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Abstract—The formation of reactive oxygen intermediates (ROI) during redox cycling of newly synihesiied‘potential antitu-

mor 2,5-bis (1 -aziridinyl)-1,4-benzoquinone (BABQ) derivatives has been studied by assaying the production of ROI (superox-
ide, hydroxyl radical, and hydrogen peroxide) by xanthine oxidase in the presence of BABQ derivatives. At low concentrations

(< 10 M) some BABQ derivatives turned out to inhibit the production of superoxide and hydroxyl radicals by xanthine :

oxidase, while the effect on the xanthine-oxidase-induced production of hydrogen perox ide was much less pronounced. Induc-
tion of DNA strand breaks by reactive oxygen species generated by xanthine oxidase was also inhibited by BABQ derivatives.
The DNA damage was comparable to the amount of hydroxyl radicals produced. The inhibiting effect on hydroxyi radical
production can be explained as a consequence of the lowered level of superoxide, which disrupts the Haber-Weiss reaction
sequence. The inhibitory effect of BABQ derivatives on superoxide formation correlated with their one-electron reduction
potentials: RABQ derivatives with a high reduction potential scavenge superoxide anion radicals produced by xanthine oxidase,
leading to reduced BABQ species and production of hydrogen peroxide from reoxidation of reduced BABQ. This study, using a
unique series of BABQ derivatives with an extended range of reduction potentials, demonstrates that the formation of superox-

ide and hydroxyl radicals by bioreductively activated antitumor quinonescan in principle be uncoupled from alkylating activity._ o

Keywords—Aziridinyl quinones, Reactive oxygen species, Redox cycling, DNA single-strand breaks, Superoxide anion radical,

Hydroxyl radical, tumor therapy, Free radicals

INTRODUCTION

Among the drugs used in antitumor chemotherapy
today are several drugs containing a quinone moiety
—for example, anthracyclines (e.g., adriamycin), mi-
tomycin, aziridinylbenzoquinones (e.g., diaziquone
[AZQ), and others (for reviews, see Refs. 1 and 2).
The antitumor activity of compounds containing a
benzoquinone moiety and an alkylating function has
been claimed to be due to alkylating properties as well
as to the formation of reactive oxygen intermediates
(ROI) during redox cycling of these compounds.?
These two mechanisms are related: Reduction of the
quinone moiety may activate the alkylating proper-
ties of the compound, as demonstrated for adriamy-
cin, mitomycin C (Ref. 4), and aziridinylbenzoqui-
none derivatives,>® while oxidation of the reduced
quinone moiety by molecular oxygen generates ROI.
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Continuous reduction and reoxidation of the quin-
one-containing compound (redox cycling) is thought
to produce high amounts of ROI, ultimately leading
to toxicity (e.g., cardiotoxicity).” In this model of re-
dox cycling, one-electron reduced quinone (semi-
quinone) produces superoxide anion radicals (O3),
which dismutate to yield H,0,. Reaction between O3
and H,0, can lead to the formation of 'OH in an
iron-mediated Haber-Weiss sequence represented by
Egs. 1-3 (Ref. 8). o o

Fe** + O; = Fe** + O, )
Fe?* + H,0,—> Fe* + 'OH+OH™ ()

O; + H,0,~> 0, + 'OH+OH~ (3

"OH is considered to be the most reactive oxygen in-. -
termediate and can give rise to lipid peroxidation.and -

degradation of proteins and DNA >~
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- Fig. 1. General structure of bBABQ derivatives.

Bis(aziridinyl)benzoquinone (BABQ) derivatives
have been synthesized as potential antitumor com-
- pounds. They contain a benzoguinone moiety and
two alkylating aziridine groups (Fig. 1; Table 1). Sev-
eral derivatives have reached clinical application (e.g.,
- AZQ, trenimon, and carboquone), although their im-
‘portance for cancer chemotherapy has yet to be estab-
lished.'2 BABQ derivatives alkylate DNA after reduc-
tive. and/or acidic activation.® Therefore they are of
- potential use against hypoxic tumors and tumor cells

- with decreased intracellular pH.B

Previously, we studied xanthine oxidase (xanthine:
oxygen oxidoreductase; EC 1.1.3.22)asa reducing en-
zyme for a series of potential antitumor BABQderiva-
tives.™ In vivo, xanthine oxidase appears to function
as a reduced nicotinamide adenine dinucleotide
(NADH)-dependent dehydrogenase, but in hypoxic
cells and during ischemia it becomes an O,-utilizing
oxidase capable of reducing a wide range of sub-
strates.!S We showed that under air, xanthine oxidase
reduces both BABQ derivatives and molecular oxy-
gen.'* Reduction of BABQ derivatives by xanthine
~ oxidase produces the one-electron reduced BABQ se-
‘miquinone (BABQ™)and possibly some BABQ hydro-
quinone (BABQH,). BABQH; can also be formed by
dismutation of BABQ™ to quinone (BABQ) and two-
electron reduced quinone (BABQ?) (Eq. 4).

