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Summary. The MCF-7 cell $9 fraction and whole MCF-7 
cells can mediate one-electron-redox cycling of doxorubi- 
cin, giving rise to concomitant oxidation of reduced nico- 
tinamide adenine dinucleotide phosphate (NADPH), for- 
mation of a drug serrfiquinone free radical, consumption of 
molecular oxygen and formation of superoxide anions and 
hydroxyl radicals. Doxorubicin redox cycling was consis- 
tent with DNA strand breakage and cell kill in MCF-7 
cells. In contrast, no evidence for redox cycling was found 
for mitoxantrone (MIT), CI941 or ametantrone (AMET) in 
MCF-7 cells. Despite the absence of redox cycling, the 
CI941, MIT, and AMET concentrations resulting in 50% 
mortality (LCs0; 1.5 x 10.10, 5.2 x 10 .9 and 1.2 x 10 .6 M, 
respectively) of MCF-7 cells were lower than that of DOX 
(3.0;< 10.6M). Furthermore, the higher cytotoxicity of 
MIT and CI941 as compared with AMET or DOX was 
associated with greater efficiency in inducing DNA strand 
breakage in MCF-7 cells as determined by alkaline elution. 
Since MIT and CI941 proved to be the most potent DNA- 
damaging and cytotoxic agents in this study, the ability of 
DOX to undergo redox cycling does not appear to confer 
increased cytotoxic potential on this agent. The present 
study revealed several important aspects with regards to 
the structural modification of anthraquinone antitumour 
agents. Firstly, the C 1 and C4 postitioning of the hydroxy- 
ethylamino side chains on MIT, CI941 and AMET is as- 
sociated with a lack of flavin reductase-mediated activa- 
tion of these agents. Secondly, the possession of a C5 or C8 
aromatic hydroxyl group appears to be intimately involved 
in the enhanced DNA strand breakage and cytotoxic 
potency of MIT and CI941, since AMET does not possess 
these groups. These findings indicate that future develop- 
ment of quinone antitumour agents should concentrate on 
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compounds that do not undergo redox cycling but do 
possess aromatic hydroxyl groups, since the latter appear 
to be responsible for the enhanced cytotoxicity of MIT and 
CI941. 

Introduction 

Mitoxantrone (MIT), ametantrone (AMET) and the an- 
thrapyrazole CI941 are structurally similar antitumours 
agents that are broadly based on doxorubicin (DOX; see 
Fig. 1). All three agents possess a basic hydroxyethy- 
lamino side chain in the CI and C4 position, but only MIT 
and CI941 possess aromatic hydroxyl groups at the C5 
and/or C8 position of the chromophore. MIT and AMET 
were developed with the intention of maintaining the 
DNA-complexing ability of DOX but removing the sys- 
temic side effects, notably cardiotoxicity [36, 46]. MIT is 
used in the treatment of advanced breast cancer, non- 
Hodgkin's lymphoma, and several types of leukaemia, and 
its cardiotoxicity is lower than that of DOX [ 18, 56]. How- 
ever, MIT does not have the same spectrum of activity as 
DOX. Further attempts to produce a non-cardiotoxic an- 
thraquinone with a wider spectrum of activity resulted in 
the development of the anthrapyrazoles, including CI941 
[57]. The rationale behind the development of anthrapyra- 
zoles was to render the electron-deficient quinone chromo- 
phore more resistant to enzymic reduction by forming a 
quasi-iminoquinone whilst maintaining the planar chromo- 
phore and basic side chains essential for DNA binding and 
antitumour activity. CI941, the most active of the an- 
thrapyrazoles, iscurrently undergoing phase I/II clinical 
trials [1, 38]. 

One proposal for the mechanism underlying the cyto- 
toxicity and cardiotoxicity of DOX involves the formation 
of damaging reactive oxygen species via flavin reductase- 
mediated redox cycling ([3], reviewed in [29]). The lower 
cardiotoxicity of MIT and CI941 has been proposed to be 
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react ive  oxygen  format ion  be ing  detected in DOX-re -  
sistant cells  [58]. In the present  study, we compared  the 
redox act ivi ty  of  MIT,  A M E T  and CI941 with  that o f  D O X  
in M C F - 7  ceils.  Some  o f  these data have  prev ious ly  been 
presented  in abstract  fo rm [21, 24, 26]. 

