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Inhibitors of complex III increased the DNA strand scission

induced by t-butylhydroperoxide (tB-OOH) and cumene hydro-

peroxide but did not affect DNA damage induced by H
#
O

#
. The

hypothesis that these effects are selectively linked to inhibition of

the electron transport from cytochrome b to cytochrome c
"

is

validated by the following observations: (1) two complex III

inhibitors, antimycin A and 2-heptyl-4-hydroxyquinoline N-

oxide, enhanced the tB-OOH-induced DNA cleavage over the

same concentration range as that in which inhibition of oxygen

consumption was observed; (2) the complex III inhibitor-medi-

INTRODUCTION

The cytotoxic effects of organic hydroperoxides have been widely

investigated in recent years. It has been shown that short-chain

organic hydroperoxides, and in particular t-butylhydroperoxide

(tB-OOH), induce lipid peroxidation [1], depletion of glutathione

[2,3], mobilization of mitochondrial Ca#+ [4,5], inhibition of

glycolytic and non-glycolytic ATP synthesis [6] and mito-

chondrial damage [5–9]. These events occur as a result of the

formation of tB-OOH-derived radical species, such as the methyl

and t-butoxyl radicals [10–12], and represent the molecular basis

of the lethal effects promoted by tB-OOH.

Much less is known about the genotoxic effects of organic

hydroperoxides. It has been reported that tB-OOH introduces

damage at the DNA level by causing strand scission [13–19] and

that this event is prevented by iron chelators [15–17,19]. The

species mediating DNA damage seem to be different from the

toxic oxygen- and carbon-centred radical intermediates [15,18].

Furthermore at least some of these DNA-damaging species are

generated at the level of mitochondria via a Ca#+-dependent

process [20].

In a recent study [18] we demonstrated that the complex III

inhibitors antimycin A and 2-heptyl-4-hydroxyquinoline N-oxide

(HQNO) increase the magnitude of the DNA scission produced

by tB-OOH.

Here we analyse the molecular events underlying the complex

III inhibitor-mediated enhancement of tB-OOH-induced DNA

single-strand breakage. Results are presented that document that

this effect is selective for organic hydroperoxides, occurs only in

intact and functional cells and is causally linked to the impairment

of the ability to transport electrons from cytochrome b to

cytochrome c
"
. Furthermore we present evidence demonstrating

that the mechanism whereby complex III inhibitors potentiate

tB-OOH-induced DNA single-strand breakage involves Ca#+-

dependent mitochondrial formation of H
#
O

#
.

Abbreviations used: BHT, butylated hydroxytoluene; [Ca2+]i, cytosolic Ca2+ ion concentration ; DPPD, N,N«-diphenyl-1,4-phenylene diamine; FCCP,
carbonyl cyanide p-trifluoromethoxyphenylhydrazone; HQNO, 2-heptyl-4-hydroxyquinoline N-oxide ; RR, Ruthenium Red; Ry, ryanodine; SSBs, single-
strand breaks ; tB-OOH, t-butylhydroperoxide.
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ated enhancement of tB-OOH-induced DNA damage was abo-

lished by the complex I inhibitor rotenone or by glucose omission,

and (3) the enhancing effects of antimycin A were not observed

in respiration-deficient cells. The mechanism whereby the com-

plex III inhibitors potentiate DNA cleavage promoted by tB-

OOH was subsequently investigated with intact as well as

permeabilized cells. H
#
O

#
, produced at the level of mitochondria

via a Ca#+-dependent process, was found to account for the

enhancing effects of antimycin A.

MATERIALS AND METHODS

Materials

Fura 2 acetoxymethyl ester and ryanodine (Ry) were purchased

from Calbiochem (San Diego, CA, U.S.A.). Carbonyl cyanide

p-trifluoromethoxyphenylhydrazone (FCCP), Ruthenium Red

(RR), catalase, tB-OOH, H
#
O

#
, cumene hydroperoxide, N,N«-

diphenyl-1,4-phenylene diamine (DPPD), butylated hydroxy-

toluene (BHT), caffeine, HQNO, antimycin A and the remaining

chemicals were from Sigma-Aldrich (Milano, Italy). RPMI 1640

culture medium was from Gibco (Grand Island, NY, U.S.A.),

and fetal bovine serum, penicillin and streptomycin were from

Seralab (Crawley Down, Sussex, U.K.). T-75 tissue culture

flasks were purchased from Corning (Corning, NY, U.S.A.).

