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Transition metal ions, especially iron, appear to be important mediators of oxidative damage in vivo. Iron(II) reacts with H,O. to give more-reaclive

radicals. Qn the basis of ESR spin-trapping data with DMPO, supported by aromatic hydroxylation studies and patterns of DNA base modification,

it is concluded that hydroxyl radical (OH") is likely to be the major damaging species formed in Fenton Systems under biologically-relevant

conditions (which include iron concentrations no higher than the micromolar range). Although reactive oxo-iron species (such as ferryl and

perferryl) may also be important, direct chemical evidence for their formation and identity in biologically relevant Fenton systems is currently

lacking. Studies at alkaline pH values show that iron(I'V) and iron(V) species are highly oxidizing under those reaction conditions, with a patiern
of reactivity different from that of OH®,

Iron; Copper; Hydroxyl radical; Fenion reaction; DNA damage; Superoxide; Hydrogen peroxide

1. HYDROXYL RADICAL EXISTS

Hydroxyl radical’, OH*, is produced when water is
exposed to ionizing radiation and its properties have
been well documented by radiation chemists (e.g. [1]).
Hydroxyl radical reacts at, or close to, a diffusion-con-
trolled rate with almost all biological molecules. Hence
any OH* formed in vivo will react with whatever is
present at its site of formation, which makes it difficuit
to trap OH*® and demonstrate its formation directly in
biological systems [2]. Attack of OH* upon DNA pro-
duces a multiplicity of different products (1,3,4]; for
example, all four purine and pyrimidine bases are mod-
ified [4,5). By contrast, other oxygen-derived species
either do not react with DNA at all (examples being
superoxide radical, 03~, and hydrogen peroxide) or they
preferentially or exclusively attack guanine (such as
singlet O, and peroxyl radicals) [5]. The existence of
repair systems which recognize many of these DNA-

Abbreviations: DMPO, §,5-dimethyl-1-pyrroline-N-oxide; DETA-
PAC, dicthyienetriaminepentaacetic acid.

'HMydroxyl radical is often written *OH, to emphasize that the unpaired
electron is located in the oxygen atom.
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base lesions [6] and the excretion of a wide range of
oxidatively-modified DNA bases in human urine [7,8]
provide good evidence consistent with the view that
OH" is produced in vivo and attacks DNA (and presum-
ably other molecules as well). Of course, such data do
not explain how the OH" arises: some may be generated
by background radiation.

2. SUPEROXIDE AND HYDROGEN PEROXIDE

As a result of the pioneering work of Chance et al. [9],
Fridovich et al. [10] and others (reviewed in [2)]), it has
become well established that superoxide radical (O37)
and hydrogen peroxide (H,O.) are produced in vivo,
although the exact amount of these species produced in
mammals is still uncertain. Their generation can be ac-
cidental (e.g. production of Q3™ by ‘leakage’ of electrons
from electron transport chains [10]) or purposeful (e.g.
03~ production by activated phagocytic cells [11] and
possibly by some other cell types, such as lymphocytes

"{12], endothelial cells [13] and fibroblasts [14]). Experi-

mental manipulations of antioxidant defence enzymes
have shown clearly that removal of most O3~ and H,O,
is essential in vivo [10,15]. These enzymes act as a ¢coor-
dinated system: hence, for example, too much superox-
ide dismutase can be deleterious [16]. Antioxidant de-
fences seem to be approximately in balance with gener-
ation of oxygen-derived species in vivo. There seems to
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be no great reserve of antioxidant defence (although
defences can often be induced in response to increased
oxidative stress [10,17]), perhaps because some oxygen-
derived species are useful [3,12-14,18].

Why is it biologically necessary to remove most O3
and H,0,? Superoxide is a poorly reactive species [19)].
A few metabolically-important enzymes can apparently
be inactivated by O3 in E. coli [20}, but no important
molecular targets of direct attack by O3~ have yet been
identified in mammalian cells. The protonated form of

%", perhydroxyl radical (HO,"), is much more reactive
than O3 itself in vitro [19], but has not yet been shown
to mediate any damaging effects in vivo. H.O, at low
(physiological) levels appears to be similarly unreactive.
Indeed, its limited ability to oxidize critical -SH groups
on proteins might even have some role in regulation of
gene expression and metabolic activity [2,17,21].