M a t e r i a l s  a n d  m e t h o d s  

Materials. Reduced nicotinamide adenine dinucleotide phosphate 
(NADPH), cytochrome c, superoxide dismutase (SOD), 5,5-dimethyl-1- 
pyrroline N-oxide (DMPO), deferoxamine mesylate, Hoechst H33258 
(bisbenzamide) and tetraethyl ammonium hydroxide were obtained from 
Sigma Chemical Co. (Dorset, UK). Polycarbonate membrane filters 
(2.0 gM, 25-mm diameter) were obtained from Nucleopore (USA). Pro- 
teinase K was obtained from BDH (Dorset, UK). Cell-culture materials 
were obtained from Flow Labs (Dorset, UK). MCF-7 $9 fraction was 
prepared as previously described [ 18]. 

I l l  CI-941 
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OH 

0 
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Fig. 1. Structures of AMET, MIT, CI941 and DOX. It should be noted 
that the IUPAC nomenclature for CI941 and MIT indicates that the C1 
and C4 positions of MIT correspond to the C3 and C6 positions of CI941 
and the C5 and C8 positions of MIT correspond to the C7 and C10 
positions of CI941. However, for ease of comparison, we apply the 
nomenclature for MIT to both agents 

due to the reduced  propens i ty  of  these agents to undergo 
redox cycling.  Indeed,  extens ive  evidence  exists that free 
radical  format ion  by  MIT  as compared  with D O X  is 
great ly reduced  in the presence  of  rabbi t  hear t  microsomes ,  
pur i f ied P450 reductase,  r educed  n ico t inamide  adenine 
d inucleot ide  ( N A D H )  dehydrogenase  [ 4 0 - 4 2 ] ,  human 
l iver  mic rosomes  and rat- l iver  and -heart  mic rosomes  
[4, 5]. S imi lar  observat ions  have been made  for A M E T  
using rabbit-  and mouse- l iver  mic rosomes  [ 4 0 - 4 2 ]  and for 
CI941 using ra t - l iver  mic rosomes  and pur i f ied rat - l iver  
cy tochrome P450 reductase  [30]. The above  studies 
showed that M I T  and A M E T  were capable  of  forming free 
radicals ,  a lbei t  to a lesser  degree  than DOX,  in var ious  
non- tumour  cell  fractions.  However ,  no sys temat ic  study 
has been conducted  to de te rmine  whether  redox cycl ing  
plays  a role  in the ant i tumour  act ivi ty  o f  these agents. The  
a im of  the present  s tudy was to invest igate  the role of  redox 
cycl ing  o f  MIT,  A M E T  and CI941 in the D N A  strand 
breakage  and cyto toxic i ty  induced  by  these agents in a 
tumour  cell  line, namely ,  M C F - 7  human breas t -cancer  
cells.  W e  [20] and other  groups [59, 65] have shown in 
previous  invest igat ions  that D O X  undergoes  redox  cycl ing  
in this cell  line. The react ive  oxygen  format ion  media ted  
by D O X  was involved  in M C F - 7  cell  ki l l  [13, 14], reduced  

Determination of NADPH oxidation and superoxide anion formation. 
NADPH oxidation was followed spectrophotometrically (37 ~ C, 340 nm) 
in an incubate of phosphate buffer (pH 7.4, 100 raM), NADPH (0.1 raM), 
drug and $9 fraction (0.5 mg protein ml 1). Superoxide anion formation 
was determined spectrophotometrically (37 ~ C, 550 nm) following the 
superoxide dismutase-inhibitable reduction of acetylated cytochrome c 
[2] in a system containing KC1 (150 mM)-TRIS (50 raM, pH 7.4), acety- 
lated cytochrome c (0.07 mM), NADPH (1.0 m~) and drug in the pres- 
ence or absence of SOD (300 gg ml-Z). 

