fe(IV) species (see Eq. 1c)

reacts primarily by the charged iron atom, which can lead

to different reaction intermediates in comparison to a

bound or free hydroxyl radical. The uncertainty of this

matter is mainly based on the difficulties in distinguishing

between these species. As the redox potentials for free HO�
as well as Fe(IV)-oxo species are higher than ?1.6 V [35–

38], both species will hydroxylate chemical compounds

comparably, thus leading to similar or identical results

when indirect methods like aromatic hydroxylation are

used for hROS detection. Although, in some cases, it seems

to be possible to distinguish between these species by using

electron-spin resonance (ESR) spectroscopy together with

the spin-trapping technique, even this technique does not

provide a clear answer to this question [39, 40]. Thus, the

term highly reactive oxygen species (hROS) is used in this

discussion to cover all these species.

The nature of the oxidizing species produced via a Fenton

system has been found to depend on the chemical environ-

ment, such as the pH, the ligand(s) of the Fe(II)complex or

the presence or absence of O2� [4, 5, 31, 37, 38, 41]. Yama-

zaki and Piette [42] proposed that this variability may be

explained by assuming four competing reaction pathways

not all of which lead to hROS formation, as summarized in

Scheme 2. Reaction (I) represents the classical Fenton

pathway generating a free hydroxyl radical, whereas reaction

(II) is an alternative path via a ferryl species. Both of these

pathways will lead to a reactive intermediate with a similar

oxidation potential, and therefore monitoring hROS forma-

tion via aromatic hydroxylation will give the sum of hROS

formed via these reaction paths. A key factor in under-

standing the variance of Fenton activity is reaction (III), as

this does not lead to hROS formation, but represents a simple

two-electron oxidation of two mol of Fe(II). Reactions (IVa)

and (IVb) are only of importance, if the Fe(III) concentration

reaches a comparable level to Fe(II). It has been shown [43]

that pathway (III) gains importance when Fe(II) is used in

excess compared to H2O2 resulting in a lower overall Fenton

activity. This effect can be overcome by iron chelation, e.g.,

with EDTA (ethylenediaminetetraacetic acid), and/or by

changing the pH.

Lloyd et al. [6] showed by using 18O labeled H2O2 that at

neutral pH the oxygen in hydroxylated compounds solely

comes from H2O2 and not from water ligands bound to the

octahedral iron center, which excludes any electron transfer

from the iron centre to the ligands. Our own results in arti-

ficial cerebrospinal fluid (aCSF) [28, 43, 44] have confirmed

and extended this by showing that the reactive intermediate

is not the free hydroxyl radical, but either a crypto radical or a

ferryl species; with the evidence supporting the description

of the reactive species as a crypto radical.

In addition to arguments about the nature of the oxi-

dizing species, there has been uncertainty about the

predominant pathway of its formation. Based on kinetic

arguments [25] and in vitro experiments involving

O2 O2
.- HO.H2O2 OH-

e- e- + H+ e- + H+ e- + H+

-0.16 +0.94 +0.38 +2.33 V

Scheme 1 The redox states of oxygen with standard reduction

potentials. The standard concentrations were taken as 1 M at a pH 7.0

(adapted from [9, 10])
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leukemia cells [45], several authors have raised doubts

about whether the Fenton reaction significantly contributes

to oxidative damage. Schafer et al. [45] showed, using ESR

spectroscopy, that lipid peroxidation in leukemia cells was

enhanced by adding Fe(II), but was significantly reduced

when H2O2 was added in the presence of iron. From those

results, they concluded that alternative routes involving

only iron and oxygen but no H2O2 (Eqs. 2a–c, below)

predominate the Fenton pathway. In that work, the

perferryl ion (the term in brackets in Eq. 2a) as well as the,

already described, ferryl ion (the product in Eq. 2c), were

proposed to be the predominant oxidative species initial-

izing lipid peroxidation.

