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Hydroxyl radicals (OH') can be formed in aqueous solution by a superoxide (02--)-
generating system in the presence of a ferric salt or in a reaction independent of 02'-
by the direct addition of a ferrous salt. OH damage was detected in the present work
by the release of thiobarbituric acid-reactive material from deoxy sugars, nucleosides
and benzoate. The carbohydrates deoxyribose, deoxygalactose and deoxyglucose
were substantially degraded by the iron(II) salt and the iron(III) salt in the presence of
an 02'--generating system, whereas deoxyinosine, deoxyadenosine and benzoate
were not. Addition of EDTA to the reaction systems producing radicals greatly
enhanced damage to deoxyribose, deoxyinosine, deoxyadenosine and benzoate, but
decreased damage to deoxygalactose and deoxyglucose. Further, OH' scavengers
were effective inhibitors only when EDTA was present. Inhibition by catalase and
desferrioxamine confirmed that H202 and iron salts were essential for these reactions.
The results suggest that, in the absence of EDTA, iron ions bind to the carbohydrate
detector molecules and bring about a site-specific reaction on the molecule. This
reaction is poorly inhibited by most OH scavengers, but is strongly inhibited by
scavengers such as mannitol, glucose and thiourea, which can themselves bind iron
ions, albeit weakly. In the presence of EDTA, however, iron is removed from these
binding sites to produce OH' in 'free' solution. These can be readily intercepted by the
addition of OH' scavengers.

The toxicity of 02, when supplied at concentra-
tions only slightly greater than those of normal air,
has been known for a considerable time (see
citations in Balentine, 1982). Among the bio-
chemical mechanisms responsible for 02 toxicity is
an increased formation of the superoxide radical,
02'-, in vivo at elevated 02 concentrations (Frido-
vich, 1975; Halliwell, 1981). However, 02'- itself
is not sufficiently reactive in aqueous solution to
account for the type of damage observed in 2'--
generating systems, so this damage must be due to
the 02--dependent formation of more-reactive
species (for a review see Halliwell & Gutteridge,
1984a). The most likely reactive species is the
hydroxyl radical, OH' (McCord & Day, 1978;
Halliwell, 1978). Indeed, damage inflicted by 2'--
generating systems is often prevented by 'sca-
vengers' of OH', such as glucose, mannitol,
formate, thiourea, butan-l-ol and ethanol (Anbar
& Neta, 1967). If the damage is due to OH'

generation, then one would expect any compound
that reacts with this species at high rate constants
to offer protection, unless, of course, the radical
formed as a result of the reaction of OH' with the
scavenger molecule is itself a damaging species.
The 02'--dependent formation,of OH' requires

the presence of transition-metal ions, of which iron
and copper ions are known to be effective
(McCord & Day, 1978; Halliwell, 1978; Halliwell
& Gutteridge, 1981; Rowley & Halliwell, 1983).
However, iron and copper ions in vivo cannot exist
free in solution; they must be bound, with various
affinities, to a wide range of ligands, including
albumin, ATP, citrate, DNA and membrane lipids
(for a review see Halliwell & Gutteridge, 1984b), as
well as to specific metalloproteins such as ferritin
or caeruloplasmin (Gutteridge & Stocks, 1981;
Halliwell & Gutteridge, 1984a). Iron ions com-
plexed to DNA (Floyd, 1981; Gutteridge & Toeg,
1982a) and to ATP (Flitter et al., 1983; Floyd,
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1983) are capable of stimulating the production of
OH. TheOH formed in this way would seem to be
especially likely to attack the ligand binding the
metal ion. Indeed, direct evidence for a 'site-
specific' formation of OH by copper ions directly
bound to proteins has been presented (Samuni et
al., 1981; Gutteridge & Wilkins, 1983; Rowley &
Halliwell, 1983). The concept of 'site-specific'
damage has been extended to include iron salts
(Youngman & Elstner, 1981; Youngman et al.,
1982), although no direct evidence for it has been
presented.

In the present paper I have attempted to
distinguish the damage done by OH' formed in
'free' solution from that brought about by such
radicals bound to ligands. For this, the chelating
agent EDTA provides several unique properties.
EDTA binds iron ions very tightly and removes
them from low-Mr biological complexes (Gutter-
idge et al., 1981), but the iron-EDTA chelates are
effective catalysts of the formation of 'free' OH
(McCord & Day, 1978; Halliwell, 1978). Damage
done by OH' to a variety of biological molecules
under these conditions was detected by the
formation of thiobarbituric acid-reactive material
(Gutteridge, 1981; Halliwell & Gutteridge, 1981;
Gutteridge, 1982).