["%C]Thymidine was obtained from NEN–Dupont (Boston, MA,

U.S.A.). Polycarbonate filters and the liquid-scintillation fluid

were purchased from Nuclepore (Pleasanton, CA, U.S.A.) and

Beckman (Fullerton, CA, U.S.A.) respectively.

Cell culture and treatments

Human myeloid leukaemia U937 cells were cultured in sus-

pension in RPMI 1640 culture medium supplemented with 10%

(v}v) fetal bovine serum, penicillin (50 i.u.}ml) and streptomycin

(50 µg}ml) at 37 °C in T-75 tissue culture flasks in a humidified

air}CO
#

(19:1) atmosphere.

Respiration-deficient U937 cells were isolated by culturing the

cells in RPMI medium containing 400 ng}ml ethidium bromide,

110 µg}ml pyruvate and 5 µg}ml uridine for 6 days with medium

changes at days 2 and 4. These cells were unable to consume

oxygen in response to glucose (5 mM) or the membrane-permeant

NADH-linked substrate pyruvate (5 mM) (results not shown).

Stock solutions of H
#
O

#
, tB-OOH, cumene hydroperoxide,

catalase and RR were freshly prepared in saline A (8.182 g}l

NaCl}0.372 g}l KCl}0.336 g}l NaHCO
$
}0.9 g}l glucose).
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DPPD, BHT, Ry, FCCP, antimycin A and HQNO were dissolved

in 95% (v}v) ethanol, and o-phenanthroline was dissolved in

DMSO. At the treatment stage the final concentration of ethanol

or DMSO was never higher than 0.05%. Under these conditions

ethanol or DMSO was neither toxic nor DNA-damaging, nor

did it affect the cyto-genotoxic properties of H
#
O

#
, tB-OOH or

cumene hydroperoxide. Treatment with the hydroperoxides was

performed as detailed below and, under the conditions utilized in

this study, cell death (as measured by Trypan Blue or lactate

dehydrogenase release assays) was never detectable immediately

after the exposure to peroxide as well as after up to 24 h of

incubation in fresh culture medium after treatment.

Cytosolic Ca2+ ion ([Ca2+]i) measurements

Cells were harvested, washed three times by centrifugation and

resuspended in Krebs–Ringer–Hepes medium containing

125 mM NaCl, 5 mM KCl, 1.2 mM KH
#
PO

%
, 1.2 mM MgSO

%
,

2 mM CaCl
#
, 6 mM glucose and 25 mM Hepes}NaOH, pH 7.4.

Cell suspensions were loaded with the Ca#+-sensitive dye fura 2

acetoxymethyl ester (3 µM final concentration) for 30 min at

25 °C in Krebs–Ringer–Hepes medium and kept at 37 °C until

use. Cell aliquots (4¬10' cells) were washed three times and

resuspended in saline A, transferred to a thermostatically con-

trolled cuvette in a Perkin Elmer LS-50 fluorimeter and main-

tained at 37 °C under continuous stirring. The various drugs

interfering with Ca#+ homoeostasis here employed (tB-OOH and

FCCP) were added as indicated in the figures and maintained

throughout the experiment. In the experiments in which anti-

mycin A was employed, preincubations with this drug were for

5 min before the beginning of the recording. Traces were recorded

and analysed as previously described [21]. The results shown are

traces representative of ten highly consistent experiments.

Oxygen consumption

U937 cells were washed once in saline A and then resuspended in

the same medium at a density of 10( cells}ml. Oxygen con-

sumption was measured with a Y.S.I. oxygraph equipped with a

Clark electrode (model 5300; Yellow Springs Instruments Co.,

Yellow Springs, OH, U.S.A.). The cell suspension (3 ml) was

transferred to the polarographic cell and the rate of oxygen

utilization was monitored under constant stirring for 3 min

(basal respiration). Antimycin A or HQNO was then added and

once again respiration was measured for 3 min. The rate of

oxygen utilization was calculated as described by Robinson and

Cooper [22].