2 BABQ™ = BABQ + BABQ* (4)

~ Two-electron reduced quinone species are assumed to
be readily protonated at physiological pH.'®
" The present investigation was aimed at determin-
ing the effect of a series of newly synthesized BABQ
derivatives, with various one-electron reduction po-
tentials, on ROI production during reduction. Xan-
thine oxidase was used, which also enables us to study
effects of BABQ derivatives on already formed ROL
Furthermore, we studied DNA damage, especially
single-strand breaks in the system containing Xxan-
- thine oxidase and BABQ derivatives.

MATERIALS AND METHODS

" BABQ, TW14 (Ref. 17), TW22, TW25, TW39
- (Refs. 18 and 19}, and TW 19 (Ref. 20) were prepared
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as described in the literature. Diaziquone was a gift
from the Drug Synthesis and Chemistry Branch, Na-
tional Cancer Institution (Bethesda, MD). Adriamy-
cin was kindly provided by Dr. S. Penco, Farmitalia,
Milan, Italy. 2-Methylnaphthoquinone (menadione)
was from Aldrich Europe (Bornum, Belgium). All
compounds appeared to be pure by high-pressure liq-
uid chromatography (HPLC) analysis. Stock solu-
tions of the compounds contained 5 mM quinone in
N, N-dimethylformamide and were kept at —20°Cin
the dark. Catalase (H,O: H,0, oxidoreductase; EC
1.11.1.6 from beef liver; 20 mg- mL~', 65,000
U -mg ') and superoxide dismutase (Superoxide: su-
peroxide oxidoreductase; EC 1.15.1.1 from bovine
erythrocytes; 5000 U-mg™") were from Boehringer
(Mannheim, Germany). Horseradish peroxidase (Do-
nor: H,0, oxidoreductase; EC 1.11.1.7), desferrioxa-
mine mesylate, lucigenin, xanthine (sodium salt), and
xanthine oxidase (Grade IIL, from buttermilk, EC
1.2.32;154U0-mL7; 1.2 U/mg protein) were from
Sigma Chemical Co. (St. Louis, MO). Perhydrol (30%
H,0, pro analysi [p.A.]) was from Merck (Darmstadt,
Germany). Agarose was from Bio-Rad Laboratories
(Richmond, CA). All other chemicals were of analyti-
cal grade. Double distilled or Milli-Q purified water
was used. TE buffer contained 10 mM Tris buffer and
0.1 mM ethylenediaminetctraacetic acid (EDTA),pH
8.0. E. coli IM101 and pBr322 plasmid were a gift
from Dr. P. Baas, Department of Molecular Biology,
Utrecht University, The Netherlands. Plasmids were
transfected and grown in E. coli J M 101 and isolated
by standard methods.”’

Luminescence measurements were performedon a
Hewlett-Packard (Downers Grove, IL) Pico-Lite lu-
minometer. Absorbances were measured on a Perkin
Elmer (Norwalk, CT) Lambda 5 spectrophotometer.

Table 1. Structures of 2,5-bis(1-aziridinyl)-1 J4-benzoquinone

(BABQ) and Derivatives
O
R, N/k
Y/N R,
0]
Compound R, R,
BABQ H H
TWI14 Cl Ci
TWI19 F F
TW22 Br CH,
TW25 Br C,H;s
TW39 CH, C,H,0CONH,
AZQ NHCOOC,H; NHCOOC,H;
Carb_oquone CH; CH(OCH;)CH,0CONH,
Trenimon H Aziridinyl
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Aziridinyl quinones

Electron spin resonance (ESR) spectra were recorded
on a Bruker (Karlsruhe, Germany) ESP-300, at room
temperature and 100 kHz frequency, with 20 mW
incident power and 0.4 G modulation amplitude.

Superoxide assay

The amount of superoxide anion radical was deter-
mined by measuring the chemiluminescence in the
presence of lucigenin. Reaction mixtures contained
0.1 mM xanthine, 0.1 mM EDTA, 5 uM
FeNH,(SO,),, 0.05 mM lucigenin and quinone com-
pound at the indicated concentrations, in 0.1 mM
phosphate buffer, pH 7.5. The reactions were started
by adding xanthine oxidase to a final concentration of
2 mU/mL. The reaction mixture was kept at 30°C
and the luminescence (counts per min) was measured
by monitoring the reaction for 15 min. After correc-
tion for quenching by N,N-dimethylformamide, the
intensity of the peak levels was used to quantify the
chemiluminescence, as has been described.?