Materials and methods
Materials
Xanthine oxidase (grade I), hypoxanthine, 2-

deoxy-D-ribose, 2-deoxy-D-glucose, 2-deoxy-D-
galactose, 2'-deoxyadenosine, 2-deoxyinosine,
catalase (bovine liver, thymol-free), superoxide
dismutase (bovine erythrocyte) and albumin (hu-
man, fatty acid-free) were from Sigma Chemical
Co., Poole, Dorset, U.K. Desferrioxamine (Des-
feral) was from Ciba-Geigy, Horsham, Sussex,
U.K. All other chemicals were ofthe highest purity
available from BDH Chemicals, Poole, Dorset,
U.K.

Radical-generating systems
A solution of ferrous salt (2mM) was prepared in

Chelex-resin-treated distilled water gassed with N2
to remove 02. Phosphate/saline buffer pH 7.4
contained 0.1 M-phosphate (Na2HPO4/NaH2PO4)
in 0.15M-NaCl. A portion of this buffer was
saturated with hypoxanthine as a substrate for
xanthine oxidase. Xanthine oxidase (0.5 units/mg
of protein) was diluted 1:40 with water and passed
through a column of Sephadex G-25 to remove
salts and salicylate. A 0.1 ml portion of the
resulting column eluate was added to each reaction
tube. Substrates ('detector' molecules) were pre-
pared from deoxyribose, deoxyglucose, deoxy-
galactose, deoxyadenosine, deoxyinosine and

sodium benzoate as 5mm solutions in Chelex-resin-
treated distilled water. All reaction mixtures had a
final volume of0.9ml and contained 44.4mM-phos-
phate in 56.7mM-NaCl. In all cases inhibitors or
scavengers were idded to the reaction before iron
salt or xanthine oxidase. Values shown in Tables
1-4 are final reaction concentrations. Results are
the mean of three separate experiments, in which
results differed by not more than 5%.

Thiobarbituric acid-reactivity
The xanthine oxidase reaction mixture was

incubated for 2h at 37°C; all other reactions were
incubated at 37°C for 1 h. At the end of the
incubation period, 0.5 ml of 1% (w/v) thio-
barbituric acid in 0.05M-NaOH was added to each
tube with 0.5 ml of 2.8% (w/v) trichloroacetic acid.
The glass tubes were heated for 10min at 100°C to
develop the colour. When cool, the absorbance was
read at 532nm against appropriate blanks.

Results
Damage by an 02--generating system
A mixture of hypoxanthine and xanthine oxi-

dase generates 02-, which can, in the presence of
iron complexes, interact with H202 to form OH.
Iron-EDTA is an especially effective catalyst
(McCord & Day, 1978; Halliwell, 1978). Table 1
shows that the hypoxanthine/xanthine oxidase/
iron-EDTA system, to which iron was not added
but was present as a contaminant of all reagents
used (Wong et al., 1981), was able to degrade
deoxyribose, deoxygalactose, deoxyglucose,
deoxyadenosine, deoxyinosine and benzoate
with the formation of thiobarbituric acid-reactive
material. Degradation of these molecules was
strongly inhibited by all the OH' scavengers tested
(formate, ethanol, butan-1-ol, thiourea, glucose
and mannitol) and the buffer Tris, but not by urea,
which reacts only slowly with OH (Table 2).
Damage was also inhibited by superoxide dis-
mutase, catalase and desferrioxamine (Table 3), a
chelating agent that binds iron in a form unable to
catalyse OH production (Gutteridge et al., 1979;
Hoe et al., 1982).
When EDTA was omitted from the reaction

mixture (i.e. a hypoxanthine/xanthine oxidase/
trace-iron-salt system) formation of thiobarbituric
acid-reactive material from deoxyribose, deoxy-
adenosine, deoxyinosine and benzoate was signifi-
cantly decreased, but that to deoxygalactose and
deoxyglucose was increased. As previously, the
damage was prevented by superoxide dismutase,
desferrioxamine and catalase (Table 3), but the
pattern of inhibition by scavengers of OH
changed markedly. Table 2 shows data for deoxy-
ribose, deoxygalactose and deoxyglucose.