Beauchamp and Fridovich [22] proposed that the tox-
icity of O3~ and H,0O; couid involve their conversion into
the much more reactive OH®. Two mechanisms have
been proposed to explain this conversion. The more
recent [23] is an interaction between O35~ and nitric oxide
(NO*), a vasodilator radical produced by several cell
types, including phagocytes and vascular endothelial
cells.

NO*® + 03" —» ONOO~ (peroxynitrite) H
ONQO~ + H* ~» ONOOH 2
ONGOH - OH* + NO,* &}

Such a reaction has been demonstrated to occur in
vitro [23,24] and its physiclogical significance is under
intense investigation. For example, peroxynitrite might
preferentially react with -SH groups or ascorbate in-
stead of decomposing to give OH®, and NO® has been
suggested to have antioxidant effects in some systems
[25,26], e.g. by removing O3~ [26,27).

An earlier mechanism proposed to explain OH* for-
mation was the metal ion-catalyzed Haber-Weiss reac-
tion (reviewed in [28]).

Fe/Cu
0 + H,0, —>» OH* + OH™ + O, @)

Most attention has been focused on iron as a catalyst,
but interest in copper is increasing [28].

3. FENTON CHEMISTRY

In reaction 4, OH® is usually suggested to be pro-
duced by reaction of reduced metal ions with H,0., e.g.
in the case of iron by the so-called Fenton reaction.

Fe** + H,0, — Fe (1I1) + OH" + OH"~ 5)
However, there has been repeated controversy as to

whether OH* is formed at all in Fenton reaciions at
physiological pH values. Challenges to the existence of
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OH?" seem to erupt every few years and then subside,
leaving us none the wiser [28-36). The authors believe
that OH* is formed in Fenton systems, but that other
reactive species, presumably oxo-ion complexes, might
be formed as well, although they remain to be character-
ized chemically [28,32). Thus we view any oxo-iron spe-
cies that may exist as additional to OH®, not alternatives
to it [28].

Before discussing criteria for demonstrating the for-
mation of OH" in biologically relevant Fenton systems,
let us review what is known about the chemistry of
oxo0-iron complexes that might be formed in simple Fen-
ton systems. This will not take long: although there is
a plethora of excellent literature identifying oxo-iron
species at the active sites of haem-containing enzymes
and proteins, almost nothing cencrete is known about
whether species such as ferryl (iron (IV)) and perferryl
(iron (V)) can even exist in simple aqueous solutions of
iron compounds at physiological pH. Even highly re-
spected chemists have postulated the existence of reac-
tive oxo-iron species as alternatives to OH® in Fenton
reactions on the mere basis of anomalies in kinetics or
formation of ‘unexpected’ end products from substrates
added to Fenton systems, without providing any direct
(e.g. ESR, NMR, isolation) evidence for the existence
of such species. Walling [32], Fitchett et al. [33], the
authors [28], Yamazaki and Piette [34] and Croft et al.
{35] have emphasized the dangers of misinterpretation
in such approaches. Iron ions react not only with H,Qa,,
but also with the initial products of attack of OH® upon
organic molecules. For example, Fe(III) can react with
e-alcohol radicals formed by attack of OH® upon alco-
hols. Claims by some authors that the ‘oxidizing species’
formed in Fenton systems reacts too slowly with zert-
butanol (2-methylpropan-2-ol) to be OH* might be ac-
counted for by reduction of the *CH,C(CH,),OH radi-
cal by Fe(Il) [32,35].

Fortunately, Bielski et al. [36,37] are beginning to
establish the precise chemistry of oxo-ion species. They
start with a well-defined inorganic iron compound, po-
tassium ferrate (K.FeQ,), which contains Fe(VI). Solu-
tions of this are stable for several hours at pH values
above 8-9. One-electron reduction of ferrate(VI) yields
an Fe(V) species, ferrate(V). Fe (IV) can be generated
by oxidation of Fe(lif) or, perhaps, by one-electron
reduction of Fe(V). Fe(IV), and especially Fe(V), were
found to be much more reactive in aqueous solution
than is Fe(VI). For example, Fe(V) reacts with formate
10° times faster than Fe(VI), 10-100 times faster with
ascorbate [36] and 10*-10° times faster with amino acids
[37). These hypervalent iron species apparently prefer to
react with most amino acids at either the a-carbon or
the a-nitrogen, whereas OH* tends to react with all sites
indiscriminately. Indeed, in the case of aromatic amino
acids, reaction of OH" with the benzene ring is often the
preferred reaction pathway [32,38] whereas Fe(V) pref-
erentially attacks the side chain. Of course, one must be
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wary of comparing the reactivity ol oxo-iron species at

highly alkaline pH values with those of OH*® at pH 7.4.