Assay of oxygen consumption

Oxygen consumption assays Wwere performed
under the same reaction conditions as for the super-
oxide assay using a YSI model 53 oxygen monitor
(Yellow Springs Instruments Inc., Yellow Springs,
OH), equipped with a Clark electrode.

Hydrogen peroxide assay

The hydrogen peroxide assay is based on a horse-
radish peroxidase (HRP)-coupled color reaction.?>
The reaction mixture contained 0.1 mM xanthine,
0.1 mM EDTA, 2 uM FeNH,(S0,),, and guinone at
the indicated concentrations, in 5 mM phosphate
buffer, pH 6.8. The measuring solution consisted of
0.1% (w/v) sulphonated 2,4-dichlorophenol, 0.1% (w/
v) 4-aminoantipyrine, and 0.0088% (w/v) horseradish
peroxidase in 5 mM phosphate buffer, pH 6.8. After
addition of 1 mL of measuring solution to 3 mL reac-
tion mixture, the reaction was started by adding xan-
thine oxidase to a final concentration of 3 mU/mL.
The mixture was kept at 25°C and the absorbance at
505 nm was read at timed intervals. The rate of H,0,
production (slope of the linear increase in absorbance
vs. time) was corrected for N, N-dimethylformamide
effects and plotted against concentration of guinone.
As a control, the effect of BABQ on HRP activity was
tested by following spectrophotometrically the oxida-
tion of chlorpromazine. BABQ (20 pM) did not signif-
icantly affect the HRP activity.

' Hydroxyl radical assay R S

* *OH production was assayed by measuring the
mation of degradation products from deoxyribose; -
which upon heating with thiobarbituric acid at low
pH vield a pink chromogen.?” The reaction mixture -

contained 0.1 mM xanthine, 0.1 mM EDTA, 5 uM
FeNH,(SO4),, 3 mM deoxyribose, and quinone at the
indicated concentrations; in ‘50 .mM -phosphate

buffer, pH 7.5. The reaction was started by adding

xanthine oxidase to a final concentration of SmU/ -

mL. The reaction mixture was kept at 25°C. Attimed
intervals, samples were taken and mixed with equal
volumes of thiobarbituric acid solution (1% w/v in 50
mM NaOH) and trichloroacetic acid (2.8% w/v in
water). After heating for 15 min at 100°C and subse- .
guent cooling, absorbance was read at 532 nm vs. - -
blank. The rate of "OH production (slope of the linear -
increase in absorbance vs. time) was corrected . for
N,N-dimethylformamide-induced effects and plotted .
against concentration of added compound. L

Assay of one-electron reduction potential of BABQ :
derivatives B

The one-electron. reduction potentials of the
BABQ derivatives were measured using the pulse-ra-
diolysis facility at the Paterson Institute. The system
consisted of a tungsten analyzing lamp and a Kratos
(Manchester, England) monochromator. Microcells
with an absorbance path length of 2.5 cm were used
throughout. The method for measuring the potentials
is similar to that previously reported.”® The standards
used were oxygen (EX(0,/O3) = —155 mV) and 2,5-°
dimethylbenzoquinone (E¥(BQ/BQ") = —66 mV).

Essentially the quinone radicals, which are rapidly
generated by pulse radiolysis, are allowed to come

into equilibrium with compounds of known one-elec- - -

tron reduction potentials. The equilibrium constant
was measured before the decay of the radicals, and
from these values the reduction potentials could be
determined. : : '

Assay of strand breaks in plasmid DNA | ’

The reaction mixture was the same as used in the
hydroxyl radical assay, except that instead of 3 mM
deoxyribose, 0.1 mg/mL pBr322 plasmid DNA was
present. The reaction was started by adding xanthine

oxidase to a final concentration of 5 mU/mL. The

reaction mixture was incubated at 25°C for 30 min
and was then stopped by putting the samples on ice.
The samples were loaded on an agarose gel (1% in TE
buffer) and separated by electrophoresis in TE buffer -
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Fig. 2. ESR spectrum of BABQ semiquinone radical in an aerobic mixture containing BABQ (0.1 mM), xanthine (500 uM),
xanthine oxidase ( 100 mU/mL), Fe** (5 uM), and EDTA (0.1 mM) in 50 mM phosphate buffer pH 7.5 (g = 2.0049).

during 90 min at 50 V. DNA bands were made visible
by ethidium bromide fluorescence and photographed
‘as described.?' Photograph negatives were densitome-
trically scanned on a Zeiss (Wiirtiemberg, Germany)
'KM3 chromatogram spectrometer, in transmission
mode.