1984

762



Discrimnination of reactivity of OH and OH'-like radicals

clCO0 .O 0

N 0000IDl0
66666

0 00 e 00-

C>2o~00"

,

>, o ^o6_6
0

4)

4)

0)

0

4 Qr _
'0 eo

oo o o o

0

Xo

4) e

^ 00 e 00 N 0

-< 000y 000aNO

C> N - .I .~ .

~oo6

4)

.:C lC

*Q0 ~ 0 (o lr le
000

4)F e

ce^ oi
4) Cl 6
CloCoo

D -00
*IooI}osV

4))4N
Lo o o o

(A .

t3

-U

._ ._

O'c

D t

0 '0

Ice

0_ ._

o

r'O :S

0)

04)0

. C. ._

4).0

~0)

.~cd

4) 0--C

Cl

0 O

C13

4)3
I-ce

LLo U

i
6
H
+

1%

0

eli

O

r
._o

10

0 .

N o

66

r
4)0

0

oao
0

0 0r

F .D

'0

o e o
IN

0 ,.
ooL -

X ~6

.;

L :-
^ 66

U) _

U I.0

Q I.0-

D 66

4) 0
8)1
0

oN

4) oof~

r nf Ir 000 mrIr N
enN It en C - en

,t en 1, oo-br- tn

O/ Cl C~) 0%_--- Cl_--_-
66666666..

N.- -00 "%O'-

-l- -
o o

-

%00%00%0O C> C7s %
qt' %0 ,It')'q- I ,')

-00- ,1') 000 Ct' 0
Cl0%0CN7Cl

"f0 C 0% 00 ON

_t l N 00 ON

-00 0C)0%%

NClCtON ') 100 0s

- Io t')I ct'

% N 0 N _ 0 N %

0% 00o Noo 00o

%0 N 0% 00 0% N N-

\000 00 CI) 0 0N0%
0C00X\I0t\0

It' .0 0. 0% 0. .

Cl C Cl.o_
66 66666OO

763

~c0

4)

0) _

c c

. dc d

ts0 c

0

~4)
4)Q4)

4z .

Cd

U4)

.
0

C-

Vol. 224



J. M. C. Gutteridge

E

D0 'toNFO oo

e 0 C' 0% - 'f O
U4o 00-0 00

alCus -

0

._

4-
._

D-
%t 0

-
0%ON 0 (7-i

4

(e4 - CfC N - 'f) e
m tn - "o 0 tfC 0
U,(N 0 (N 0 0

Cu (6 6C o o

0
C.u

.
D

r-

10
00>N

b000

" (N t- it 't ( -
e, (O N" - OC0 Q( t( 0
r 000000;C

I

o o-
*oD- '11 oll o11 o~.11
*) C1sC, 0 )

e4 (N 'O I en n"C
m

(Nt_C 0 N 00
1' ,oo-ooe

oo

r 0

"TCu )C 56C

0

C-

._

._
000 o""

"
ool- 0%,

N 00 0 o' 00 CC 0 0% 0% _
Um (N, (N (N (N 0
o oo o

1-1

0
0.

U,.
Cu

:

'0

0.U-,
coo

+1
ct0,:

540
Wavelength (nm)

Fig. 1. Fluorescence scans of emission following excitation
at 532nm and of the excitation spectrum giving emission at
553nm oJ thiobarbituric acid-reactive material released
after iron-dependent free-radical damage to: benzoate (A),
deoxyglucose (B), deoxygalactose (C), malondialdehyde
standard (6 gM) (prepared from hydrolysed 1,1,3,3-tetra-

methoxypropane) (D) and deoxyribose (E)
The deoxyribose-containing nucleosides deoxy-
adenosine and deoxyinosine gave fluorescence scans
identical with those of deoxyribose and the other
reactants.