Fe2þ þ O2 $ Fe2þ-O2 $ Fe3þ-O��2
� �

$ Fe3þ þ O��2

ð2aÞ

Fe2þ þ Fe2þ-O2 ! Fe2þ-O2�Fe2þ ð2bÞ

Fe2þ-O2 � Fe2þ ! 2FeðIVÞO2þ ð2cÞ

However, the importance of iron redox cycling for

producing oxidative damage is generally accepted. Iron

chelators, such as deferoxamine (desferal, desferrioxamine

B), which are able to eliminate iron redox cycling completely,

gave a dramatic decrease of oxidative damage in in vivo

experiments related to oxidative stress [46–50]. In this

context, it is important to mention that only chelators that

strongly bind to all six coordination sites of iron are able to

reduce or eliminate iron redox cycling. Other chelators (like

EDTA) may have the opposite effect as they do not block

oxygen or H2O2 coordination and make the almost insoluble

free Fe(III) available for reducing agents like ascorbate [see

28, 30]. However, deferoxamine could only reduce but not

eliminate oxidative damage, which leads to the conclusion

that also other mechanisms than iron-oxygen chemistry may

play an important role in vivo, opening a wide opportunity for

future research.

Alternative processes for hROS production

There have been several reports of the production of

hydroxyl radicals in enzyme-catalyzed reactions, but these

generally appear to be secondary processes, owing to the

presence of transition metals. Thus, the reported formation

of hydroxyl radicals by the action of xanthine oxidase [50]

was shown to be a result of the presence of adventitious

iron catalyzing a Fenton process [51].

Several biochemical processes including the mitochon-

drial respiratory chain activity [see 52], the Nox family of

NAD(P)H oxidases, such as the phagocytic NADPH oxi-

dase [53] and nitric oxide synthase (NOS) when depleted

of its substrate arginine or its cofactor 5,6,7,8-tetrahydro-

biopterin (BH4) are capable of producing superoxide. This

can then form hydroxyl radicals in the presence of a tran-

sition metal according to the following Fenton-like process

(Eqs. 3a–c) [54–56]:

O��2 þMnþ ! O2 þM n�lð Þþ ð3aÞ

O2� þ M n�lð Þþ þ 2Hþ ! H2O2 þMnþ ð3bÞ

Mðn�lÞþ þ H2O2� ! Mnþ þ HO� þ OH� ð3cÞ

Alternatively, in the presence of nitric oxide, peroxynitrite

can be formed, and this may then decompose to give the

hydroxyl radical (Eqs. 4–6) [56, 57]:

NO� þ O��2 ! ONOO� ð4Þ

Fe(II) + H2O2

Fe(II) O
O

H

Fe(II)
O

H

OH

Fe(II)

O

O

Fe(II)

H

H

Fe(II)

O

O

Fe(III)

H

H

- + HO

Fe(III)

+ Fe(III)

Fe(III) + OH

+ Fe(II)

+ 2OH-

Fe(IV) + H2O

2Fe(III) + OH- + HO

Fe(IV) + Fe(II) +H2OO

H
(I)

(II)

(III)

(IVa)

(IVb)

O

Scheme 2
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ONOO� þ Hþ ! ONOOH ð5Þ
ONOOH! HO� þ NO2� ð6Þ

A further process that may result in the formation of

hydroxyl radicals is the reaction between superoxide and

hypochlorous acid. The hypochlorous acid formation,

catalyzed by enzyme myeloperoxidase (Eq. 7), is an

important bactericidal response [see 58]:

H2O2 þ Cl� ! HOClþ OH� ð7Þ

However, superoxide and hypochlorous acid can react to

form the hydroxyl radical (Eq. 8), [59–61]:

HOClþ O��2 ! HO� þ O2 þ C1� ð8Þ

It has also been reported that the hemoprotein

peroxidases can also catalyze the reaction (Eq. 9)

H2O2 þ O��2 ! HO� þ OH� þ O2 ð9Þ

in a process where superoxide converts the heme iron into

perferryl form (termed Compound III), in which the heme

iron can assume the ferrous state [62]. The relative

importance of these systems to the formation of hydroxyl

radicals in vivo remains uncertain.

An additional hROS species that should be considered is

singlet oxygen (1O2). Although not a true radical, it is a

short-lived species (half-life of microseconds), highly

reactive species. The possible involvement of singlet

oxygen in the Fenton-like process, shown in Eq. (10), was

advanced by Kellogg and Fridovich [63]:

H2O2 þ O��2 ! OH� þ HO� þ 1O2 ð10Þ

Alternatively, singlet oxygen may be formed by reaction

of superoxide and the hydroxyl radical [64]:

HO� þ O��2 ! þ 1O2 þ OH� ð11Þ

Although it had also been suggested that peroxynitrite

might also decompose to form singlet oxygen, this has

since been refuted [65]. It has also been suggested that

singlet oxygen may be generated by decomposition of lipid

peroxides [66]. However, irradiation in the presence of

oxygen may be the major source of singlet oxygen. The

production of singlet oxygen by plant photopigments is

well established [see 67, 68] and light may result in its

generation from a number of naturally occurring

compounds such as bilirubin, pterins, flavins and vitamin

A (retinol) [69, 70], and natural and synthetic dyes,

including those found in some cosmetics [see 66]. An

intriguing additional source of singlet oxygen is the

reaction of ozone with a number of biological

compounds including NAD(P)H, uric and ascorbic acids,

by a mechanism that is believed to involve epoxide

formation.