Measurement of DNA single-strand breaks (SSBs) by alkaline
elution

The cells were labelled overnight with ["%C]thymidine (0.05 µCi}
ml) and incubated for a further 6 h in a medium containing

unlabelled thymidine (1 µg}ml). At this stage the cells (2.5¬10&}
ml) were either treated in saline A or permeabilized and treated

for 10 min in permeabilization buffer. In some experiments the

formation of DNA SSBs was measured in isolated nuclei or post-

lysed DNA samples that had been prepared as previously

described [19]. Permeabilization of the cells was achieved by

adding digitonin (10 µM; 12.5 µg per 10& cells) to a medium

consisting of 0.25 M sucrose, 0.1% BSA, 10 mM MgCl
#
, 10 mM

K+}Hepes and 5 mM KH
#
PO

%
, pH 7.2, at 37 °C. Under these

experimental conditions, digitonin permeabilizes the plasma

membrane but leaves mitochondrial membranes intact [23]. After

the treatments the cells were washed with pre-chilled saline A and

analysed immediately for DNA damage by using the alkaline

elution technique, that was performed with a procedure virtually

identical with that described in [24] with minor modifications

[25]. Briefly, (3.5–4)¬10& cells were gently loaded on 25 mm,

2 µm pore polycarbonate filters and then rinsed twice with 10 ml

of ice-cold saline A containing 5 mM EDTA (disodium salt).

Cells were lysed with 5 ml of 2% (w}v) SDS}0.025 M EDTA

(tetrasodium salt) (pH 10.1). Lysates were rinsed with 7 ml of

0.02 M EDTA (tetrasodium salt) and the DNA was eluted

overnight in the dark with 1.5% (v}v) tetraethyl ammonium

hydroxide}0.02 M EDTA (free acid)}0.1% SDS (pH 12.1), at a

flow rate of approx. 30 µl}min. Fractions were collected at 2 h

intervals and counted in 7 ml of liquid-scintillation fluid con-

taining 0.7% (v}v) acetic acid. DNA remaining on the filters was

recovered by heating for 1 h at 60 °C in 0.4 ml of 1 M HCl

followed by the addition of 0.4 M NaOH (2.5 ml) and was again

determined by scintillation counting. DNA was also recovered

from the interior of the membrane holders after vigorous flushing

with 3 ml of 0.4 M NaOH. This solution was processed for

scintillation counting as described above. Strand scission factor

values were calculated from the resulting elution profiles by

determining the absolute logarithm of the ratio of the percentage

of DNA retained in the filters of the drug-treated sample to that

retained from the untreated control sample (both after 8 h of

elution). In untreated cells, 85³5% (mean³S.E.M.) of the

DNA was retained in the filters after 8 h of elution.

RESULTS

Concentration dependence of the complex III inhibitor-mediated
enhancement of tB-OOH-induced DNA SSBs

In a previous study [18] we demonstrated that 5 µM antimycin A

and 50 µM HQNO have similar enhancing effects on DNA

single-strand breakage elicited by 75 µM tB-OOH. Figure 1

illustrates these effects in greater detail by showing that the effect

of the complex III inhibitors is concentration-dependent in the

concentration ranges 0.1–1 µM and 5–25 µM for antimycin A

(Figure 1A) and HQNO (Figure 1C), respectively. Antimycin A

potentiated DNA strand scission caused by another organic

hydroperoxide, cumene hydroperoxide (Table 1). In contrast, no

potentiating effects of antimycin A or HQNO were apparent in

cells treated with H
#
O

#
(Figures 1A and 1C). It is interesting to

note that both complex III inhibitors impaired oxygen con-

sumption over the same concentration range as that in which the

enhancement of DNA single-strand breakage was detected

(Figures 1B and 1D).

tB-OOH and cumene hydroperoxide, unlike H
#
O

#
, fail to

produce DNA lesions in isolated nuclei or post-lysed DNA

samples [19]. The results reported in Table 1 confirm and extend

these findings by showing that DNA SSBs were not induced in

post-lysed DNA samples or nuclei, regardless of whether anti-

mycin A (or HQNO) was present or absent during treatment

with the organic hydroperoxides.