Electron spin resonance spectlvmetry. Electron spin resonance (ESR) 
spectrometry was carried out using a Varian El09 X-band ESR 
spectrometer at room temperature (typically 20 ~ -23 ~ C). For drug semi- 
quinone detection, the incubate consisted of phosphate buffer (100 raM, 
pH 7.4), MCF-7 $9 fraction (1.7 nag protein ml-l), NADPH (1.0 raM) 
and drug. The solution was deaerated with oxygen-free nitrogen (15 rain) 
prior to ESR determinations (ESR parameters: microwave power, 5 roW; 
microwave frequency, 9.467 GHz; time constant, 1 s; modulation ampli- 
tude, 4 Gauss; scan time, 4 rain). 

ESR spin-trapping studies using DMPO were carried out in an in- 
cubate composed of phosphate buffer (200 raM, pH 7A), MCF-7 $9 
fraction (0.68 mg protein rrd-1), deferoxamine mesylate (1 mM), DMPO 
(100 rnM), NADPH (0.5 raM) and drug (ESR parameters: microwave 
power, 10 roW; microwave frequency, 9.467 GHz; modulation mlapli- 
rude, 2.0 Gauss; time constant, 0.25 s; scan time, 4 rain). 

Determination of cellular DNA damage by alkaline elution. MCF-7 cells 
(5 • 106) were incubated with drug (60 rain, 37 ~ C) at either the concen- 
tration producing 50% cell kill (LCs0, see below saline) or 100 gM. The 
cells were washed free of drug using ice-cold phophate-buffered saline 
(PBS) and placed on ice. The cells were then subjected to alkaline elution 
as described by Kohn et al. [43]. The cells were loaded onto 2.0 
(25-ram diameter) polycarbonate membrane filters and lysed for I h with 
a solution consisting of sodium dodecyl sarkosine (0.2%), disodium 
ethylenediaminetetraacetic acid (EDTA) (0.04 M), NaC1 (2 M; pH 10) 
supplemented with proteinase K (0.01 Anson units ml-a). Cellular DNA 
was eluted from the filter using EDTA (free acid, 0.02 M) and tetraethyl 
ammonium hydroxide (0.1 M, pH 12.3). DNA in collected fractions was 
quantitated fluorimetrically using Hoechst H33258 dye as described by 
Stout and Becker [62]. Results were plotted semi-logarithmically as the 
log of the proportion of DNA remaining on the filter against the cumula- 
tive volume eluted (in millilitres). From this graph the strand scission 
factor (SSF) was derived using the equation SSF = -log (Fx/Fc), where Fx 
represents the fraction of DNA retained on the filter at the midpoint 
volume of the total volume eluted from drug-treated DNA and Fc repre- 
sents the corresponding value for untreated DNA. 

Cytotoxicity studies. MCF-7 ceils were cultured using RPMI-1640 me- 
dium supplemented with glutanaine (2 mM) and foetal bovine serum 
(10%). For cytotoxicity studies, MCF-7 cells were seeded into 12-well 
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Uptake studies. Drug (15 ~tM) uptake into MCF-7 cells (106 ml l) resus- 
pended in fully supplemented RPMI-1640 medium was determined by 
following the loss of drug from the medium over a period of 1 h by 
high-performance liquid chromatography (HPLC) using a reverse-phase 
C18 column, a mobile phase of 28% acetonitrile and 72% ammonium 
formate (80 rr~, pH 3.25) and a flow rate of 1.0 ml min-k 

Results 

Redox cycling of DOX, MIT, CI941 and AMET 
in the MCF-7 cell S9 fraction 

Redox cycling involves flavin reductase-mediated one- 
electron reduction of a quinone along with concomitant 
oxidation of NAD(P)H. In the case of anthraquinones, the 
resultant semiquinone free radical is transient in nature and 
reacts immediately with molecular oxygen in the presence 
of the latter to re-form the parent quinone and generate the 
superoxide anion. Formation of superoxide anions can lead 
via either spontaneous or SOD-mediated dismutation to the 
formation of hydrogen peroxide, which can enter the iron- 
catalysed Haber-Weiss reaction, resulting in hydroxyl radi- 
cal formation. Thus, NADPH oxidation, semiquinone for- 
mation, oxygen consumption and superoxide anion and 
hydroxyl radical formation are the parameters that need to 
be determined to show that a drug is undergoing redox 
cyling. 