The cysteine and methionine amino acid residues in

protein could also give rise to singlet oxygen on oxidation

by ozone.

It has been suggested that this may underlie some of the

damaging effects of ozone [71].

Specificities and actions of hROS

From a biological viewpoint, the two most important

problems related to hROS are (1) to gain information about

their direct damaging potential and (2) to examine their role

as possible signaling substances under pathological and

non-pathological conditions. For (1), the question on the

nature of the redox active species is irrelevant, and any

hydroxylation reaction that can compete successfully with

other biological substances for hROS should give, under the

assumption that there is only one hydroxylation product, a

reliable representation of the direct damaging potential.

For (2), the question on the redox active species

becomes important, since it appears possible that interac-

tion with some specific targets would be a prerequisite for

any signaling function. However, a free hydroxyl radical

reacts unspecifically, whereas a crypto radical or a ferryl

species can react more specifically owing to their charge.

In this context the apparently specific role of ‘hydroxyl

radicals’ in mobilizing calcium ions [72–74] may prove a

valuable area of study. It is, however, necessary to distin-

guish between a specific signaling function in a biological

pathway and a generalized response to non-specific cellular

injury [75], but this has often not been demonstrated

definitively.

The hydroxyl radical has been variously estimated to

have a half-life in the ns range [4–6, 30] under in vivo

conditions. This may not in itself be critical for a signaling

function but the high reactivity, in that any collisions with

other molecules may result in reaction, presents a more

important problem. It has been estimated that it would

travel only a few Angstrom (1 Å = 10-10 m) before it

interacts with another molecule [see 76].

Whereas hydrogen peroxide and superoxide have been

reported to have direct tissue damaging effects, high,

unphysiological, concentrations have often been necessary

2070 W. Freinbichler et al.
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[see 77], except in the presence of iron. Thus, it appears

that these may be indirect effects associated with hydroxyl

radical formation through Fenton-like processes [78, 79].

Similarly, the toxicity of superoxide appears to be

secondary to its ability to release iron, in its ferrous form,

from proteins, such as ferritin and proteins containing iron–

sulfur clusters. This is because of the reduction of bound

Fe(III) to Fe(II). For example, in proteins containing

4Fe–4S iron–sulfur clusters the native clusters contain two

Fe(II) and two Fe(III) atoms, and the oxidation by super-

oxide may be written

2Fe IIð Þ 2Fe III-4Sð Þ½ � þ 2Hþ þ O��2
! Fe IIð Þ 3Fe(III)-4S½ � þ H2O2

The Fe(II), which binds to the protein less tightly than

Fe(III) can then dissociate from it

Fe IIð Þ 3Fe IIIð Þ-4S½ � ! 3Fe IIIð Þ-4S½ � þ Fe IIð Þ

[see 10, 13, 80].

Hydrogen peroxide may modify some sulfur-containing

amino acid residues in proteins, oxidizing cysteine, and

methionine residues, but the rate of reaction with, for

example, methionine is very slow compared to that of HO�
or singlet oxygen [81]. Similarly, superoxide is not a

powerful oxidant of protein residues, although it can exert

deleterious effects by removing iron from, and thereby

inactivating, a number of enzymes that are important for

normal cellular function [see 82].

The non-specific reactivity of hROS results in their

reaction with a variety of biomolecules (see Fig. 1). They

can induce lipid peroxidation, DNA damage and protein

modification. Reaction with unsaturated lipids can generate

Fig. 1 Some actions of hROS
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peroxides in a chain-reaction, as shown in Fig. 2. Further

reactions of the peroxides can then lead to aldehyde forma-

tion. For example, linoleic acid yields 4-hydroxynonenal [see

83], which may serve as a stress-signaling factor [see 84, 85].