-0

to
,~o

0)
0;

Thiourea, glucose, mannitol and Tris still showed
significant inhibition, but formate, ethanol or
butan-l-ol had little, if any, more effect than did
urea.
The thiobarbituric acid-reactive material re-

leased from all substrates used had fluorescence
characteristics indistinguishable from those
formed by reaction of thiobarbituric acid with a
malondialdehyde standard (Fig. 1).
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Damage by iron(II) salts
OH' can also be generated, in a reaction

independent of 02'-, by the direct addition of
iron(II) salts to a reaction mixture containing
phosphate buffer (Halliwell, 1978; Wong et al.,
1981; Halliwell& Gutteridge, 1981). Such addition
of an iron(II) salt to reaction mixtures containing
deoxyribose, deoxygalactose or deoxyglucose pro-
duced substantial degradation of these molecules
to thiobarbituric acid-reactive material. Little
effect was observed with deoxyadenosine, deoxy-
inosine or benzoate (Table 1). Inclusion ofH202 in
the reaction mixtures did not markedly change the
result (Table 1). Damage was inhibited by catalase
and desferrioxamine, but not by superoxide dismu-
tase, as expected (Wong et al., 1981; Halliwell &
Gutteridge, 1981). Damage was also inhibited by
thiourea, glucose, mannitol or Tris, but not by
formate, ethanol, butan-l-ol or the control, urea.
Again, similar results were obtained whether or
not H202 had been added to the reaction mixture
(Table 4).

Addition of EDTA to iron(II) salts is compli-
cated by the fact that EDTA accelerates their
oxidation to the iron(III) state (Cohen & Sinet,
1980; Halliwell & Gutteridge, 1981). Nonetheless,
addition of EDTA increased damage by iron(II)
salts to deoxyribose, deoxyadenosine, deoxy-
inosine and benzoate, but not to deoxyglucose or
deoxygalactose (Table 1). Damage in the presence
of EDTA was still decreased by catalase and
desferrioxamine (Table 3), but was now decreased
by every one of the OH' scavengers tested (Table
4).
The different radical-generating systems were

present in a phosphate buffer, pH 7.4. In the
presence of Fe(II) ions and the absence of
phosphate little deoxyribose degradation was
observed (Fig. 1).
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Discussion
In the presence of EDTA, both an iron(II) salt

and an iron(III) salt with an 02--generating
system caused damage to a range of biological
molecules. Damage as measured by release of thio-
barbituric acid-reactive material was diminished
by all the scavengers of OH' tested. A logical
explanation of these results would be that OH' is
formed by the following series of reactions for
Fe(II)-EDTA:

Fe2+-EDTA + 02 ` Fe3+-EDTA + 02 (1)
202 -+ 2H+<-H202 + 02 (2)

Fe2+-EDTA + H202-Fe3+-EDTA +OH' +OH-
(3)

and in the 02--generating system:
Fe3+-EDTA + 02'-_Fe2+-EDTA +02 (4)

202 -+ 2H+-+H202 +02 (2)
Fe2+-EDTA + H202-4Fe3+-EDTA + OH' +OH-

(3)
Catalase inhibits the OH' formation in both cases,
since H202 is required (eqn. 3), but superoxide
dismutase inhibits only the latter reaction (eq. 4).
OH' produced by these EDTA-containing sys-

tems is probably formed in 'free' solution and has
to migrate a minute distance before it attacks the
substrate molecule being damaged ('detector' mole-
cule). Hence there would be a free competition
between the 'detector' molecule being damaged
and any other compound present that can readily
react with OH'. This would explain why all the
OH' 'scavengers' tested inhibited damage in
systems containing EDTA (Tables 1-4). The fact
that they did indeed inhibit damage to the detector
molecule suggests that, in these cases, the secon-
dary radicals produced by attack of OH' on the
'scavengers' were insufficiently reactive to damage
the 'detector' molecules used here, although this
need not always be the case (Schuessler & Freundl,
1983; Miller & Raleigh, 1983).

Iron ions will not exist 'free' in aqueous solution,
since they will bind readily in a loose association to
some components of the reaction mixture. In pure
chemical terms the reaction has been complicated
by the addition of a phosphate buffer, which binds
metal ions. This buffer was chosen for two reasons.
Firstly, other common laboratory buffers such as
Tris (Paschen & Weser, 1975; Halliwell & Ahluwa-
lia, 1976) and Hepes [4-(2-hydroxyethyl)-1-
piperazine-ethanesulphonic acid] (B. Halliwell,
unpublished work) are powerful scavengers of
OH'. Secondly, it is important to assess the likely
physiological importance of iron-dependent radi-
cal reactions. Phosphate at pH 7.4 is an important
buffer in vivo both intra- and extra-cellularly, and
its presence should be considered.