The MCF-7 $9 cell fraction and whole MCF-7 cells can 
mediate redox cyling of DOX, giving rise to concomitant 
stimulation of NADPH oxidation, DOX semiquinone for- 
mation, consumption of oxygen, superoxide anion forma- 
tion and hydroxyl radical formation [20, 23, 24]. These 
studies indicated that the MCF-7 cell line was a good 
model system for investigating redox cycling of other 
agents. For the investigation of redox cycling of MIT, 
AMET and CI941, the effect of these agents on NADPH 
oxidation and superoxide anion formation in the MCF-7 
cell $9 fraction was determined and compared with the 
effect of DOX. In addition, ESR studies were performed to 
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plates (104 cells m1-1 well -~) and incubated for 24 h. The cells were then 
incubated with a range of drug concentrations (10 .5-102 gM) in fully 
supplemented RPMI-1640 medium for 1 h. The drug solution was re- 
moved, the cells were washed with ice-cold PBS and fresh medium was 
added. The cells were cultured for a further 6 days, removed from the 
well plates by treatment with EDTA (0.1%)-PBS (pH 7.4) and counted 
using a ZB Coulter counter. 
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Fig. 2. a Elution profiles of MCF-7 DNA in MCF-7 cells treated for 
60 rain with DOX at 0.1 (O), 1 (m), 10 ([Z) and 100 gM ( 0 )  and in 
untreated cells (+). b Strand scission factors derived from a. Elntion was 
carried out under full deproteinising conditions. Data points represent 
mean values for 2 determinations 

determine whether any semiquinone or hydroxyl radical 
formation could be detected for these agents in the MCF-7 
cell $9 fraction. 

It can be seen from Table 1 that DOX (100 gM) stimu- 
lated NADPH oxidation and superoxide anion formation in 
the MCF-7 $9 fraction. A strong signal for the DOX semi- 
quinone was detected under anaerobic conditions only by 
ESR spectrometry [20]. DOX-mediated hydroxyl radical 
formation was detected in both the MCF-7 $9 fraction and 
intact MCF-7 cells in the presence of air by ESR spin-trap- 
ping with DMPO [20, 24]. 

In contrast to DOX, both MIT and CI941 inhibited 
base-rate NADPH oxidation (Table 1). AMET appeared to 
stimulate NADPH oxidation slightly in the MCF-7 $9 
fraction, albeit to a much lesser degree than did DOX. This 
observation is consistent with previous results obtained 
using these agents in animal tissues [42]. No superoxide 

Table 1. Evidence for lack of redox cycling of MIT, AMET and CI941 as compared with doxombicin in the MCF-7 $9 fraction 

Drug NADPH oxidation a Superoxide formation b Semiquinone formation c Hydroxyl radical formation a 

DOX 758.74_+0.1 7.54_+ 1.9 65.0 120.0 
MIT -22.3 _+ 2.2 e 0.98 _+ 2.09 ND ND 
CI941 -23.04 _+ 2.9 e 1.71 + 0.95 ND ND 
AMET 91.0 _+37 ND* ND ND 

a NADPH oxidised (nmol min -1 mg protein -1) in the presence of 
100 gM drug (base rate subtracted) 
b SOD-inhibitable reduction of acetylated cytochrome c(nmol rain -1 mg 
protein -1) in the presence of 100 gM drug 
o Peak-to-peak height of semiquinone spectrum (arbitrary units) after 
30 rain incubation (drug concentration, 400 gM except for ametantrone) 

Peak-to-peak height of DMPO-OH spectrum (low-field line) after 
30 rain incubation (drug concentration, 400 gM). See Materials and 
methods for full experimental details 

Inhibited base-rate NADPH oxidation 
ND, Not detected 
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Fig. 3. a Elution profiles of MCF-7 DNA in MCF-7 cells treated for 
60 rain with 100 gM DOX ( I ) ,  MIT ([]),  CI941 (A)  or AMET (z~) and 
in untreated ceils (+). b Strand scission factors derived from a. Elution 
was carried out under full deproteinising conditions. Data points repre- 
sent mean values for 4 determinations from 2 independent experiments 

e l u t i o n  t i m e  ( m i n u t e s )  