Bearing in mind that they are conducted at highly
alkaline pH values, the studies of Bielski et al. [36,37]
are important because they provide guidelines as to the
possible reactivity of any oxo-iron complexes that are
generated in Fenton systems at pH 7.4, They also sug-
gest methods by which Fe(V) and Fe(IV) might be dis-

tinguished from OH" (e.g. by examining the pattern of

products formed from aromatic ring structures). For
example, if the reactivity of ferrate(V) at alkaline pH
were representative of the proposed perferryl species at
physiolegical pH, then assumptions [28] that perferryl
is a fairly unreactive agent (based on the low reactivity
of the perferryl forms of enzymes such as horseradish
peroxidase) may have been in error. Of course, compur-
ison of these ferrate(V) and ferrate(IV) species with fer-
ryl/perferryl in enzymes must consider not only the dif-
ferent pH values employed but also the great chemical
differences between a metalloprotein with nitrogenous
and other ligands to the metal and a simple inorganic
oxo-iron compound.

4. APPROACHES AND ASSUMPTIONS IN
DEMONSTRATING HYDROXYL RADICAL
IN FENTON SYSTEMS

In order to demonstrate unequivocally that OH® is
produced in Fenton reactions, what is needed is a
method that detects OH® and nothing else. Many au-
thors believe that spin trapping is such a definitive
method [33,35,39-41], especially when DMPQO is used
as a trap, with appropriate controls to rule out artefacts
due to the reaction of DMPO with O3, Thus, Yamazaki
and Piette [39] state that 'there is no doubt that the ESR
spin-trapping technique is the most direct method to
measure OH". Determination of the pattern of end
products of attack of reactive species upon aromatlic
compounds may also be useful for detecting OH* [38].
However, the isomeric distribution of end products is
markedly affected by the composition of the reaction
mixture [32,38] and singlet oxygen can hydroxylate aro-
matic rings, although it appears to give a more restricted
range of products than does OH* [42]. The pattern of
chermnical modification of purine and pyrimidine bases
when DNA is exposed to Fenton systems has also been
proposed to be diagnostic for formation of OH* [5],
although at least one of these products, 8-hydroxygua-
nine, can be generated by attack of other species upon
guanine (reviewed in [5]).

Yamazaki and Piette [39] used spin trapping with
DMPO to study the reactions of Fe*'-DETAPAC,
Fe?*— EDTA and Fe**-ADP with H,0, at pH 7.4, They
concluded that, at low (<1 #4M) Fe** concentrations,
OH"* was formed almost quantatively according to equa-
tion 5. At higher Fe**-EDTA or Fe*-ADP concen-
trations, the stoichiometry changed and the results were
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explained on the basis of formation of both OH* and of
additional oxidizing species (although, again, no direct
evidence for existence of these species was presented).

If we accept the spin-trapping data [33-35, 39-41], it
is clear that OH" is formed in Fenton reactions at pH
7.4, a result supported by aromatic hydroxylation stud-
jes [38] and patterns of DNA base modification [5].
However, it must be noted that there is no direct proof
that DMPO reacts only with OH®, For example, it
might react with ferryl,

Fe(1V)=0+DMPO-+H*—>Fe(1I1)+-DMPO-OH 6)

and/or with other oxo-iron species. Indeed, the DMPO-
OH adduct may be produced by reaction of the spin
trap with hypochlorous acid or singlet O, [66,67], so it
is clearly not specific for OH®. Similarly, ferryl and/or
perferryl species might be able to hydroxylate aromatic
compounds and oxidize DNA bases, although the
DNA-cleaving bleomycin-oxo-iron species (thought to
be a perferryl or ferryl bleomycin [43]) does not form
DNA base oxidation products of the type that OH"® can
generate [44]. Oxo-iron species might also be able to
react with some or all of the commonly used OH® scav-
engers, but there is considerable disagreement on this
point between the papers postulating such species. For
example, some studies claim that ‘non-OH°* species’ gen-
erated in Fenton reactions do not react with rert-bu-
tanol [29,45] whereas others claim that they do [34].