Autooxidation of electrochemically reduced BABQ
derivatives

A solution of 0.05 mM BABQ derivative in 50 mM
_ phosphate buffer, pH 7.5, was electrochemically re-

“duced under nitrogen at a potential 2000 mV more
negative than the halfwave potential (E,;) of the
BABQ derivative, as previously described.® After
reoxidation under exposure to air, H,O, concentra-
tion was assayed.

RESULTS AND DISCUSSION

Generation of superoxide arion radical

. When -BABQ derivatives are reduced aerobically
- by xanthine oxidase, formation of BABQ™ can be
‘demonstrated using ESR spectrometry (Fig. 2). The

~ spectra of the BABQ radicals are similar to the spec-

tra obtained by Gutierrez et al.?” for diaziquone and
other BABQ derivatives. A high concentration of xan-
thine oxidase was required to obtain an ESR signal.
The intensity of the ESR signal was generally higher
for compounds that have a higher rate of reduction by
xanthine oxidase as assayed by cytochrome ¢ reduc-
tion.! The low intensity of the ESR signal indicates
_that the steady-state concentration of BABQ™ in the
N presencé of oxygen is low, as has also been reported
for AZQ semiquinone radicals.’

To detect O, chemiluminescence in the presence

-~ of lucigenin was used. In the xanthine/xanthine oxi-

" dase system, lucigenin is a specific indicator for O3

(Ref. 28). Assay of O; with the frequently used suc-
cinylated cytochrome ¢ reduction method was notsuc-

cessful, as under anaerobic conditions succinylated

cytochrome ¢ was also reduced by reduced aziridinyl
quinone species.

Figure 3 shows the effects of addition of BABQ on
the production rate of O; and H,0,. The inhibiting
effect of a series of BABQ derivatives on O; produc-
tion is presented in Table 2. In the presence of BABQ
derivatives under aerobic conditions, cytochrome ¢
reduction increases'* while the xanthine oxidation
rate also increases, as has been shown for TW19 (Ref.
14). This indicates that BABQ derivatives are effi-
ciently reduced by xanthine oxidase also in the pres-
ence of oxygen: The concentrations of BABQ deriva-
tives that inhibit 50% of O; production are much
lower than the Ky, values for anaerobic BABQ reduc-
tion by xanthine oxidase (Table 2). For example,
TW 19 inhibits 50% of the O3 production at a concen-
tration of 0.062 uM, but its anaerobic reduction rate
by xanthine oxidase is half maximal at a concentra-
tion of 16 uM (Ref. 14). Efficient reduction of BABQs
compared to oxygen also appears from the Ky value
of 800 uM for oxygen reduction by xanthine oxidase
as assayed with cytochrome ¢ reduction,”® which is
Jarger than corresponding BABQ Ky values (Table 2).
Comparing the aerobic and anaerobic xanthine oxi-
dation rate in the presence of TW19 (Ref. 14), it can
be concluded that at TW19 concentrations higher
than 10 gM no substantial direct oxygen reduction by
xanthine oxidase occurs and that the electron flow is
directed toward quinone reduction., Therefore, com-
petition between molecular oxygen and BABQ deriva-
tive for reduction by xanthine oxidase is insuflicient
to explain the observed results. The decreasing effect
of the quinones on the lucigenine chemiluminescence
can in principle also be caused by quenching of the
chemiluminescence by the quinones. This possibility
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Fig. 3. Effects of vartous concentrations of BABQ on the production of superoxide anion radicals (@) and hydrogen peroxide (O) . -
in a mixture containing 2 mU/mL xanthine oxidase, 0.1 mM xanthine, 5 uM Fe**, and 0.1 mM EDTA in phosphate buffer pH. -

7.5 at 30°C.

is difficult to test. However, the fact that the inhibiting
effect on the chemiluminescence correlates with that
on the other reactive oxygen species ('OH, H,0,)
strongly favors the interpretation that an effect on O3
is observed. The data from the O3 assay in Table 2 are
obtained in the presence of Fe**/EDTA in order to
have similar conditions in all assays of the reactive
oxygen species. When Fe’*/EDTA was omitted
higher O3 vields were observed, likely caused by a
decrease of reaction 1. The effects of the BABQ deriva-
tives indicate that O3 is efficiently removed by some
BABQ species. BABQ has no significant effect on O,
consumption in the concentration range that de-
creases O3 levels (0-10 pM). Only at concentrations >
100 uM BABQ, less O3 is consumed (e.g., with 150
gM BABQ, oxygen consumption is 60% of that with-

out BABQ). These results show that BABQ redox cy~. e

cling consumes oxygen.