Fig. 4. a Elution profiles of MCF-7 DNA in MCF-7 cells treated for 
60 min with LCs0 concentrations of MIT (5.2 x 10-9M [~), CI941 
(I.5 x 10-1~ A ) o f  AMET (1.2 x 10-rM; A)and  in tmtreated cells 
(+). b Comparison of strand scission factors derived from a with that 
obtained for an LCs0 concentration of DOX. Elution was carried out 
under full deproteinising conditions. Data points represent mean values 
_+ SD for 4 determinations from 2 independent experiments 

anion formation was detected for MIT or AMET in the 
MCF-7 $9 fraction, whereas a small amount of superoxide 
anion formation was found for CI941. Increasing the con- 
centration of these agents above 100 ~tM did not have any 
effect (data not shown). Furthermore, no drug semiquinone 
or hydroxyl radical formation was observed in the MCF-7 
$9 fraction for MIT, AMET or CI941 using ESR (Table 1). 

Cellular DNA strand breakage induced by DOX, MIT, 
CI941 and AMET in MCF-7 cells 

Figure 2 a shows that DOX produced a concentration-de- 
pendent increase in the rate of elution of MCF-7 cell DNA. 
This was reflected by a corresponding drug-concentration- 
dependent increase in strand scission factor at DOX con- 
centrations of between 1 and 100 gM (Fig. 2b), indicating 
that DOX induced strand breaks in MCF-7 cell DNA. 
These strand breaks were revealed following deproteinisa- 
tion of the drug-treated cellular DNA. As strand breaks 
revealed under non-deproteinised conditions were not de- 
tern-fined, protein-associated strand breakage could not be 
distinguished from other types under these assay condi- 
tions. 

Figure 3 shows the elution profile of DNA from MCF-7 
cells treated for 1 h with 100 gM DOX, CI941, MIT or 
AMET. Figure 3b compares the strand scission factors 
derived from Fig. 3 a and indicates that atl four compounds 
produced similar elution profiles and strand scission fac- 
tors under the conditions used. Figure 4 a shows the elution 
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Fig. 5. Cytotoxicity of DOX ( � 9  MIT ( ~x ), CI941 ( � 9  and AMET ([ ] )  
towards MCF-7 cells following a 1-h exposure period and a further 6-day 
drug-free incubation interval 

profile of DNA from MCF-7 cells treated for 1 h with 
CI941, MIT or AMET at the LCs0 concentrations derived 
from Fig. 5. CI941 was observed to have a significantly 
slower DNA elution profile as compared with MIT and 
AMET. A comparison of the strand scission factors deter- 
mined for DOX, CI941, MIT and AMET under these con- 
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F i g .  6. Uptake of DOX, MIT, CI941 and AMET by MCF-7 cells. Cellu- 
lar uptake of drug was determined immediately following the addition of 
drug (15 gM D) or after 60 rain incubation with drug (11). Data points 
represent mean values _+ SD for 3 determinations 
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Fig. 7. Correlation between DOX-induced DNA strand breakage (strand 
scissionfactor, A ) and cell kill (llll) in MCF-7 cells. DOX cytotoxicity 
was determined following a 1-h exposure period and a further 6-day 
drug-free incubation interval. Strand breakage was determined by the 
alkaline elution assay following a 1-h exposure to drug (see Materials 
and methods). Data points represent mean values • SD for 3 determina- 
tions 

Table 2. One-electron-reduction potentials and DNA binding constant of 
DOX, MIT, CI941 and AMET 

Drug Reduction potential DNA affinity constant 
(el/7 at pH 7.0) Kapp M -1) 

DOX 328 _+ 5 mV a 6.5 3< l06 e 
MIT 527 ~ 5 mV b 2.6 x 10 s f 
CI941 538 + 10 mV c 1.0 x 10 s g 
AMET 520 _+ 8 mV ~ 2.83 x 106 ~ 

a,b From Basra et al. [5] 
From Graham et al. [30] 

d From Butler (personal communication) 
From Capranico et al. [8] 

f,g From Hartley et al. [31] 
t1 From Gandecha [28] 

