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Although glutathione is an important scavenging sis); DNA strand break; glutathione; superoxide; hy-

molecule within the cell, it can also act as a pro-oxi- drogen peroxide; nitric oxide; S-nitrosoglutathione.
dant and at biological concentrations (1 mM) can in-
duce DNA damage. We have used a sensitive cell-free
Comet assay for DNA strand breakage to investigate
this damage and to try to determine the active species The Comet assay (1-3) is a rapid and sensitive proce-involved. We show a substantial protection against dure for detecting DNA strand breakage in mammalianglutathione-mediated DNA damage by superoxide dis-

cells. We have used both a cell-free version (c.f. (4)) andmutase (200 U/ml) and complete protection by com-
a conventional version (1) of the assay to investigatebined superoxide dismutase and catalase. Damage is
the DNA-damaging action of glutathione (GSH) and ofalso prevented by EDTA but only at 100 mM and is not
the naturally occurring nitrosothiol, S-nitrosoglutathi-prevented by the chelating agent diethylenetriamine-
one (GSNO). These compounds are likely to damagepentaacetic acid (100 mM). Although superoxide is
DNA through formation of reactive oxygen and nitro-known to potentiate DNA damage by other reactive
gen species, including superoxide, hydrogen peroxidespecies, none of these indirect mechanisms seem to
(H2O2) and nitric oxide. Superoxide is scavenged by theaccount for our results and it is possible that superox-
enzyme superoxide dismutase (SOD) forming O2 andide may damage DNA directly. Under the same experi-

mental conditions, S-nitrosoglutathione requires ul- H2O2 The H2O2 is in turn removed by catalase. Al-
traviolet A photolysis to cause DNA strand breakage though both these enzymes can alter the response of
and superoxide dismutase increases the level of this cells to oxidative damage when added to the medium,
damage. When intact human lymphocytes are incu- they will not cross the cell membrane, so that failure to
bated with glutathione (1 mM) in phosphate buffer, observe a protective effect may be because the reactive
DNA damage is also observed, but in this case it is species is formed within the cell. The cell-free version
completely preventable by catalase, with no protective of the Comet assay allows us to treat free DNA and
effect of superoxide dismutase. Since cellular scaveng- measure strand breakage without the barrier of a lipid
ing systems are not completely protective against reac- membrane or the presence of intracellular SOD or cata-
tive species formed from autooxidation of extracellu- lase, but with approximately 100-fold greater sensitiv-
lar glutathione and since glutathione and oxygen are ity than a plasmid nicking assay.
ubiquitously present within cells, our results imply Using the cell-free assay with the naturally occurringthat cells may have a mechanism of preventing autoox- nitric oxide donor S-nitrosoglutathione, we found DNAidation, rather than simply relying on scavenging the

damage in the phosphate buffer and the glutathionereactive species formed. q 1998 Academic Press
controls. Glutathione in its reduced form (GSH) has an
important protective role against a range of oxidative
and other reactive species, and is present in mamma-1 Corresponding author. Fax: /44 (0) 1273 678121. E-mail:

m.h.l.green@sussex.ac.uk. lian cells at millimolar levels (5). Glutathione reacts
Abbreviations: DETAPAC, diethylenetriaminepentaacetic acid; directly with free radicals (6), protects against H2O2GSH, glutathione, reduced form; GSNO, S-nitrosoglutathione; H2O2, via glutathione peroxidase, and detoxifies a range ofhydrogen peroxide; PBSE, Dulbecco’s phosphate buffered saline ‘‘A’’,

potential mutagens and carcinogens via glutathione S-/ 1 mM EDTA; SOD, superoxide dismutase; UVA, ultraviolet light
from a broad spectrum sunlamp with peak emission at 360 nm. transferases (6, 7). However, like a number of other
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least 1 h at 47C. Slides were transferred to alkaline buffer (300 mMantioxidants, glutathione, especially in the form of the
NaOH, 1 mM EDTA-Na2), incubated for 40 min and electrophoresisthiolate anion, has the capacity to act as a pro-oxidant
(20 V for 24 min) applied. Following electrophoresis, slides wereand can cause the formation of superoxide anion from rinsed with Tris buffer (400 mM Tris base, pH 7.5), 30ml ethidium

molecular oxygen (8, 9). bromide solution (20mg/ml) was applied and the slides viewed with
a x10 objective under a fluorescence microscope. Comet length wasSuperoxide is commonly thought not to be capable of
determined using Casys software (Synoptics, Cambridge, UK).reacting directly with DNA, but to cause DNA damage