In principle, the amount of ( O3 can be affected by T

BABQ by the following reactions:

BABQ + O :é BABQ +0, . "(‘5)_ | :

BABQ™ + O + 2Hb+ > BABQ + H,0, (6)

The position of equilibrium 5 is defined by - .
EOJO3) ~ El = RT/BInKs  (7)

E! is the one-electron reduction potential (E{BABQ/
BABQ™)) at pH 7.0 under standard conditions. The

Table 2. Inhibitory Effect of BABQ Derivatives on the Production of
Reactive Oxygen Intermediates by Xanthine Oxidase

Superoxide Hydrogen Hydroxyl

Assay Peroxyde Radical

1Cs, Assay Assay E} T Ky
Compound (zM) ICs (M) ICsp (M) (mV) (uM)
TW39 98126 242 + 151 154 £22 -163 %5 n.d.
AZQ 36108 62.6 £9.3 73+ 1.8 ~65+8 257
TW25 3003 21.7+2.2 2002 -88 + 10 21
T™W22 1.5+ 0.6 16.5+ 1.0 44 + 09 -78+8 - 11
BABQ 0.95 £0.36 11.9+03 1.99 £ 0.28 -54+8 nd?
W14 0.35 £ 0.08 1.37 £ 0.05 1.30 £0.26 -26+ 3 nd.?
TWi9 0.06 + 0.04 0.50 £ 0.04 0.58 + 0.23 3+8 16
Adriamycin 0.46 £ 0.26 362 + 208 Stim.? -341 + 15° n.d.?
Menadion Stim.? 2.76 +0.34 48.8 +9.7 -203+ 5% n.d.?

Note: 1C, values are concentrations that inhibit the reactive oxygen intermediate production by 50%. E}
is the one-electron red uction potential at pH 7.0 (see Materials and Methods). Ky is the Michaelis constant
for reduction by xanthine oxidase. IC values are + SE obtained from an exponential fit (O;, ‘OH) or linear
fit (H,0,). E! values are + SE from three experiments. In those cases where it could be experimentally
tested, maximum inhibition was full for all assays.

' Ref 14.

2 Stim. = (small) stimulatory effect.

3 n.d. = not determined.

4 Ref. 33.

* Ref. 34.



Tabie 3. Effects of Iron Complexing Agents and BABQ
: " on the Rate of H,0, Formation

”Che_lfat’qr P Rate of H,0, Formation (zM/min)

0.1 mM Desferrioxamine 1.3
' 01 mMEDTA 80
 00ImMBABQ _ 53

- Reaction mixture contamed xamhme (O 1 mM) xanthine oxidase
(3 mU/mL), Fe3* (5 uH), H,0, measuring solution (see Materials
and Methods) in 50 mM phosphate buffer pH 7.5.

standard reduction potential at pH 7.0 of the Oy,q,/

05 (1 M O;) couple is —155 mV (Ref. 16). Equilib-

- rium 5 has been studied in more detail for AZQ.? The

“. reaction rates krand k, were found to be 2.7 X 10*and

11X 10" M- 574 respectively. Continuous decay of

BABQ™ will shift the equilibrium to the right-hand

"~ side, which leads to a decrease in the O; concentra-

* tion. This shift to the right-hand side will be favored

for BABQ derivatives with a high reduction potential.

05 is not stable: It undergoes spontaneous dismuta-

tion (Eq. 8). It can be reasonably assumed that the

forward reaction in Eq. 5 is much faster than the spon-

. taneous dismutation rate. This means that equilib-

rium 5 can prevail over O; decay under our condi-
tions.

E! values have been obtained from pulse radiolysis
experiments and are included in Table 2. Indeed, a
correlation between E} and ICs; values for the O3 pro-
duction is observed (Table 3).