(3.0 x 10 .6 M). The LCs0 of CI941 was approximately 34 
times lower than that of MIT, 8 x 103 times lower than 
that of AMET and 2 x 104 times lower than that of DOX. 
Similarly, the LCs0 of MIT was approximately 230 times 
lower than that of AMET and 576 times lower than that of 
DOX. These results are consistent with previous findings 
that MIT and CI941 are considerably more cytotoxic than 
DOX and AMET in vitro [7, 30, 47, 49]. Cell-uptake 
studies were carried out to determine whether these differ- 
ences in cytotoxicity could be explained by differences in 
the cellular accumulation of these agents by MCF-7 cells. 
Figure 6 shows that uptake of each of these agents is 
associated with a rapid extracellular binding phase during 
the first few seconds of the incubation. This is consistent 
with the findings previously reported for DOX [35, 48, 60], 
MIT and AMET [10, 47, 66, 68]. The level of uptake of 
MIT, CI941 and DOX (15 gM) following 1 h incubation 
with MCF-7 cells was similar (Fig. 6). The uptake of 
AMET after 1 h incubation was approximately 40% lower 
than that of MIT, CI941 or DOX. However, it is unlikely 
that this difference in uptake explains the large difference 
found in the cytotoxicity of this agent as compared with 
CI941 and MIT (LCs0, 230 and 8 x 103 times lower, 
respectively). 

Discussion 

ditions (Fig. 4b) reveals that DNA strand breakage in- 
duced by MIT was approximately 3-fold that produced by 
DOX or CI941. The amount of strand breakage caused by 
AMET was intermediate between that produced by MIT 
and that induced by CI941 or DOX. 

Cytotoxicitystudies 

The cytotoxicity of these agents was determined follow- 
ing a 1-h drug-exposure period and continued growth 
of the cells for 6 days. Figure 5 shows that CI941 and 
MIT were considerably more cytotoxic than either 
DOX or AMET under these conditions, the rank order 
of cytotoxicity (LCs0) being CI941 (1.5 x 10 -10 M) 
>MIT (5.2 • 10-9 M) >AMET (1.2 x 10 -6 M) >DOX 

This study represent the first systematic investigation of 
the role of redox cycling in the mechanism underlying the 
antitumour action of MIT, AMET and CI941. We have 
previously determined that DOX undergoes reductase-me- 
diated redox cycling in the MCF-7 cell $9 fraction and 
whole MCF-7 cells [20, 23, 24]. In contrast, MIT, AMET 
and CI941 show little propensity to undergo redox cycling 
in MCF-7 cells as compared with DOX (see Table 1). The 
absence of enzymic reduction of MIT and CI941 deter- 
mined in the present study may be explained by several 
factors. Firstly, as MIT, AMET and CI941 have more 
negative one-electron-reduction potential (Table 2) than 
does DOX, the reduction of these agents by flavoprotein 
reductases is not facilitated. Secondly, due to the steric 
hindrance produced by the 1,4-substituted hydroxyethy- 
lamino side chains, these agents may be poorer substrates 
for reductases than is DOX. Other structural analogues of 
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MIT and AMET whose hydroxyethylamino side chains 
have been substituted at the (1)-, (1,5)- and (1,8)-position 
on the anthraquinone chromophore have been found to 
undergo redox cycling in MCF-7 cells [23, 25]. The site of 
electron transfer from the flavoprotein to the an- 
thraquinone is not known but is presumed to involve the 
flavin co-enzyme FMN [41]. Agents such as MIT and 
AMET, which are poorer substrates for cytochrome P450 
reductase than is DOX, have been found to bind to FMN 
with higher avidity than DOX [41 ]. This has been proposed 
to hinder the rate of electron transfer to these agents [41]. 
Thirdly, MCF-7 cells contain a much lower level of 
cytochrome P450 reductase (cytochrome c reduction, 
1.19 nmol rain-1 mg protein-I) [19] as compared with the 
human liver (166.1 +49.4 nmol rain-1 mg protein-i) and 
mouse liver (222.3 _+ 4 nmol min-1 mg protein-~) tissue 
used in previous studies [5]. However, the quantity of $9 
protein used in the present study was sufficient to produce 
measurable redox cycling of DOX. 