Bond cleavage may also occur in diene unsaturated fatty acids

and the release of dialdehydes, such as malondialdehyde

(MDA), and measurement of MDA has frequently been used

as a rough indicator of tissue oxidative stress [see 86, 87].

hROS can react with many different amino acid residues in

proteins and result in loss of histidine residues, bityrosine

cross links, the introduction of carbonyl groups, and the

formation of protein-centered alkyl, alkoxyland alkylper-

oxyl, ROO�, radicals and peptide bond cleavage [see 88–91].

Hydroxyl radicals and singlet oxygen have been shown to

hydroxylate purine residues in DNA forming the 8-oxo-7,

8-dihydro-20-deoxy-derivatives of adenosine and, particu-

larly guanosine [92–94]. It was shown that the this damage

by hydroxyl radicals can subsequently result tandem damage

that are produced by peroxyl addition on to the C8 of a

vicinal purine base and that a proportion of such tandem

lesions are resistant to DNA glycohydrolase repair mecha-

nisms [92].

hROS react with many biochemicals and in some cases,

such as reaction with ascorbate [95], glutathione [13],

bicarbonate [96], melatonin [76, 97], this may be protec-

tive. However, the products of such reactions may

themselves be toxic. For example, reaction of ascorbate can

be converted to the ascorbate radical [95] and furthermore

the ability of ascorbate to reduce redox-active metals, such

as Fe(III), may stimulate Fenton activity [98]. As discussed

below, the ability of hROS to hydroxylate a range of

aromatic molecules has formed the basis of a number of

detection procedures.

Methods for hROS detection

The extreme reactivity and short lifetimes of hROS make

their direct measurement in biological systems practically

impossible. All common chemical methods for hROS

detection are based on aromatic hydroxylation, as illus-

trated in Fig. 3. An effective trapping reagent should be

biochemically inert and should be specific for hROS. The

following sections will summarize the most widely used

assays and point out their advantages and disadvantages.

Salicylate (SA)

The most commonly used procedure to detect hROS is

based on the hydroxylation of salicylic acid, as shown in

Fig. 3. Although widely used, this method has several

fundamental disadvantages, which have been described in

detail elsewhere [see 28, 43, 44]. Essentially the draw-

backs of this method are the hydroxylation behavior

and bioactivity of SA. The hydroxylation yields mainly

2,5-dihydroxy-benzoic acid (2,5-DHBA) and 1,3-dihydroxy-

benzoic acid (2,3-DHBA) plus smaller quantities of

catechol. Because 2,5-DHBA can also be produced enzy-

matically [99, 100], only 2,3-DHBA can be used for hROS

determination. The 2,3-DHBA/2,5-DHBA ratio has often

been used as a measure of hROS, but the ratio of these two

varies dependent on the chemical environment and thus a

reliable quantification cannot be performed using this

approach [see 28]. In vitro work also demonstrated that

even in a simple Fenton system the ratio showed a time

dependence, which again raised doubt on its reliability [28,

101–103]. Furthermore, salicylic acid may directly perturb

the responses to hROS as it has been shown to affect

inflammatory responses [104–107].

Phenylalanine

The hydroxylation reaction of phenylalanine has been

proposed as an alternative to salicylate, mainly because the

administration of phenylalanine has fewer identified side-

effects [108, 109]. However, chemically, this system shows

the same drawbacks as the SA method, since reaction of

phenylalanine with hROS yields a mixture of the 2-, 3- and

4-hydroxylated products (o-, m- and p-tyrosine), as shown

in Fig. 3, and p-tyrosine, as an endogenous compound,

which is formed from L-phenylalanine by the enzyme

phenylalanine hydroxylase (EC 1.14.16.1), cannot be used

for detection of hROS. Since D-phenylalanine is not a

R

H

+ HO

R

+ O2

R

OO

R

H

+

R

OOH

Unsaturated
lipid

Lipid radical

Lipid peroxide Lipid peroxyl radical

H2O

Initiation

Propargation

.

Fig. 2 Hydroxyl radicals and lipid peroxidation
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substrate for this enzymatic hydroxylation, it has been

proposed as a more suitable compound for hROS detection

[110], although p-tyrosine still cannot be used for hROS

determination unless a detection procedure that can

distinguish between the D- and L-enantiomers is used. An

additional potential problem is that D-phenylalanine is a

substrate for D-amino acid oxidase (EC 1.4.3.3), which is

present in brain [111] and produces H2O2 as a product.