Apart from this fundamental question as to what is
measured, there are several other concerns in applying
spin-trapping techniques to biological Fenton systems
[40]. Many of the reducing agents that recycle Fe(lI)
interfere with the spin-radical adduct. Thus, ascorbate
can reduce it to an ESR-silent species and so, ascorbate
may appear to be an antioxidant when it is actually
accelerating OH* formation (Gutteridge and McCay,
unpublished data). Another consideration is that spin
traps may have to compete with biological molecules for
binding the iron needed to drive site-specific biological
Fenton chemistry. Indeed, the design of spin traps with
metal-binding ability is an interesting approach for the
future.

In the view of the authors, progress will only be made
when the oxo-iron species are characterized chemically
and their reactions with DMPO, aromatic compounds
and DNA are studied directly, and compared wiih those
of OH", The existence of oxo-iron species cannot be
established on the basis of anomalies in reaction kinetics
or in formation of end products. The pioneering studies
of Bielski et al. [36,37] need to be extended to biologi-
cally relevant conditions.

5. HOW MUCH FENTON-REACTIVE IRON EX-
ISTS IN VIVO?

If we accept the spin-trapping data at face value, it
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seems that OH" is the major, if not the only, reactive
species formed in Fenton chemistry at low Fe concen-
trations [33-35] although the ligand to the iron and the
H,O0, concentration are also important variables
[28,29,31,33,35,46). How much “catalytic’ iron actually
exists in vivo?

Organisms take great care in the handling of iron,
using transport proteins such as transferrin and storage
proteins such as ferritin and haemosiderin to minimize
iron reactivity and availability (reviewed in [18,47]).
Thus, for example, plasma from healthy human adults
contains no ‘free¢’ iron capable of promoting Fenton
chemistry (reviewed in [48]). The effectiveness of this
iron ion sequestration may be illustrated not only by
biochemical analysis [18,47,48], but also by a simple
observation. Humans appear to be able to consume
large quantities of ascorbic acid for years without il
effects. Indeed, ascorbate may have important antioxi-
dant properties in vivo in healthy subjects {49). Yet, in
the presence of iron and copper ions, ascorbic acid ac-
celerates oxidative damage towards DMA, lipids and
proteins [2,5,18,28,50). It follows that catalytic metal
ions are available only to a very limited extent in vivo:
indeed, safe “sequestration’ of transition metal ions is
probably an important antioxidant defence in its own
right [2,18,28,47), as well as allowing ascorbate to exert
its antioxidant effects. In agreement with this conclu-
sion, giving ascorbate to iron-overloaded patients who
have non-transferrin-bound iron in their plasma can be
deleterious [51].

This limited availability of transition metal catalysts
of Fenton chemistry in vivo is supported by results
obtained using the bleornycin assay, developed by Gui-
teridge et al. as a first attempt to measure the availabil-
ity of iron complexes catalytic for free radical reactions
in human body fluids (reviewed in [48]). Except in the
special case of iron overload, iron concentrations meas-
ured in body fluids by the bleomycin assay are rarcly
greater than 1-2 4M, often less, and are zero in plasma
from healthy humans [48]. Intracellular iron levels are
uncertain, but may be in the same low range.

Thus, if *catalytic’ iron levels are very low in vivo,
then any biologically relevant Fenton chemistry will
operate under conditions that are reported to favour the
formation of OH"® [34,39]. Levels of ‘catalytic’ copper
are not well established, but the limited data available
suggest that they are even lower than those of iron in
humans [52,53). Thus, as has been emphasized previ-
ously [2,18], experiments in vitro in which 50-200 M
concentrations of iron complexes are used to stimulate
lipid peroxidation or OH® generation are unrepresenta-
tive of the situation in vivo. That iron-dependent free
radical reactions do nevertheless, oceur in vivo and are
important mediators of oxidative damage is supported
by a wealth of evidence, as has been discussed by differ-
ent scientists many times in the past decade (e.g. see
{2,5,18,27,28,41,43,47,54-65]).
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