Reductase-mediated redox cycling of DOX in MCF-7 
cells was consistent with a DOX-concentration-dependent 
induction of strand breakage in cellular DNA (Fig. 2). 
DOX-dependent induction of DNA strand breakage corre- 
lated with increasing MCF-7 cell kill at equivalent DOX 
concentrations (Fig. 7). It is widely believed that DOX-in- 
duced DNA strand breakage and resultant cell kill is at 
least in part mediated by reactive oxygen species formed 
during redox cyling of DOX in MCF-7 cells. Previously, 
DOX MCF-7 cell kill has been shown to involve reactive 
oxygen formation [13, 52], and MCF-7 cells with in- 
creased levels of antioxidant enzyme systems have been 
shown to be resistant to DOX (14, 58]. Lower levels of 
DOX-mediated reactive oxygen formation were detected 
in the resistant cells as compared with the wild-type cells 
[58]. 

Furthermore, in other cell lines, DOX has been shown 
to produce frank DNA strand breakage that is likely to be 
generated by free radical formation [34, 37, 51, 52]. How- 
ever, despite the good correlation found between DOX 
free-radical formation, DNA strand scission and cytotoxic- 
ity in the present study, the presence of protein-associated 
DNA strand breaks cannot be ruled out, since we could not 
discriminate between protein-associated and non-protein- 
associated strand breaks. Protein-associated strand breaks 
are considered to be formed by drug-mediated trapping of 
a cleavable topoisomerase II-DNA complex, which, on 
denaturation with sodium dodecyl sulphate or proteinase 
K, results in DNA double-strand breaks [67]. DOX has 
previously been shown to inhibit purified DNA topoisom- 
erase II and mediate protein-associated strand breaks by 
this enzyme [64]. Furthermore, DOX has been found to 
generate protein-associated DNA strand breaks in vitro [6, 
8, 44, 69], and variation in topoisomerase II activity has 
been shown to contribute to multidrug resistance in DOX- 
resistant cells [11, 12]. The relative contributation and 
importance of reactive oxygen and topoisomerase-medi- 
ated DNA strand breakage in doxorubicin-treated MCF-7 
cells has yet to be discerned. 

Despite the lack of redox cycling of MIT, CI941 and 
AMET, these agents induced cellular DNA strand break- 
age equivalent to that produced by DOX at a concentration 

of 100 gM (Fig. 3). The LCs0 values determined for CI941, 
MIT and AMET in MCF-7 cells were 2 x 104, 576 and 
2.5 times lower, respectively, than that found for DOX 
(Fig. 5). The higher cytotoxicity of MIT and CI941 was 
associated with greater efficiency in inducing DNA strand 
breakage in MCF-7 cells at the LCs0 of these agents 
(Fig. 4). This observation is consistent with previous re- 
ports that the efficiency of MIT in producing protein-as- 
sociated DNA strand breaks was 250 times greater than 
that of AMET and that the former drug was much more 
cytotoxic than the latter in vitro [15, 45, 47, 49]. Further- 
more, AMET-induced strand breaks were repaired more 
efficiently than those caused by MIT [45], and MIT has 
been shown .to condense nucleic acids much more potently 
than does AMET [39]. 

The lack of reactive oxygen species generated by MIT, 
AMET and CI941 in MCF-7 cells suggests that the DNA 
strand breaks detected for these agents in the present study 
are likely to represent protein-associated strand breaks me- 
diated by DNA topoisomerases. In this respect, MIT has 
previously been shown to inhibit MCF-7 topoisomerase II 
[9] and to produce DNA-topoisomerase II-mediated pro- 
tein-associated strand breaks in vitro [17, 32]. The en- 
hanced cytotoxicity of MIT and CI941 as compared with 
DOX and AMET towards MCF-7 cells may be related to 
the relative propensity of these agents to induce topoisom- 
erase II-mediated DNA cleavage. 