Using the same arguments as above it is doubtful

whether the sum of o- and m-tyrosine can be taken for an

artefact-free hROS quantitation in vivo [see 109, 112, 113],

although, in contrast to the situation of salicylate, detailed

chemical studies are not available. Nevertheless, it should

be mentioned that this method does have the potential

advantage that nitration can be detected simultaneously,

allowing concurrent monitoring of peroxynitrite formation

[113].

4-Hydroxybenzoic acid (4-HBA)

Detection of hROS with 4-hydroxybenzoic acid (4-HBA) is

less complicated, because only one hydroxylation product,

3,4-dihydroxybenzoic acid (3,4-DHBA), is formed in

significant amounts (see Fig. 3). Thus, from a chemical

viewpoint, this method should provide a much more reli-

able possibility for hROS quantitation. It has been used in

microdialysis experiments, using HPLC separation with

electrochemical detection [42, 114, 115]. Although 4-HBA

can be hydroxylated by monooxygenases from some

microorganisms, this apparently does not occur in

mammals, suggesting its suitability as a chemical trap for

hROS determination in vivo. As 4-HBA is an endogenous

compound that shows little or no apparent toxicity, it has

been claimed that it could be also used for human studies

[115]. However, it is necessary to use high (mM range)

OH

COOH

COOH

.HO

COOH

COOH

.HO

.HO

.HO

OH

COOH

OH

COOH

OH

OH

NH2

CH2CHCOOH

OH

NH2

CH2CHCOOH

OH

NH2

CH2CHCOOH

NH2

CH2CHCOOH

OH

OH

HO

OH

COOH

OH

OH

COOH

OH

COOH

Terephthalic acid 2-Hydroxyterephthalic acid

(d)

(c)

(b)

(a)

(o sine) (m-tyro-tyro sine) -tyrosine)(p

4-Hydroxybenzoic acid 3,4-Dihydroxybenzoic acid

Phenylalanine (Phe) 2-HydroxyPhe 3-HydroxyPhe 4-hydroxyPhe

++

Salicylate 2,5-DHBA 2,3-DHBA Catechol

++

Fig. 3 Trapping reagents used

for hROS detection. DHBA,

dihydroxybenzoic acid
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concentrations of 4-HBA and further work is necessary to

assess whether any biochemical processes are affected by

4-HBA, or its metabolites, at such levels, particularly in

view of it being a substrate for 4-hydroxybenzoate poly-

prenyltransferase (EC 2.5.1.39), which is involved in the

biosynthesis of ubiquinone [115].

Terephthalic acid (TA)

The TA assay does not have the drawbacks of the SA and

phenylalanine methods, as the symmetry of the molecule

allows only one hydroxylated product to be formed, as

shown in Fig. 3. As, in contrast to the essentially non-

fluorescent TA2-, 2-hydroxyterephthalic acid (OH-TA)

shows a brilliant fluorescence, the method allows the

detection down to 0.5 nM OHTA using a commonly

available fluorescence detector. This reaction has been used

for many years as a dosimeter in radiolysis experiments

[see 99, 116], as a radical scavenger [118], and for in vitro

studies [119, 120]. Its ease of use and its good perfor-

mance, especially in the low-dose range [121]. This has led

to the suggestion that this system could be used in vivo

[117], and Yan et al. [100] reported its application for

detecting hROS during brain microdialysis in sheep. In

contrast to the other systems described above, the TA is not

present endogenously and is poorly metabolized. More-

over, TA has been reported to have low toxicity and be

non-accumulative [122, 123].

We showed in our previous work that TA does not

influence the basal and the evoked levels of the neuro-

transmitters, glutamate, aspartate, taurine, and GABA

(c-aminobutyrate), in microdialysis experiments using kai-

nate stimulation. Since a significant linear correlation

between the formation of OH-TA and kainate concentration

was found, it was concluded that it can be used for reliable

hROS quantification [43, 44]. TA does not interfere with the

use of o-phthalaldehyde (OPA) for derivatizing amino acids,

and therefore can be used for the determination of the release

of these transmitters and hROS formation in the same

microdialysis experiment [43]. Figure 4 illustrates the

formation of hROS during the evoked release of amino-acid

neurotransmitters. Solutions of TA are difficult to prepare

because of its low solubility, but the free acid may be dis-

solved in NaOH or the easily soluble sodium terephthalate

may be used. For quantitative determinations, it is necessary

to use 2-hydroxyterephthalate, which may be synthesized as

previously described [43].