In the absence of added EDTA, iron salts will

bind to the buffer, to the 'detector' molecule or to
some other component of the reaction mixture.
Iron-phosphate complexes are weakly active in
producing 'free' OH' (Flitter et al., 1983) as
compared with iron-EDTA complexes. Iron
bound to the 'detector' molecules would probably
catalyse a 'site-specific' production of OH'. The
decreased damage to deoxyribose, deoxy-
adenosine, deoxyinosine and benzoate in the
absence of EDTA could in theory be attributed to
less-efficient formation of 'free' OH' in the absence
of EDTA, whereas the accelerated damage to
deoxygalactose and deoxyglucose could be attri-
buted to iron binding and site-specific damage.
However, these explanations seem unlikely, since
if the first were true then all the OH' scavengers
should still inhibit damage (but formate, ethanol
and butan-l-ol do not do so), and in the second case
it is difficult to see why any of them should
scavenge under these circumstances since very
high concentrations of a scavenger would probably
be necessary to scavenge OH' being formed at a
specific site. Given the ability of iron ions to bind
to many carbohydrates and other compounds
(Spiro & Saltman, 1969), it suggests that the target
molecules ('detector') bind iron ions with differing
affinities in the absence of EDTA. If the binding
site of the metal ion is at, or near, the site that can
lead to formation of thiobarbituric acid-reactive
material, then the formation of OH' at the site on
the 'detector' molecule should produce more
efficient damage than the formation of OH' in
'free' solution. If iron is not bound at that site, then
less damage should be apparent, i.e. the molecule
might well be attacked somewhere else, but not in a
way that would show up in these measurements.
This point can be illustrated by the reaction of iron
and iron-bleomycin with DNA (Gutteridge &
Toeg, 1982b). It would seem unlikely that thiourea,
glucose, mannitol and Tris protect against damage
in the absence of EDTA by scavenging OH'
formed at specific sites, since formate, ethanol and
butan-l-ol should do the same, yet they have little
or no effect. Thiols are known to bind metals
avidly (Willson, 1983), as do carbohydrates (Spiro
& Saltman, 1969). This may suggest that protection
by thiourea, glucose and mannitol is simply due to
their competitive binding of iron ions, so removing
them from the detector molecules and preventing
damage. These compounds do not of course bind
iron strongly enough to remove it from EDTA. The
failure of ethanol, formate and butan- I -ol to
inhibit damage suggests that iron-dependent form-
ation of OH' radical at a specific site cannot be
effectively protected against by the classical 'OH"
scavengers, as is also the case for copper-depen-
dent damage (Samuni et al., 1981, 1983; Gutter-
idge & Wilkins, 1983).
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Patterns of inhibition in which formate and
certain other OH' scavengers do not protect
against damage to deoxyribose, mediated by anti-
tumour antibiotics and paraquat, have been
reported (Gutteridge & Toeg, 1982b; Sutton &
Winterbourn, 1984; Gutteridge et al., 1984; Gut-
teridge, 1984).
The data presented here cannot exclude the

possibility that the reactive radical formed in the
absence of EDTA is, not OH', but some 'crypto-
OH" radical (Elstner et al., 1980) or ferryl species
(FeO2+). However, the data on which these species
have been postulated (e.g. inhibition of reaction by
some scavengers ofOH' but not by others) can still
be explained by OH formation (see above). It has
also been implied (e.g. Czapski, 1978) that 'site-
specific' attack of a molecule by OH' will be more
damaging than attack of it by externally generated
'free' OH radical. Data summarized here suggest
that whether or not this is so depends on the exact
binding site of the metal catalysing OH' formation.
Indeed, Rosen & Klebanoff (1981) found that
EDTA greatly accelerated the bactericidal effect
of an O2 --generating system, which suggests that
the iron ions involved were 'safely bound' some-
where until removed by added EDTA.
Some technical points arise from these data.

Exposure of benzoate to iron salts or `2>
generating systems in the presence of EDTA
causes release of thiobarbituric acid-reactive mat-
erial. Care should therefore be used in interpreting
the effects of benzoate added as an OH' scavenger
in lipid peroxidation and other thiobarbituric acid-
reactive systems. Secondly, the failure of such OH
scavengers as formate or ethanol to inhibit
oxidative damage in systems not containing
EDTA does not rule out the involvement ofOH in
such damage. Conversely, inhibition ofdamage by
mannitol or thiourea does not prove that it is
mediated by 'free' OH radicals: a wide range of
scavengers should be tested to prove this.

I am extremely grateful to Dr. Barry Halliwell for his
detailed discussions and advice throughout this work.
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