Complex III inhibitor-mediated enhancement of DNA SSBs
requires active electron transport

The effect of antimycin A or HQNO on DNA damage promoted

by tB-OOH was further investigated to assess whether this

response was the result of interference with specific mitochondrial

functions, i.e. inhibition of the electron transport from cyto-

chrome b to cytochrome c
"
.

To test this hypothesis we first investigated the glucose

dependence of the complex III inhibitor-mediated enhancement

of DNA SSBs induced by tB-OOH, an approach based on the

notion that the rate of electron transport is glucose-dependent.
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Figure 1 Effect of increasing concentrations of antimycin A or HQNO on U937 cell oxygen consumption and on tB-OOH-induced DNA single-strand breakage

Respiration-proficient (D,*) and respiration-deficient (E) U937 cells were treated for 30 min in saline A with 75 µM tB-OOH (D,E) or 37.5 µM H2O2 (*), in the absence or presence

of increasing concentrations of either antimycin A (A) or HQNO (C). The complex III inhibitors were given to the cultures 5 min before addition of the peroxide. The cells were then rinsed and

processed by alkaline elution for the measurement of DNA single-strand breakage, as detailed in the the Materials and methods section. Results are means³S.E.M. for three or four separate

experiments. Oxygen consumption was measured by monitoring the oxygen levels for 3 min after the addition of 5 mM glucose and for a further 3 min after the addition of increasing concentrations

of antimycin A (B) or HQNO (D). Results represent the means of two separate experiments with basically identical outcomes.

Table 1 Hydroperoxide-induced DNA single-strand breakage in intact
U937 cells, post-lysed DNA samples or isolated nuclei and its modulation by
antimycin A

Intact cells were exposed to 3 µM antimycin A for 5 min in glucose-containing saline A and

then treated for a further 30 min with 150 µM tB-OOH or 300 µM cumene hydroperoxide

(cumene-OOH). For experiments on isolated nuclei, cells were lysed on polycarbonate filters and

after accurate washing were exposed for 20 min to each of the hydroperoxides in the absence

or presence of 3 µM antimycin A. For experiments on post-lysed DNA samples, nuclei were

isolated from U937 cells as detailed in the the Materials and methods section and then treated

for 20 min with the hydroperoxides in the absence or presence of 3 µM antimycin A. The level

of DNA SSBs was measured immediately after the treatments by using the alkaline elution

technique. The SSF values were calculated from the resulting elution profiles, as detailed in the

the Materials and methods section. Results are means³S.E.M. for three to five separate

experiments, and were significantly different from those for DNA damage generated by the

hydroperoxides alone at *P ! 0.01 (unpaired t test).

Strand scission factor

Treatment Target ®Antimycin A Antimycin A

tB-OOH Intact cells 0.48³0.07 0.85³0.05*

tB-OOH Isolated nuclei 0.07³0.006 0.06³0.005

tB-OOH Post-lysed DNA samples 0.05³0.005 0.07³0.006

Cumene-OOH Intact cells 0.14³0.04 0.28³0.02*

Cumene-OOH Isolated nuclei 0.08³0.009 0.09³0.007

Cumene-OOH Post-lysed DNA samples 0.06³0.006 0.05³0.004

Indeed, U937 cells consume approx. 3 or 12 nmol of O
#
}min per

10( cells in the absence or presence of glucose respectively. The

formation of DNA SSBs in U937 cells treated with 75 µM tB-

OOH for 30 min in saline A, in the presence or absence of glucose

(5 mM), was then assessed. It was interesting to observe that,

although the level of DNA damage generated by the oxidant was

not affected by glucose, the antimycin A (3 µM)- or HQNO

(50 µM)-mediated enhancement of DNA SSBs elicited by tB-

OOH could be detected only in the presence of glucose (Table 2).

Even more interestingly, the enhancing effects of the two complex

III inhibitors were prevented by 0.5 µM rotenone, an inhibitor of

complex I. DNA damage induced by tB-OOH both in the

absence and the presence of glucose, or by tB-OOH associated

with either of the complex III inhibitors in the absence of

glucose, was insensitive to rotenone.

The effect of the complex III inhibitors on DNA cleavage

induced by tB-OOH was also investigated in respiration-deficient

U937 cells. Neither antimycin A (Figure 1A) nor HQNO (Figure

C) enhanced this response in the absence of a functional

mitochondrial respiratory chain.