' The higher the reduction potential of a BABQ de-
rivative, the more the equilibrium of Eq. 5 is shifted to
the right, and the less BABQ derivative is required to

. decrease Oj concentration. A low quinone reduction
~ potential will in principle thermodynamically favor
 reaction 6, leading to diminished Oj levels for BABQ
~ derivatives with low redox potentials. The opposite
~ effect on O; level is observed, however, for quinones
‘with a lower reduction potential BABQ™ will be
formed slower, and this may cause these compounds
to be less effective in trapping O3 . Therefore, the con-
tribution of reaction 6 is not to be excluded.
 Based onthese results, it can be concluded that E}
~ values can be used to predict the reactivity of BABQ™
‘with O,. This is not self-evident because the relation
‘between Ksand E! (Eq. 7) applies to equilibrium con-
-ditions. However, in our system competing radical
decay processes also exist, like dismutation of quin-
one (Eq. 4), O; dismutation (Eq. 8), and reduction of
Fe** (Eq. 1). '

20; + 2H* - H,0, + O, - (8)

Therefore, reaction rates are expected to be more im-
portant for the obtained steady-state concentrations

.'_604” R - K. J. LUSTHOF et al.

of radical intermediates than equilibrium constants,
and the amount of O is expected to be kinetically
controlled rather than thermodynamically. Marcus
theory reconciles the thermodynamic and kinetic
aspects: A relation between the equilibrium constant
of, for example, equilibrium 5 (K;) and the rate con-
stant for electron transfer reactions (e.g., k; from Eq.
5) is predicted. For a series of quinones, a correlation
between the rate constants with O3 (i.e., kefrom Eq. 5)
and the quinone one-electron reduction potential has
been reported, which is in accordance with Marcus
theory for electron-transfer reactions.” The BABQ de-
rivative AZQ fitted well into the observed relation.”
Our finding that E} predicts the reactivity of BABQ
with O suggests that also for the other BABQ deriva-
tives k; from Eq. 5 correlates with E; and that reaction
5 is faster than competing reactions. E.g. kg at pH 7 is
lower than 10> M~!-s7! (Ref. 31), compared to k. (Eq.
5) for AZQ is 2.7 X 108 M~'-s7" (Ref. 26). It has also
been reported for a series of simple quinones that equi-
librium 5 is maintained much faster than the time
scale of quinone disproportionation (reaction 4).%*

In the presence of adriamycin, which is efficiently
reduced by xanthine oxidase,* decreased O; produc-
tion is observed with increased "OH production (Ta-
ble 2). Adriamycin forms complexes with Fe**, and
its semiquinone radical reduces Fe**/EDTA effi-
ciently.* This leads to less availability of adriamycin
semiquinone for production of O3 (Eq. 5) and to in-
creased ‘OH production (reaction 2). Menadione, a
well-known redox cycling drug, slightly increased the
production of superoxide.

Generation of hydrogen peroxide

The production of H,0, also decreases upon addi-
tion of BABQ derivatives to the xanthine/xanthine
oxidase mixture. The effect tends to be larger for com-
pounds with a high reduction potential. However, the
IC, values for inhibition of H,0, production by
BABQ derivatives are much higher than for inhibi-
tion of O3 production (Table 2, Fig. 3).

Adriamyecin hardly influenced the production of
H,0,, but surprisingly menadione strongly decreased
H,O, production.

H,0, can be produced by xanthine oxidase directly
via a two-electron outlet and via a one-electron outlet
after dismutation of superoxide (reaction 8).*” As dis-
cussed earlier, at concentrations of BABQ derivative
higher than 10 ¢M, mainly quinone reduction occurs
at the cost of one-electron oxygen reduction.'* Con-
cerning the origin of H,O, production in the presence
of BABQ derivatives, three explanations may be
given: (1) the aforementioned direct two-electron re-
duction of oxygen to H,O, by xanthine oxidase,
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Fig. 4. Effects of various concentrations of BABQ and TW39 on the production of hydroxyl radicals and DNA single-strand
breaks. The reaction mixture contained 0.1 mM xanthine, 5 uM Fe**, 0.1 mM EDTA, and 5 mU/mL xanthine oxidase in 50 -
mM phosphate buffer pH 7.5. Formation of hydroxyl radicals, O: BABQ, A:TW39. Formation of DNA breaks, ®: BABQ,

A TW39,

which is then not (much) affected by quinone reduc-
tion; (2) redox cycling of BABQ hydroquinone and
semiquinone yielding H,O,, without a detectable
level of O3 production (Reoxidation of electrochemi-
cally reduced BABQ derivatives indeed yields H,0,;
results not shown.); or (3) production of H,O, in reac-
tion 6.

As mentioned earlier, in a concentration range
from O to 10 xuM BABQ, oxygen consumption is not
affected, while the rate of H,0O, formation is decreased
by approximately 60% (Fig. 3). Therefore, the de-
creased H,0, production is not caused by inhibition
of xanthine oxidase. It is likely that produced H,0,
undergoes decomposition, resulting in a decreased ap-
parent rate of formation. In this H,0, decomposition,
Fe’* may play a role: Two-electron reduction of H,0,
with formation of higher oxidation states of iron is
plausible.*® Therefore, we studied the effect of des-
ferrioxamine, a chelating agent which effectively pro-
tects against iron-mediated effects on reactive oxygen
species.’ Complexing of iron with desferrioxamine
increases the apparent rate of H,0, formation (Table
3). In the presence of 10 uM BABQ, without EDTA
the apparent rate of H,O, formation is decreased
compared to EDTA. These results suggest that BABQ
(semiquinone) and iron are indeed responsible for
H,0, decomposition.

