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Abstract--Free radical modes of cytotoxicity of streptonigrin (STN) and Adriamycin ® (ADR) in 
Chinese hamster V79 cells under aerobic conditions were evaluated using 4-hydroxy-2,2,6,6- 
tetramethylpiperidine-l-oxyi (TP), a low molecular weight stable nitroxide free radical with antioxidant 
properties and desferrioxamine (DF), a transition metal chelator. In addition, exogenous superoxide 
dismutase (SOD, EC 1.15.1.1) and catalase (CAT, EC 1.11.1.6), were tested for cytoprotective effects. 
EPR studies showed that TP reacts with the semiquinones of both ADR and STN and also with O~ 
radicals generated during aerobic redox cycling of the respective semiquinone radicals. Pulsed field gel 
electrophoresis studies confirmed that DNA double-strand breaks (dsb) induced by STN in V79 cells 
were inhibited completely by TP, whereas ADR-induced DNA dsb were not affected by TP. Clonogenic 
cell survival studies showed that STN-induced cytotoxicity could be inhibited completely by DF or TP. 
Both agents were ineffective in inhibiting ADR-induced cytotoxicity. SOD and CAT were ineffective 
in protecting against both STN and ADR cytotoxicity. Our results are consistent with a mechanism 
requiring the semiquinone radical intermediate of STN for cytotoxicity and minimal free radical 
involvement in ADR-induced V79 cell cytotoxicity. 
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A D R t  is a widely used anticancer agent with 
significant therapeutic activity [1], though its use is 
associated with cumulative cardiotoxicity [2]. Several 
mechanisms have been advanced to explain the 
antitumor activity of ADR.  These include DNA 
intercalation by the aglycone moiety between 
adjacent D N A  base pairs in the double helix, which 
results in inhibition of replication, transcription and 
ultimately translation [3], RNA and protein syntheses 
[4], stabilization of topoisomerase I I - D N A  complex, 
which causes protein-associated DNA strand breaks 
[5], and free radical mediated cytotoxicity through 
aerobic redox cycling of the A D R  semiquinone 
radical [6]. A D R  and other anthracyclines are also 
metal chelators with high stability constants for 
transition metal ions such as iron [7]. Ferr ic-ADR 
complexes have been shown to degrade deoxyribose 
and cleave D N A  [8]. Evidence for the generation of 
hydroxyl radicals and other strong oxidants has also 
been presented for the ADR-meta l  complexes [9]. 
Copper complexes of A D R  have been shown to 
cause oxygen radical dependent lipid peroxidation 
[10]. A D R  activation to the semiquinone radical can 
be mediated by cellular enzymatic processes [2, 6, 9]. 
This radical species can subsequently undergo rapid 
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oxidation by molecular oxygen to produce O~, H20 2 
and other free radical species [2, 11]. Unlike free 
ADR,  A D R  covalently bound to D N A  was not 
found to be reduced to the semiquinone radical [12]. 
Several studies have correlated A D R  semiquinone 
radical formation with antitumor activity. MCF-7 
human breast cancer cells resistant to A D R  were 
shown to possess enhanced levels of antioxidants 
compared with the parent cell line [13, 14]. Moreover,  
a diminished free radical generation has been 
proposed to confer cellular resistance to A D R  [15]. 
In addition, the activity of topoisomerase-II in ADR-  
resistant cells was found to be lower than in the 
drug-sensitive cells [16]. 

STN is an aminoquinone antibiotic with demon- 
strated cytotoxic activity against mammalian cells 
[17]. Unlike ADR,  STN does not intercalate but is 
known to covalently bind to DNA [18]. STN 
cytotoxicity has been directly correlated with 
intracellular reduction of the drug and subsequent 
free radical mediated DNA degradation [19]. STN 
covalently bound to DNA has also been suggested 
to redox cycle in situ [20], thereby generating 
deleterious oxy-radicals in close proximity to DNA.  