For the cell-free Comet assay, a procedure similar to that of Collinsvia dismutation to H2O2 and ultimate formation of hy-
et al. (14) was used. Cell suspensions were embedded on frosted

droxyl radical. Thus SOD would not be expected to re- slides, in duplicate as above. Slides were placed immediately in stan-
duce the level of DNA damage observed in the presence dard lysis mix and left for at least 1 h at 47C. The levels of EDTA

(100 mM) and Tris (10 mM) in the lysis mixture are strongly protec-of superoxide, and might even increase damage by in-
tive and must be rinsed away (see Results below). The slides werecreasing the level of H2O2. In certain cases, SOD has
immersed three times for 5 min in a staining jar containing PBSE,been shown to protect against oxidative DNA damage, then placed on a rack and a further rinse applied to the surface of

but an indirect mechanism is involved. For instance, the agar. (1 mM EDTA was added to the phosphate buffer to avoid
superoxide potentiates release of free transition metal variation in residual levels of EDTA). The test agent and protective

enzymes were added in 100ml PBSE to the surface of the agar and thefrom iron-sulfur proteins and can in this way increase
slides were incubated at 377C for 1h as described above. Followingthe catalyzed formation of hydroxyl radical from H2O2 treatment, slides were placed directly in alkaline buffer, incubated(10). Superoxide can also act as a reducing agent to for 20 min and electrophoresis (20 V for 24 min) applied. The re-

recycle the transition metal (11) in a Haber-Weiss reac- maining steps were as above.
It should be noted that the cell-free system of Kasamatsu et al.tion, again allowing increased formation of hydroxyl

(4) uses conditions designed to eliminate generation of the oxidativeradical from H2O2. Our present results show a substan-
damage studied in the present paper.tial protective effect of SOD, which is not readily ex-

For UVA irradiation of GSNO, a bank of two Thorn Atlas broadplained by either of these indirect mechanisms. spectrum sunlamps (peak emission 360 nm) was used and 60 Jm02

applied to the surface of the slide. This fluence causes no detectable
DNA damage in the absence of GSNO.MATERIALS AND METHODS

Statistical analysis. A typical experiment consisted of 8 treat-
ments or controls, with duplicate slides for each treatment and 25Cells used. 50-80 ml blood samples from volunteer normal human
comets scored for each slide. Mean comet length was determinedsubjects were taken with informed consent and the mononuclear
for each treatment in each experiment. These values were in turnfraction isolated by Ficoll separation using standard procedures (12).
averaged and the standard error of the mean determined. FiguresAliquots of 3 1 106 cells were frozen in Heat-inactivated fetal calf
presented are mean comet length (mm) and its standard error for allserum /10% DMSO. For each series of experiments a sample was
experiments with that treatment. For statistical analysis, only thosethawed and incubated in RPMI 1640 with 10% batch-tested human
experiments where the comparison was made were considered andAB serum and glutamine (2 mM), penicillin (200 U/ml), streptomycin
a paired t-test was performed. Numbers of experiments are indicated(200 mg/ml) and sodium pyruvate (200 mg/ml) at 377C in a CO2 incuba-
in each case. All results are based on at least three independenttor for at least 16 h and not more than 72 h (13).
experiments.

Reagents. Materials for cell culture were obtained from Life Tech-
nologies Ltd., UK. Dulbecco’s ‘‘A’’ Phosphate Buffered Saline, Oxoid,

RESULTSBasingstoke, UK; Laboratory biochemicals, BDH, Poole, UK or
Sigma, Poole, UK. GSH was from Sigma (Cat. No. G4251, Lot No.
35H0010), was at least 99% pure, and contained no detectable cys- In experiments using the cell free Comet assay toteine by thin layer chromatography with an RF marker for cysteine

study activity of the naturally occurring nitric oxide(S Wells, Sigma, pers. comm.). Also from Sigma were SOD (Cat. no.
donor GSNO, we found evidence of DNA damage inS2515, Bovine erythrocyte); catalase, (Cat. no. C100, bovine liver,);

diethylenetriaminepentaacetic acid (DETAPAC) (Cat no. D6518). the GSH controls. Initially the level of damage was
GSNO was from Alexis, Nottingham UK. Solutions were prepared observed to be extremely variable between experi-
using water from an Elgastat Reverse osmosis/UHP system (Elga, ments. We eventually found that the inconsistency wasHigh Wycombe, UK). In some experiments water was also passed

linked to carryover of protective ingredients containedthrough an Amberlite IR120plus (Sigma) cationic exchange column.
in the lysis mixture used to prepare the slides for treat-