Generation of hydroxyl radicals

The production of "OH was investigated using deg-
radation of deoxyribose by "OH, which is regarded as
a reliable test to study generation of "OH.* Addition
of BABQ derivatives results in a strong decrease of
"OH production, as shown in Fig. 4 for BABQ and
TW39. The IC;, values for inhibition of ‘OH produc-
tion (Table 2} are slightly higher than for inhibition of
07, but much lower than that for inhibition of H,0,

production. From the correlation matrix (Table 4)it
can be seen that the effects of the BABQ derivatives .~

on the production of O3, H,0,, and "OH are corre-
lated with each other. The correlation between O3
and "OH production is in agreement with formation
of "OH in a Fenton reaction in a Haber-Weiss sé-
quence (Egs. 1-3), which requires the presence of
both O3 and H,0, to produce ‘'OH. Another mecha-
nism with which *OH may be formed is via reduction
of Fe** by BABQ™ (Eq. 9), which is a very efficient
reaction for adriamycin. 3

BABQ™ + Fe** - BABQ + Fe**  (9)

In this mechanism a correlation of Fe** and “OH for-
mation with the BABQ reduction potential is not
straightforward: BABQ derivates with a low reduction
potential will produce lower levels of BABQ™. On the
other hand, reaction 9 will proceed more efficiently
for quinones with a low reduction potential. As a fair
correlation between "OH production and reduction
potential is observed, we conclude that Fe3* reduction
by O3 rather than by BABQ™ determines the rate of
"OH production. '

The high "OH production by adriamycin was dis- -~ .

cussed earlier. The effect of menadione on ‘OH pro-

duction is in agreement with its relatively low reduc- '

Table 4. Correlation Matrix of ICs, Values for 07, H,0,,
and ‘OH Production Inhibition, and E} for BABQ -
Derivatives (Data from Table 2)

IC(07) ICx(H0) IC,('OH) ' E;
ICyo (05) 1.00 0.98 091 . 092
ICy; (‘OH) - 100 086

Using ANOVA statistics, all p <.01.



tion potential (Table 2): For quinones with a low re-

“duction potential, equilibrium 5 will be shifted to the

" Teft, leading to higher levels of O; and "OR.
“*OH is considered to be the uitimate damaging

. 'species formed during redox cycling,” although
* higher oxidized iron species are hold responsibie for

" ‘biological damage, formerly ascribed to "OH.*'

L Effects of BABQ derivatives on the formation of DNA
<. strand breaks
 The inhibition by BABQ derivatives of "“OH pro-
‘duction by xanthine oxidase may protect against dele-

_terious effects produced by ‘OH, such as lipid peroxi-
dationand DNA damage. The effects of BABQ deriva-

- tives.on DNA damage induced by xanthine oxidase

were studied using supercoiled plasmid DNA. Strand
- breaks in plasmid DNA are visible as a decrease in the
- supercoiled form I DNA and an increase in the open
. circular form II. DNA, arising from single-strand

“breaks, and the linear form I11 DNA arising from dou-
" ble-strand breaks. Figure 5 shows the occurrence of

" " DNA strand breaks upon reduction with xanthine ox-

. . idase in the presence of increasing amounts of BABQ,
“TW39, and adriamycin. Only single-strand breaks are

" observed, as is common with ‘OH-mediated reac-

- tions.*> The addition of BABQ derivatives inhibits the

7 formation of DNA single-strand breaks by ROI from
" xanthine oxidase; BABQ inhibits DNA strand break
formation more strongly than TW39, and IC;, values

~are 3.0 and 4.6 uM, respectively. This corresponds
~well with the inhibition of ‘OH generation by BABQ

and TW39 as measured with deoxyribose degradation
(Fig. 4). Reduction of adriamycin by xanthine oxidase
produces DNA single-strand breaks, as can be seen by
“an increase in form II DNA. This is in accordance
with the stimulated production of ‘OH (Table 2). The