Cyclic nitroxides are stable radicals that selectively 
react with paramagnetic, though not diamagnetic 
species. Consequently nitroxides not only serve as 
radical chain breakers and effective cytoprotective 
agents, but also act as sensitive probes for monitoring 
free radical mediated processes. Nitroxides are non- 
mutagenic, non-toxic free radicals [21] with SOD- 
mimetic activity [22], which are also efficient 
scavengers of reactive free radicals [23, 24]. Such 
properties led to a screening for its antioxidant 
effects in vitro and in vivo. TP protected Chinese 

1427 



1428 W. DEGKAFF et ul 

hamster V79 cells against damage induced by 
exposure to 02, H202, t-butylhydroperoxide, X- 
rays and mitomycin C [25-281. Post-ischemic 
reperfusion injury of rat hearts was prevented by a 
lipid soluble analog of TP [29], and TP also provided 
whole body radioprotection of mice against the lethal 
effects of ionizing radiation [30]. In the present 
study, Tempo1 (TP) was used as a specific probe for 
free radical mediated cytotoxicities of STN and ADR 
using EPR spectroscopy, PFGE, and clonogenic cell 
survival assays. PFGE has been shown to be a 
sensitive, specific assay for DNA dsb [31]. PFGE 
yields data on the frequency of induction of DNA 
dsb quantitatively similar to that found by neutral 
filter elution or other techniques of DNA dsb 
measurement [32-341. Olive [35] have pointed out 
that neutral filter elution and sedimentation assays 
are sensitive not only to the integrity of the DNA 
molecules, but also to their conformation. Indeed, 
in V79 cells, PFGE appears to be a more sensitive 
measure of radiation-induced dsb than neutral filter 
elution [36], showing little or no dependence of 
chromatin structure. The results from these studies 
indicate that DF and TP were effective in inhibiting 
STN-induced V79 cell cytotoxicity, whereas ADR- 
induced cytotoxicity remained unaffected. Our 
results suggest TP to be effective in inhibiting cellular 
damage induced by redox cycling quinones. Lack of 
protective effects of TP and DF suggests a minimal 
role of free radical modes of cytotoxicity induced by 
ADR in V79 cells. 

MATERIALS AND METHODS 

Chemicals. SOD and NADH dehydrogenase (EC 
1.6.99.3) were purchased from the Sigma Chemical 
Co. (St. Louis, MO); xanthine oxidase, CAT and 
NADH were obtained from the Boehringer 
Mannheim Co. (Anaheim, CA); TP was purchased 
from the Aldrich Chemical Co. (Milwaukee, WI) 
and used without purification. Desferal (DF) was a 
gift from CIBA GEIGY (Nutley, NJ). Streptonigrin 
was from Sigma and Adriamycin was from Adria 
Laboratories (Columbus, OH). 

Electron paramagnetic resonance. For EPR 
experiments, samples were drawn into gas permeable 
Teflon capillary tubes (Zeus Industries, 0.8 mm i.d., 
0.5 mm wall thickness). Each capillary was folded 
twice, inserted into a narrow quartz tube (2.5 mm 
id) open at both ends, and then placed in the EPR 
cavity. During the experiment, gases of desired 
compositions were flushed around the sample while 
the tube remained undisturbed in the cavity. EPR 
spectra were recorded on a Varian E-109 X-band 
spectrometer operating at 9.45 GHz with a field 
modulation frequency of 100 kHz and modulation 
amplitude of 0.5 G and 20 mW microwave power. 

Cell culture. Chinese hamster V79 cells were 
grown in F12 medium supplemented with 10% fetal 
bovine serum, penicillin, and streptomycin. Survival 
was assessed in all studies by the clonogenic assay. 
The plating efficiency ranged between 80 and 90%. 
Stock cultures of exponentially growing cells were 
trypsinized, rinsed, and plated (5 x lo5 cells/dish) 
into a number of lOO-mm Petri dishes and incubated 
for 16 hr at 37” prior to experimental protocols. Drug 

(ADR or STN) was added to exponentially growing 
cells in complete F12 medium (final concentrations 
of ADR or STN were in pg/mL) in the presence or 
absence of TP (10 mM). TP treatment at these 
concentrations (10 mM) did not alter the plating 
efficiency. Immediately after treatment, cells were 
rinsed, trypsinized, counted, and plated for macro- 
scopic colony formation. SOD and CAT were added 
immediately before drug treatment, whereas DF 
was added 2 hr prior to drug exposure. Final 
concentrations of DF, SOD, and CAT were 500 yM, 
100 hg/mL, and 100 U/mL, respectively. DF, SOD, 
or CAT treatment did not alter the plating efficiency. 
For each concentration determination, cells were 
plated in triplicate, and each experiment was 
performed a minimum of two times. After treatment, 
plates were incubated for 7 days, and then colonies 
were fixed with methanol/acetic acid (3: 1) and 
stained with crystal violet. Colonies containing >50 
cells were scored. Error bars shown in figures 
represent standard error of the mean and are shown 
when larger than the symbol. 