Comet assay. The standard Comet assay was performed as de-
ment (see Methods). Figure 1 shows DNA damage fol-scribed previously (3). Briefly, mononuclear cells (2 1 104 per slide)
lowing treatment with GSH (1 mM), but complete pro-were embedded on frosted slides, in duplicate, in 45ml of a 0.6% low

melting agarose layer (made up with Dulbecco ‘A’ PBS/ 1 mM EDTA tection against GSH damage by the level of EDTA (100
(PBSE)), on top of an 85ml 0.6% base agar layer under a 22 mm 1 mM) found in the lysis mixture. In all experiments
22 mm coverslip. No third layer was applied (14). For treatment, rinses were performed with buffer containing the same100ml of the test solution (containing damaging and protective

level of EDTA as was used during the treatment withagents) was applied to the surface of the agar and a coverslip added.
GSH. EDTA at 1 mM has only a small effect on GSHConcentrations were calculated assuming that the test agents dif-

fused uniformly through both agar layers. The slide was incubated damage.
at 377C in a CO2 incubator for 1 h in a closed light-proof container In contrast to GSH, GSNO causes little damage in a
over moist tissue. After 5 min the coverslip was removed in order to cell free system, and in order to detect significant activ-facilitate perfusion of oxygen. Slides were transferred to lysis mix-

ity, we have used photolysis by very low levels of UVAture (2.5 M NaCl, 200 mM NaOH, 100 mM EDTA-Na2, 10 mM Tris
base, 10% DMSO and 1% Triton X-100, pH 10) and incubated for at irradiation (60 J/m02 from a broad spectrum sunlamp
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FIG. 1. DNA damage induced by GSH (1 mM) or GSNO (1 mM) FIG. 2. DNA damage induced by GSH (1 mM) or GSNO (1 mM)
/ UVA (60 Jm02) in the cell-free Comet assay, in the presence or / UVA (60 Jm02) in the cell-free Comet assay, in the presence or
absence of EDTA (100 mM). Damage is determined as Comet length absence of (i) SOD (200 U/ml), (ii) catalase (100 U/ml), (iii) SOD (100
(mm). Shown are the mean and standard error of the mean for all U/ml) / catalase (50 U/ml) or (iv) DETAPAC (100mM). Legend as
experiments with the specific treatment. Figures in brackets repre- for Fig. 1. Statistical comparisons: Control vs. Control / SOD 13
sent the number of individual experiments. Statistical comparison experiments, Põ0.002; Control vs. Control / catalase 12 experi-
(all by paired T-test for those experiments where the comparison was ments, PÅ0.2; Control/DETAPAC vs. GSH/DETAPAC, 12 experi-
made) were as follows: Control vs. GSH, 24 experiments, Põ0.0001; ments Põ0.001; Control vs. control / DETAPAC, 12 experiments
Control vs. GSNO / UVA, 5 experiments. Põ0.001; Control vs. Con- Põ0.01; GSH vs. GSH/ SOD, 7 experiments, Põ0.03; GSH vs. GSH
trol / EDTA, 7 experiments, Põ0.01; GSH vs. GSH / EDTA, 3 / catalase, 6 experiments., Põ0.02; GSH / SOD vs. GSH / SOD /
experiments, Põ0.05; GSNO vs. GSNO / EDTA, 4 experiments, P catalase, 6 experiments, Põ0.05; GSNO vs. GSNO / SOD, 7 experi-
õ0.01. ments, Põ0.05.

with peak emission at 360 nm) Figure 1 shows damage lase offered almost complete protection. DETAPAC ap-
by GSNO / UVA and complete protection by 100 mM peared to provide protection but the effect did not
EDTA. It is clear that GSNO / UVA is a DNA-strand- achieve significance (PÅ0.07). With intact cells, negli-
breaking agent, presumably via photolytic release of gible levels of damage were seen in the absence of GSH
nitric oxide or thiyl radical. (Fig 3).

In all these experiments, a degree of DNA damage
could also be observed in the controls, although this

DISCUSSIONwas moderated by the use of EDTA (1 mM) in the phos-
phate-buffered incubation mixture (data not shown).

The cell-free Comet assay, as used in these experi-EDTA (100 mM) prevented this ‘spontaneous’ damage
ments, enables us to measure very low levels of damage(Figure 1).
in high molecular weight DNA held in a simple phos-In order to characterize the mechanism of DNA dam-
phate buffer. Under these conditions, a significant levelage further, we treated with GSH in the presence of
of ‘spontaneous’ DNA damage occurs, and a higherSOD (200 U/ml), catalase (100 U/ml), both SOD and
level of damage is observed in the presence of GSH. Incatalase (100 / 50 U/ml) or diethylenetriaminepenta-
both cases, damage is prevented by SOD rather thanacetic acid (DETAPAC, 100 mM). It can be seen from
catalase. With intact cells, there is little spontaneousFig. 2 that both SOD and catalase protected against

GSH-mediated strand breakage. The combination of
both agents (at half strength) was more effective than
either agent alone and provided virtually complete pro-
tection. DETAPAC did not protect against GSH-in-
duced strand breakage in the cell-free system.