Mitochondrial formation of tB-OOH-derived DNA-damaging species
is Ca2+-dependent

Pilot work performed in our laboratory provided experimental

evidence indicating that a significant proportion of the cytosolic
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Table 2 Effect of glucose on tB-OOH-induced DNA single-strand breakage
and its modulation by antimycin A or HQNO

Cells were exposed for 30 min in saline A (with or without 5 mM glucose) to 75 µM tB-OOH

in the absence or presence of 3 µM antimycin A or 50 µM HQNO. The complex III inhibitors

were given to the cultures 5 min before addition of the peroxide. Also shown is the effect of

0.5 µM rotenone. The level of DNA SSBs was measured immediately after the treatments by

using the alkaline elution technique. Results are means³S.E.M. for three to five separate

experiments, and were significantly different from those for DNA damage generated by the

hydroperoxide alone at *P ! 0.001 ; **P ! 0.01 (unpaired t test).

Strand scission factor

Treatment ®Glucose Glucose

tB-OOH 0.36³0.06 0.34³0.05

tB-OOHrotenone 0.33³0.04 0.35³0.06

tB-OOHantimycin A 0.38³0.03 0.66³0.07**

tB-OOHantimycin A rotenone 0.35³0.04 0.33³0.05

tB-OOHHQNO 0.35³0.04 0.69³0.06*

tB-OOHHQNOrotenone 0.34³0.03 0.35³0.05

Figure 2 tB-OOH promotes mitochondrial Ca2+ accumulation and this
process is not affected by antimycin A

Fura 2-loaded U937 cell suspensions were supplemented with saline A and incubated for 5 min

at 37 °C in the absence (continuous trace) or presence (broken trace) of antimycin A (AA ;

3 µM). The cells were then challenged with FCCP (10 µM) given alone (A) or after 5 min of

pretreatment with tB-OOH (200 µM; B). The numbers at the left indicate [Ca2+]i values. The

traces are representative of 10 consistent experiments.

Ca#+ released by sublethal concentrations of tB-OOH was cleared

by the mitochondria [20]. In the same study, mitochondrial Ca#+

was found to have a pivotal role in the process of strand scission

of genomic DNA brought about by the hydroperoxide.

The results illustrated in Figure 2 confirm the above findings

and demonstrate that antimycin A (3 µM) neither modified the

basal mitochondrial Ca#+ content (Figure 2A) nor affected the

changes in [Ca#+]
i
or the extent of mitochondrial Ca#+ accumu-

lation in response to tB-OOH (200 µM) alone (Figure 2B). In

Table 3 Antimycin A enhances DNA single-strand breakage induced by tB-
OOH via a mechanism involving mitochondrial Ca2+ accumulation

Intact U937 cells were exposed for 5 min to 0 or 3 µM antimycin A and then treated for a

further 30 min with 200 µM tB-OOH. Where indicated, 25 µM RR, 20 µM Ry or 10 mM

caffeine was added to the cultures 5 min before antimycin A. Treatment with caffeine, antimycin

A, RR or Ry did not produce DNA SSBs. The level of DNA SSBs was measured immediately

after the treatments by using the alkaline elution technique. Results are means³S.E.M. for

three or four separate experiments and were significantly different from those for DNA damage

generated by tB-OOH alone or associated with antimycin A at *P ! 0.002, **P ! 0.01

(unpaired t test). For experiments on permeabilized cells, digitonin-permeabilized cells were

treated for 10 min with 200 µM tB-OOH either alone or associated with 1 µM antimycin A in

the absence or presence of 200 nM RR, 100 µM LaCl3, 20 µM Ry or 30 µM CaCl2. Treatment

with antimycin A, RR, LaCl3, Ry or CaCl2 alone did not produce DNA SSBs. The results are

means³S.E.M. for three or four separate experiments and were significantly different from

those for DNA damage generated by tB-OOH alone or associated with antimycin A at *P !
0.002 (unpaired t test).