In experiments requiring exposure to STN under 
hypoxic conditions, cells were dispersed in 1.8 mL 
of medium, plated (2.5 x 105) into specially designed 
glass flasks, and incubated at 37” overnight. TP 
(10 mM) was added to the cell monolayer immediately 
before the gassing procedure. The flasks were then 
sealed with soft rubber stoppers, and 19-gauge 
needles were pushed through the rubber stopper to 
provide entrance and exit ports for a humidified gas 
mixture of 95% nitrogen and 5% CO, (Matheson 
Gas Products). Each flask was also equtpped with a 
ground-glass side arm vessel which, when rotated 
and inverted, could deliver 0.2 mL of medium 
containing STN. Stoppered flasks were connected in 
series, mounted on a reciprocating platform, and 
gassed at 37” for 60 min. This gassing procedure 
results in an equilibrium between the gas and liquid 
phase (in both the medium over the cell monolayer 
and in the solution in the sidearm) and yielded 
oxygen concentrations in the effluent gas phase of 
<lOppm as measured by a Thermox probe. After 
60 min of gassing, the hypoxic drug solution in the 
side arm was added to the cell monolayer culture. 
The cells were exposed to STN for 1 hr under hypoxic 
conditions. Cell survival after drug exposure was 
assessed as described above. For some experiments, 
DF, SOD, and CAT were added to the cell 
monolayer immediately before the gassing procedure 
to final concentrations of 500 PM, 100 pg/mL, and 
100 U/mL, respectively. DF, SOD, or CAT 
treatment did not alter the plating efficiency. 

Preparation of DNA for electrophoresis. Cells for 
electrophoresis were plated as described above, and 
the DNA was labeled by incubating the cells with 
0.02,&i [rlC]thymidine/mL for 24 hr prior to 
irradiation or drug exposure. DNA was prepared 
for electrophoresis by the methods of Schwartz and 
Cantor [37] and Gardiner et al. [38] as modified by 
Ager and Dewey [34] and Stamato and Denko [31] 
After STN or ADR exposure, the cells were 
trypsinized, rinsed, and resuspended in PBS at lo7 
cells/ml. An equal volume of 1% low gelling 
temperature agarose was added, and the cell 
suspension was drawn into 3/32 inch (i.d.) silicone 
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tubing with a syringe. Both ends of the tubing were 100, 
clamped, and the tubing was immersed in an ice 
bath to rapidly solidify the agarose. The agarose was so 
then extruded from the tubing, cut into 5 mm lengths, 
and these "plugs" were placed into 1.5-mL centrifuge ~ 60 
tubes. This procedure results in approximately 105 
cells/5 mm plug. D N A  was purified by incubating at 
55 ° in ESP buffer (0.5 M EDTA,  1% Sarkosyl, and ~ 40 t 
1 #g/mL proteinase K) for 24 hr. The plugs were 
then rinsed in TE buffer (10 mM Tris, 1 mM EDTA) 20 

for 24hr with three buffer changes. RNA was 
digested by incubation with 0.1 #g/mL boiled RNase 0 
A in TE buffer for 2 hr at 37 °. 0 

Electrophoresis conditions. Agarose gels (0.8%) 
were cast in 0.5× TBE (1× TBE = 90mM Tris, 
90mM boric acid, 2 .5mM EDTA),  loaded into 100 

2 x 6 x 5 mm wells, and the wells were sealed with 
melted agarose. Electrophoresis was carried out for 

80 
24 hr at 56 V (4 V/cm),  with a 3 : 1 ratio of forward 
to reverse pulse time. The initial forward pulse time -¢ 
was 7.5 sec (reverse pulse 2.5 sec), increasing to a .~'E 6o 
final forward pulse time of 90 sec (final reverse pulse 
30sec). The running buffer ( 0 .5xTBE)  was ~ 4 0  
recirculated and cooled to maintain a temperature a 
of 12-15 °. These electrophoresis conditions were ' 20 
chosen based on methods of Stamato and Denko 
[38], and the desire to keep the released DNA 
concentrated in a narrow band to facilitate °'~ 
quantitation (see below). 