Figure 2 also shows that SOD was effective in pre-
venting ‘spontaneous’ damage but catalase was not pro-
tective and DETAPAC appeared to increase damage. In
contrast to protecting against GSH and ‘spontaneous’
damage, SOD significantly increased the strand break-
age induced by GSNO / UVA . Catalase did not affect
GSNO / UVA damage, indicating that the enhance-
ment of damage by SOD was not related to formation

FIG. 3. DNA damage induced by GSH (1 mM) in intact mononu-of H2O2.
clear cells in the presence or absence of protective agents. LegendFigure 3 shows that when intact lymphocytes were
as for Fig 2. Statistical comparisons: Control vs. Control / GSH, 11treated with 1 mM GSH DNA damage was still ob- experiments, Põ0.01; GSH vs. GSH / SOD, 5 experiments, NS;

served. However, in contrast to results with ‘naked’ GSH vs. GSH / catalase, 5 experiments, Põ0.05; GSH vs. GSH /
DETAPAC, 7 experiments, PÅ0.07.DNA, SOD offered no protection to intact cells and cata-
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damage, SOD offers no protection, and catalase offers droxyl radical. Although our results suggest that super-
oxide can damage DNA directly, they are entirely con-virtually complete protection against GSH-mediated

damage. sistent with the conventional view that H2O2 has no
direct DNA-damaging activity, and acts via formationThe result with intact cells is entirely consistent with

a conventional model of reactive oxygen species dam- of hydroxyl radical.
In the cell-free Comet assay GSNO does not appearage. Superoxide dismutates to H2O2, which can enter

the cell and form hydroxyl radical via a Fenton-type to be capable of GSH-like autoxidation but it readily
causes DNA damage following a low fluence of UVA.mechanism. If H2O2 is removed by catalase, or transi-

tion metals are sequestered by DETAPAC, damage is Following photolysis, the oxidation product of nitric ox-
ide is nitrite rather than nitrate. Damage is enhancedlikely to be reduced. In contrast, damage to free DNA

appears to occur by a different mechanism, with SOD by SOD but is not affected by catalase, arguing against
a mechanism involving formation of H2O2 by SOD. Itplaying a significant role in protection. A protective

effect of SOD does not constitute definitive evidence is possible that damage is associated with formation of
thiyl radical rather than nitric oxide, but it is not clearthat superoxide can damage DNA directly. It is neces-

sary to exclude indirect mechanisms whereby superox- why SOD would increase such damage. Alternative ex-
planations could be, (a) the enhancement of damage iside could increase the DNA damage caused by another

reactive species. through the direct reaction of nitric oxide with SOD to
yield NO0 (16) or (b) SOD is removing spontaneously-We have considered four possible indirect mecha-

nisms of superoxide-enhanced DNA damage but none formed superoxide which would otherwise react with
NO to form peroxynitrite (ONOO0) (17, 18). Althoughof these appear to explain our results: (a) Brawn and

Fridovich (11) have shown superoxide acting by recy- peroxynitrite is highly reactive, if a significant propor-
tion isomerises directly to nitrate the net effect may becling a transition metal and increasing formation of

hydroxyl radical from H2O2. It is unlikely, however, to reduce damage.
Although superoxide is normally considered a rela-that superoxide would be a rate-limiting reducing

agent in the presence of glutathione. (b) Keyer and tively unreactive radical, SOD is almost ubiquitous in
living organisms. The capacity to convert superoxideImlay (10) have shown that superoxide can release in-

tracellular bound iron which then catalyses the forma- to an apparently equally dangerous species appears
essential. At least one familial neurodegenerative dis-tion of hydroxyl radical from H2O2. The effect that we

see occurs in phosphate buffer, following removal of order, amyotrophic lateral sclerosis, is associated with
a variant form of Cu/Zn SOD (19, 20). All this suggestsother cellular constituents. (c) Winterbourn and Meto-

diewa (15) have shown that superoxide can catalyze that superoxide is not innocuous in vivo. The versatility
and sensitivity of the Comet assay make it a useful toolthe autoxidation of glutathione, which might lead to

increased formation of H2O2. SOD, however, also pro- in examining such issues.
tects against ‘spontaneous’ damage, where glutathione
is not present. Moreover, if this were the mechanism of ACKNOWLEDGMENTS
enhancement, one might expect SOD to protect against
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