Strand scission factor

Target Treatment ®Antimycin A Antimycin A

Intact cells tB-OOH 0.63³0.04 0.89³0.03

tB-OOHRR 0.49³0.04** 0.48³0.04*

tB-OOHRy 0.62³0.06 0.94³0.07

tB-OOHcaffeine 0.89³0.02* 0.90³0.02

Permeabilized cells tB-OOH 0.20³0.03 0.37³0.03

tB-OOHRR 0.19³0.02 0.23³0.01*

tB-OOHLaCl3 0.20³0.02 0.22³0.02*

tB-OOHRy 0.21³0.02 0.36³0.01

tB-OOHCaCl2 0.34³0.02* 0.36³0.01

Table 3 it is shown that RR (25 µM), which inhibits the Ca#+

uniporter of mitochondria [26], significantly decreased the DNA

damage induced by tB-OOH (200 µM) and suppressed the

enhancing effects promoted by antimycin A. The effect of RR

was not the consequence of possible interactions with the Ry

receptor because 20 µMRy did not modify DNAdamage induced

by tB-OOH alone or associated with antimycin A. We have also

demonstrated [20] that caffeine, which releases Ca#+ from stores

different from those affected by tB-OOH, further enhanced

mitochondrial Ca#+ uptake as well as the formation of DNA

lesions. Caffeine (10 mM) did not further enhance the DNA

cleavage generated by tB-OOH in combination with antimycin A

(Table 3).

Experiments performed in permeabilized cells led to outcomes

in line with the above results. Indeed, the results in Table 3

indicate that the enhancing effects of the complex III inhibitor

(1 µM) were prevented by concentrations of RR as low as

200 nM and by La$+ ions (100 µM), which are known to

competitively inhibit mitochondrial Ca#+ uptake [27]. As ob-

served in intact cells, Ry was inactive. The addition of Ca#+ ions

(30 µM) to permeabilized cells also enhanced DNA damage

induced by tB-OOH [20] and antimycin A did not further

enhance this DNA-damaging response in Ca#+-supplemented

cells.

H2O2 mediates the enhancing effects of antimycin A on
tB-OOH-induced DNA cleavage

The role of H
#
O

#
in the antimycin A-mediated enhancement of

DNA strand scission caused by tB-OOH was investigated in

digitonin-permeabilized cells. In these experiments the cells were

treated for 10 min with 200 µM tB-OOH in the absence or

presence of 1 µM antimycin A. In Table 4 it can be seen that



805Antimycin A and t-butylhydroperoxide-induced DNA cleavage

Table 4 Catalase prevents the antimycin A-mediated enhancement of the
tB-OOH-induced DNA strand scission

Digitonin-permeabilized cells were treated for 10 min with 200 µM tB-OOH in the absence or

presence of 1 µM antimycin A and/or 10 Sigma units/ml catalase. The specificity of the

inhibitory effect promoted by catalase is emphasized by the lack of effect of the temperature-

inactivated (boiled) enzyme. The level of DNA SSBs was measured immediately after the

treatments by using the alkaline elution technique. Results are means³S.E.M. for three to five

separate experiments and were significantly different from those for DNA damage generated by

tB-OOH alone at *P ! 0.0001 or **P ! 0.02 (unpaired t test) and by the hydroperoxide

associated with antimycin A at †P ! 0.0001.

Strand scission factor

Treatment ®Antimycin A Antimycin A

tB-OOH 0.21³0.01 0.44³0.012*

tB-OOHcatalase 0.18³0.009** 0.26³0.01**†
tB-OOHboiled catalase 0.20³0.02 0.45³0.012*

Table 5 Effect of antioxidants or iron chelators on DNA strand scission
induced by tB-OOH associated with antimycin A

Antimycin A-supplemented cells were treated for 30 min with 75 µM tB-OOH in the absence

or presence of 10 µM DPPD, 200 µM BHT or 25 µM o-phenanthroline. Antimycin A (3 µM)

and the antioxidants or iron chelators were added to the cultures 5 min before addition of the

hydroperoxide. The level of DNA SSBs was measured by the alkaline elution technique

immediately after treatment. Results are means³S.E.M. for three to five separate experiments,

and were significantly different from those for DNA damage generated by tB-OOH/antimycin A

at *P ! 0.001 (unpaired t test).