Another significant contribution to this enhanced cyto- 
toxicity may involve the persistence of MtT and CI941 in 
the cell due to their stronger affinity for cellular macro- 
molecules such as membranes [63] and DNA as compared 
with that of DOX and AMET (see Table 2). Consistent 
with this hypothesis, MIT has been found to persist at 
much higher levels than daunorubicin in hepatoma cells 
following the removal of cells from exposure to these 
agents [16]. The finding of MIT bound to postmortem 
tissue at 272 days following administration of the drug 
illustrates the binding tenacity of this agent [18]. MIT has 
been demonstrated to bind persistently to soluble cyto- 
plasmic proteins and nucleic acids [55]. Furthermore, fol- 
lowing the removal of cells from exposure to MIT, the 
continued depression of DNA synthesis and the persis- 
tence of MIT-induced topoisomerase II -DNA complexes 
[27] and strand breaks [33] have been observed. It has been 
proposed that the persistent binding of MIT to DNA 
favours long-term trapping of such topoisomerase com- 
plexes [61]. Consistent with this proposal, MIT-resistant 
P388 cells showing a low cellular accumulation of MIT 
have been found to contain a reduced level of tightly bound 
or non-exchangeable drug [50]. As the properties of CI941 
are comparable with those of MIT, including DNA binding 
(Table 2), cytotoxicity (Fig. 5) and DNA strand breakage 
(Fig. 4), such a mechanism involving intracellular persis- 
tence and topoisomerase II inhibition would seem likely 
for this agent as well. 

An alternative mechanism of action for MIT that has 
recently been reported involves the oxidative activation of 
this agent by peroxidase [53] to a species that can covalent- 
ly bind to DNA [54] and cause DNA strand breakage [22]. 
However, no evidence for the occurrence of this mecha- 
nism in vitro has yet been presented. 
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Despi te  the re la ted an thraquinone-based  structure o f  the 
agents used in this study,  it  is apparent  that they possess  
different  propensi t ies  to undergo  reduc tase -media ted  redox 
cycl ing,  induce  cel lular  D N A  strand b reakage  and p roduce  
M C F - 7  cell  kill.  The  di f ferences  in the mechanism(s)  o f  
act ion of  these agents appear  to be in t imate ly  re la ted  to the 
structural  di f ferences  be tween  them. The  most  impor tant  
structural  modi f i ca t ion  with respect  to mechan i sm re- 
vea led  in the present  s tudy appears  to be  the C1 and C4 
pos i t ioning  of  the hydroxye thy lamino  side chains on the 
ch romophore  of  MIT,  CI941 and AMET.  This structural  
feature is associa ted  with the absence of  de tec table  reduc-  
t ase -media ted  metabol ic  act ivat ion of  these agents as com- 
pared  with anthraquinones possess ing  ident ical  side chains 
that are located at different  posi t ions  on the ch romophore  
[23, 25]. Fur thermore ,  the presence o f  aromat ic  hydroxy l  
groups at the C5 and/or  C8 pos i t ion  on M I T  and CI941 is 
associa ted  with  an increase  in their  ef f ic iency in producing  
cel lular  D N A  strand breaks,  enhanced  D N A  binding  
(Table 2) and higher  cy to toxic i ty  (Fig. 5) as compared  with 
AMET,  which does not  possess  these groups (see Fig.  1). 

Since  the non- redox-cyc l ing  agents M I T  and CI941 
p roved  to be the most  potent  cy to toxic  agents in this study, 
the abi l i ty  to undergo  redox cycl ing  does not  appear  to 
confer  increased  cyto toxic  potent ia l  on agents  such as 
D O X  or other  a lky laminoanthraquinones  [25]. This obser-  
vat ion indicates  that future deve lopmen t  o f  quinone anti- 
tumour  agents should concentra te  on compounds  that do 
not  undergo redox cycl ing.  Fur thermore ,  these agents 
should also possess  aromat ic  hydroxy l  groups,  since these 
appear  to be respons ib le  for  the enhanced cyto toxic i ty  of  
M I T  and CI941 as compared  with A M E T .  
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