Determination of H2O2

Measurement of H2O2, has been used in some studies to

estimate hROS levels on the assumption that hROS pro-

duction, quantitatively, follows H2O2 formation. Although

this might be true in some cases, it is obvious that it need

not always to be the case, as hROS formation could also

correlate with, e.g., the release of Fe(II). Several enzyme-

catalyzed reactions produce H2O2 without the involvement

of hROS and the formation of H2O2 has also been used as a

measure of superoxide formation by mitochondria [123,

124]. Furthermore, as discussed above, it is possible for

hROS to be formed from superoxide and in other processes

that do not involve the participation of H2O2.

In vivo electron-spin resonance (ESR)

Electron spin resonance, also known as electron para-

magnetic resonance (EPR) spectroscopy, can be used to

detect molecules with unpaired electron spin states, present

in radicals, transition metal complexes, like ferryl species,

or molecular oxygen. However, the sensitivity is relatively

low and high disturbing noise levels have limited its use in

vivo. Short-lived species, like hROS, cannot directly be

detected but may be transformed to more stable radicals

with so-called spin traps.

Among the most widely used substances for that

purpose are 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)

hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO),

a-phenyl-N-tert-butylnitrone (PBN) or a-(4-pyridyl-1-oxide)-

N-t-butylnitrone (POBN). As spin traps react specific with

reactive oxygen (ROS) or nitrogen (RNS) species, ESR

Fig. 4 Dependence of 2-hydroxyterephthalic (OH-TA) on kainic acid

(KA) concentration. Left panel: OH-TA formation, expressed as

percentage of basal value, induced by 250, 500, and 1,000 lM KA.

Right panel: the area under the concentration curve (AUCSTIM) of

KA-induced OH-TA formation minus the basal AUC (AUCBAS) is

plotted against KA concentration (modified from [43])
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spectroscopy is able to distinguish between certain species of

ROS or RNS [see 125–127].

It was not possible to perform measurements in an

aqueous medium with the traditionally used X-band ESR,

but the application of low-frequency ESR has made this

possible, along with the development of methods for in

vivo ESR. Besides the opportunity to use ESR for ana-

lyzing in vivo samples, e.g., by directly coupling it to a

microdialysis facility [128], it allows non-invasive imag-

ing, similar to NMR tomography, showing spatially

resolved oxidative processes in the body [125, 129]. As the

ability of a biological system to reduce the introduced spin

trap is proportional to its antioxidant activity, the disap-

pearance of the ESR signal can be used as a marker for the

condition of the antioxidant defense system. Further

developments should see wider use of this potentially

powerful approach.

Conclusions

Unlike hydrogen peroxide and superoxide, which are

destroyed by catalase, peroxidases, and the superoxide

dismutases, there are no known enzymes that catalyze the

removal of hROS. Thus, their formation and removal are

rapid but unregulated. Much of the work relating oxidative

stress to disease has been based on determining the effects

in terms of DNA, lipid and protein damage [13, 86, 87].

However, since these measure the end-products of ROS

damage, they will be affected by factors such as the

efficiency of local antioxidant defenses and repair mecha-

nisms. These can show considerable inter-individual

variability, depending on diet, disease status, age, and

genetic factors [130, 131]. In view of the wide-ranging

toxicity of hROS, it is difficult to envisage specific regu-

latory functions, although singlet oxygen has been reported

to regulate plastid differentiation in plant seedlings [132].

Further advances in our understanding necessitate the

application of sensitive and reliable methods for hROS

detection in vivo, such as those discussed in this review.

Their use in microdialysis experiments to detect hROS in

vivo, in freely moving animals, has considerable potential

for research and medicine [see 43, 44]. However, caution

and rigor are essential for the correct interpretation of the

data obtained. Thus, high basal hROS levels have been

reported in some [see, 133, 134], but not all [43] micro-

dialysis studies in the brain and also in studies with isolated

cell preparations [135]. It has been reported that hROS

formation might be catalyzed by iron leaking from the

stainless-steel probes that are used in many microdialysis

studies [136]. It has also been suggested that hROS for-

mation might result from cell damage caused by the probe

insertion [137]. Clearly this effect would be an interesting

field of study, but the use of adequate recovery times after

probe insertion should minimize this response. The alter-

native possibility that the formation and release of hROS

under basal conditions is a normal physiological process

warrants further investigation.

There are still numerous unsolved questions related to

hROS formation and activities in vivo as well as in vitro. In

addition to the further development of analytical tech-

niques, a multi-causal and interdisciplinary approach will

be necessary for a resolution of many of these questions.
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