Treatment Strand scission factor

tB-OOHantimycin A 0.69³0.03

tB-OOHantimycin ADPPD 0.68³0.01

tB-OOHantimycin ABHT 0.65³0.05

tB-OOHantimycin Ao-phenanthroline 0.04³0.003*

catalase (10 Sigma units}ml) was able to decrease significantly

the extent of DNA strand scission caused by tB-OOH and

afforded a much greater protection against DNA cleavage caused

by the hydroperoxide in the presence of antimycin A. Under this

second experimental condition, catalase almost completely in-

hibited the enhancing effect of antimycin A, although it is

important to note that the difference between the residual damage

and that caused by tB-OOH alone was still statistically significant.

The addition of equivalent amounts of heat-inactivated catalase

was ineffective in decreasing DNA strand scission caused by tB-

OOH, either alone or associated with antimycin A.

Consistent with this conclusion are the results from experi-

ments aimed at defining the kinetics of removal of DNA SSBs

generated by tB-OOH, both in the absence (200 µM tB-OOH)

and presence (75 µM tB-OOH) of 3 µM antimycin A. Under

these conditions tB-OOH produces similar levels of initial

damage. After treatment, the cells were allowed to repair in fresh,

pre-warmed medium for increasing periods and the level of DNA

SSBs was measured immediately after the damage and at later

times. The kinetics of repair of alkaline elution-detected DNA

breaks were superimposable in cells exposed to the organic

hydroperoxide regardless of whether the initial damage was

induced in the presence or absence of antimycin A (t
"
#

values

16.2³1.5 and 15.7³1.9 min respectively; means³S.E.M., n¯3).

Interestingly, these kinetics were basically identical with those

observed in cells in which the initial damage was generated by

50 µM H
#
O

#
(t

"
#

15.8³1.4 min; mean³S.E.M., n¯ 3).

Finally, experimental evidence was collected that indicates

that iron has a pivotal role in the induction of DNA SSBs

mediated by the cocktail tB-OOH}antimycin A. Indeed, a low

concentration of o-phenanthroline (25 µM) fully protected the

cells against DNA SSB formation elicited by 75 µM tB-OOH

associated with 3 µM antimycin A (Table 5). In contrast, the

antioxidants DPPD and BHT did not affect this DNA-damaging

response. Importantly, DNA strand scission induced by

tB-OOH or H
#
O

#
is also abolished by o-phenanthroline and is

insensitive to antioxidants [19].

DISCUSSION

Antimycin A and HQNO selectively enhance the formation of

DNA SSBs elicited by organic hydroperoxides (Figures 1A and

1C) and this effect does not seem to be related to non-specific

interactions between the peroxides and the inhibitors and}or

some subcellular component (Table 1). Rather, the effects of

antimycin A or HQNO seem to depend on their ability to

interfere with a biological function of the cell, most probably the

respiratory chain, by preventing the electron flow from cyto-

chrome b to cytochrome c
"
. This conclusion finds experimental

support in a number of different observations.

First, two agents that inhibit complex III via interaction with

the same site [28], namely antimycin A and HQNO, enhance the

formation of tB-OOH-induced DNA SSBs in a dose-dependent

manner (Figures 1A and 1C) over the same concentration range

as that in which oxygen utilization is decreased (Figures 1B and

1D). These results are consistent with the possibility that a

cause–effect relationship exists between the inhibition of the

electron transport at the complex III level and the elevated

genotoxic response. Secondly, antimycin A, as well as HQNO,

failed to potentiate DNA strand scission promoted by tB-OOH

in the absence of glucose (Table 2). The glucose dependence of

this response is well correlated with the notion that the rate of

electron transport is also glucose-dependent (see the Results

section) and thus implies that the complex III inhibitor-mediated

enhancement of DNA SSBs induced by tB-OOH requires active

electron transport. This inference is further supported by the

observation that the complex I inhibitor rotenone, although

not affecting DNA strand scission caused by tB-OOH alone,

abolishes the enhancing effects of both antimycin A and

HQNO (Table 2). Along the same lines, antimycin A

and HQNO separately failed to enhance DNA single-strand

breakage induced by tB-OOH in respiration-deficient U937 cells

(Figures 1A and 1C). Taken together, these results lead to the

conclusion that antimycin A and HQNO enhance DNA damage

caused by tB-OOH via their specific interaction with the mito-

chondrial respiratory chain, i.e. by preventing the electron

transport from cytochrome b to cytochrome c
"
.