Aoy electrophoretic mobility of form I DNA is aitered by

addition of adriamycin, even without reduction, prob-
~ ably because adriamycin intercalates into DNA.*®
- This study shows that BABQ derivatives strongly
decrease the production of O; and “OH in the pres-
. ence of xanthine oxidase. The results can be explained
by an efficient reaction of BABQ with O3 (Eq. 5). This
deviant behavior from classical antitumor drugs like
adriamycin is caused by the relatively high reduction
potential of BABQ derivatives. BABQ derivatives
with a relatively low reduction potential (e.g., TW39)
show "OH levels comparable with adriamycin. Pro-
‘duction of O3 and ‘OH by redox cycling apparently
‘does not seem 10 be relevant in the biological activity
- of BABQ derivatives, but H,0, production may be as
-appears from the recent study of Fisher and Gu-
tierrez.** These results seem to contradict reports on
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the formation of reactive oxygen intermediates and
DNA damage from redox cycling of BABQ deriva-
tives, especially AZQ.**

Szmigiero and Kohn*® ascribe DNA strand breaks
in cells and isolated nuclei by AZQ to ROL This is
based on the protective effect of superoxide dismu-
tase. However, superoxide dismutase also decreases
the amount of AZQ semiquinones.’* The effect of
AZQ on strand breaks in plasmid DNA reported by
Gutierrez et al.*” is only observed at AZQ concentra-
tions higher than 50 uM up to 400 uM, which is far
from biologically relevant. Also, under anaerobic
conditions an effect of AZQ on the plasmid DNA was
observed.*” Furthermore, in this study reduction was
achieved with sodium borohydride, which likely gives
rise to artifacts due to, for example, pH changes.

Doroshow?® investigated the cytotoxic effect of
AZQ on Ehrlich tumour cells. The protective effect of
as series of "OH scavengers is taken as an indication
that the cytotoxicity is an ‘OH-mediated effect. How-
ever, scavenging of semiquinone radicals by these
"OH scavengers is not to be excluded.

Fisher and Gutierrez* recently reported AZQ re-
dox cycling with production of H,;0,. An ESR signal
of a short-lived 5,5-Dimethyl-1-pyrroline-N-oxide
(DMPO)-OOH adduct was observed which was sensi-
tive to SOD. In these experiments very high AZQ
concentrations (200 xM) have been used. It is possible
that under these conditions some O3 can be formed in
equilibrium 5, which is efficiently trapped by the ESR
spin trap. Remarkably, very high amounts of SOD
(400 U/mL) are needed to quench this DMPO-OOH
signal, compared to approximately 0.2 U/mL SODto
stop O;-induced cytochrome c reduction.?%

In conclusion, we can state that the one-electron
reduction potential of the BABQ derivatives is an im-
portant predictive parameter in the formation of reac-
tive oxygen intermediates as well as for their reactivity
with O; . The reactions between BABQ and reduced
oxygen species studied here may also be relevant nin
vivo systems. The results indicate that H,O, may be
more relevant in the oxygen-derived toxicity of the
BABQ derivatives than O; and ‘'OH. H,O, has indeed
been shown to be important in the AZQ-induced cyto-
toxicity in isolated rat hepatocytes.”® Reactive oxygen
intermediates are considered to contribute to the tox-
icity of antitumor drugs.*® On the other hand redox
cycling may also play an important role in the nco-
plastic activity of anticancer quinones.®! The series of
BABQ derivatives possessing a wide range of reduc-
tion potentials offers the possibility to separate alkyl-
ation from the formation of deleterious oxygen radi-
cals like "OH and O3
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Fig. 5. Agarose gel of pBr322 plasmid DNA, incubated for 30 min at 25°C under air in a mixture conlammg 0.1 mM xanthine, 5
uM Fe**, 0.1 mM EDTA, and 5 mU/mL xanthine oxidase in 50 mM phosphate buffer pH 7.5 and various concentrations of
BABQ (0-10 uM) TW39 (0-8 uM), and adriamycin (0-10 uM). DNA strand break induction is visible as a decrease in form I
DNA and an increase in form 11 DNA. Increasing concentrations of BABQ and TW39 protect agamst oxygen-radical-mediated

DNA damage. In the presence of adriamycin, DNA damage increases.
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ABBREVIATIONS

AZQ—diaziquone, 2,5-bis(1-aziridinyl)-3,6-bis(2-hy-
droxyethylamino)-1,4-benzoquinone

BABQ—2,5-bis(1-aziridiny})-1,4-benzoquinone

BABQ", BABQH,, and BABQ*"—BABQ semiqui-
none, hydroquinone, and deprotonated hydroqui-
none, respectively

El-—one-electron reduction potential (E(BABQ/
BABQ))at pH 7.0

O; —superoxide anion radical

*OH—hydroxy! radical

ROl—reactive oxygen intermediates

TE-buffer—tris-EDTA buffer
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