The results presented here also demonstrate that the enhancing

effect of antimycin A is Ca#+-dependent because this response

was abolished by inhibitors of mitochondrial Ca#+ uptake in

intact as well as in permeabilized cells (Table 3). Importantly,

antimycin A did not affect the extent of mitochondrial Ca#+

accumulation evoked by tB-OOH (Figure 2B). DNA strand

scission induced by tB-OOH can be enhanced by caffeine [20], an

agent that promotes the release of Ca#+ from the Ry receptor and

the subsequent accumulation of the cation at the mitochondrial

level. We now show that caffeine does not further enhance DNA

cleavage generated by tB-OOH in antimycin A-supplemented

cells (Table 3). Thus it seems that the mitochondrial formation of
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tB-OOH-derived DNA-damaging species is Ca#+-dependent and

that the extent of this response can be maximally enhanced either

via enforced mitochondrial Ca#+ uptake (e.g. with caffeine) or via

inhibition of complex III.

A series of experiments is also presented that lead to the

conclusion that the Ca#+-dependent mechanism whereby anti-

mycin A potentiates the tB-OOH-induced DNA strand scission

involves the mitochondrial formation of H
#
O

#
. This inference is

supported by a number of observations that are summarized

below. First, DNA damage generated by tB-OOH in the absence

[19] or presence of antimycin A, although requiring a source of

iron, was not mediated by lipid hydroperoxides and alkenals

formed as products of membrane lipid peroxidation (Table 5).

Importantly, DNA damage generated by H
#
O

#
was also pre-

vented by iron chelators and was insensitive to antioxidants

[15–17,19]. Secondly, DNA SSBs induced by tB-OOH alone or

associated with antimycin A were removed with superimposable

kinetics, identical with those obtained after treatment with H
#
O

#
.

Thirdly, catalase was found to mitigate the DNA-damaging

response evoked by tB-OOH alone and to diminish markedly the

enhancing effects of antimycin A on DNA cleavage elicited by

the hydroperoxide in permeabilized cells (Table 4). It is important

to note, however, that a small proportion of the DNA lesions

was resistant to the effects of catalase, a result that suggests the

possible existence of DNA-damaging intermediates other than

H
#
O

#
.

Taken together, these results suggest strongly that the complex

III inhibitor-mediated enhancement of the tB-OOH-induced

DNA single-strand breakage is largely dependent on the Ca#+-

dependent mitochondrial formation of H
#
O

#
. It is conceivable

that the oxidant is generated via dismutation of the superoxide

anion resulting from the oxidation of the ubiquinone site of the

mitochondrial respiratory chain. This hypothesis is supported by

earlier reports indicating that ubiquinone is a major source of

production of reactive oxygen species in the mitochondrial

respiratory chain [29,30]. Furthermore the formation of super-

oxides and hydrogen peroxide mediated by ubiquinone is en-

hanced by antimycin A and inhibited by rotenone [31–33]. We

have demonstrated consistently in this study that the complex III

inhibitor-mediated enhancement of tB-OOH-induced DNA SSBs

is prevented by rotenone (Table 2). Finally, recent work from the

Vercesi group [34,35] demonstrated that in isolated mitochondria

tB-OOH promotes the formation of H
#
O

#
and that the addition

of Ca#+ ions markedly potentiates this response.

In conclusion, our results demonstrate that the respiratory

chain represents a site in which DNA-damaging species are

generated in tB-OOH-treated cells. Complex III inhibitors en-

hance DNA cleavage generated by tB-OOH and this pheno-

menon seems to be selective for organic hydroperoxides because

it was not observed in cells challenged with reagent H
#
O

#
.

Impairment of the ability to transport electrons from cytochrome

b to cytochrome c
"
, leading to the Ca#+-dependent formation of

hydrogen peroxide at the ubiquinone site, seems at present to be

Received 2 June 1997/13 August 1997 ; accepted 28 August 1997

the most plausible explanation for the potentiation of tB-OOH-

induced DNA single-strand breakage in complex III-inhibited

cells.
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