After  electrophoresis, the gels were soaked in 
0.5 #g/mL ethidium bromide for 30 min, destained 
with distilled water for 30 rain, and photographed 
on a UV light box. The lanes were separated from 
one another, and the well containing the plug was 
separated from the portion of the lane containing 
the released DNA.  These small pieces of agarose 
were put into separate scintillation vials, and the 
agarose was melted by placing each vial on a hot 
plate, after adding 50#L of concentrated HC1 to 
prevent resolidification of the agarose. Hydroflour ® 
(15 mL; National Diagnostics) was added to each 
vial, and radioactivity was determined by counting 
on an LKB 1217 scintillation counter. The data are 
expressed as "% D N A  remaining in the well" and 
are calculated as follows: 

% D N A  remaining = 

cpm in the well 
x 100 

cpm in the lane + cpm in the well 

At  least two independent experiments were run for 
each treatment,  with duplicate plugs run at each 
concentration level or control. 

i I i i 

2 4 6 8 

Time (rain) 

RESULTS 

Reactions with TP. The reactions of the respective 
semiquinones of A D R  and STN with Tempol in the 
presence and absence of oxygen were studied using 
EPR spectroscopy. The semiquinone radicals were 
generated by exposing STN or A D R  at 100 #M to 
N A D H  dehydrogenase in the presence of N A D H  
as the cofactor. Figure 1A shows the change in the 
EPR signal intensity of Tempol (100#M) as a 
function of time in the presence of STN or A D R  
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Fig. 1. (A) EPR signal intensity of Tempol as a function 
of time in the reaction of aerobic NADH dehydrogenase 
(0.2U/mL), NADH (2mM), Tempol (100#M) in 
phosphate-buffered saline (50mM, pH7.4) containing 
DETAPAC (100pM) and catalase (200U/mL) in the 
presence of 100 #M STN (filled symbols) or 100/tM ADR 
(open symbols). No reduction was observed when the 
reaction was conducted in the absence of either of the 
quinones. (B) Reduction rate of Tempol under anaerobic 
conditions, in the NADH dehydrogenase/NADH reaction 
in the presence of various concentrations of STN (filled 
circles) or ADR (open circles). The reaction also contained 
SOD (250U/mL), CAT (200U/mL) and DETAPAC 

(100 #M). 

and N A D H  dehydrogenase/NADH reaction in air- 
saturated phosphate buffer (50 raM, 7.4) and N A D H  
(2 mM). CAT (200 U/mL)  and D E T A P A C  (100 #M) 
were also included in the reaction to prevent any 
contribution from adventitious transition metals 
reacting with H202. As can be seen, the signal 
intensity of Tempol decreased as a function of time. 
This reduction in intensity was prevented by the 
addition of SOD. The loss of this signal is attributable 
to the formation of the hydroxylamine (Tempol-H) 
based on the observation that after the completion 
of the reaction, addition of the one-electron oxidizing 
agent, ferricyanide, completely restored the signal 
to its original level. Therefore, superoxide generated 
by the semiquinone radicals of either STN or A D R  
is responsible for the reduction of Tempol to Tempol- 
H. Increasing the concentration of the quinone (STN 
or ADR)  resulted in enhanced production of 



1430 W. DEGRAFF et al. 

superoxide, as indicated by an enhanced loss of the 
Tempol EPR signal. 

In anaerobic conditions, Tempol (100~tM) was 
exposed to A D R  or STN in the NADH 
dehydrogenase/NADH reaction and the reduction 
of Tempol was followed by EPR spectroscopy (Fig. 
1B). In the absence of quinone, there was no 
reduction, whereas in the presence of various 
concentrations STN or ADR,  Tempol was reduced 
as a function of time. The rate of reduction was 
dependent on the concentration of the quinone. 
That the reduction proceeded by one-electron was 
confirmed by the observation that, after the 
completion of the reaction, when ferricyanide was 
added, the EPR signal intensity was completely 
restored to its original level. Since TP also rapidly 
penetrates into cells through passive diffusion [25], 
it can be anticipated that if either drug (STN or 
ADR)  causes cytotoxicity by free radical reactions 
in intracellular regions, then TP should potentially 
inhibit damage at several levels which include (a) 
dismutation of superoxide [22], (b) oxidation of 
reduced transition metal ions [24, 25] (3) oxidation 
of the semiquinone radical [28], and (d) inhibition 
of lipid peroxidation by breaking the free radical 
chain reactions [24]. 

D N A  strand break assay. Stamato and Denko [31] 
have shown that field inversion gel electrophoresis 
is specific for measurement of DNA dsb, which 
correlate with cell death. DNA dsb were detected 
by this technique in V79 cells exposed to STN or 
ADR.  Figure 2 shows the ethidium bromide stained 
field inversion electrophoresis gel of DNA from V79 
cells exposed to STN in the absence or presence of 
TP. In the absence of TP, extensive DNA dsb could 
be detected from V79 cells exposed to STN (Fig. 2, 
top). However, when the cells were exposed to STN 
in the presence of TP (10 mM), little if any DNA 
dsb could be detected in the lower half of the gel 
(Fig. 2, bottom). Figure 3 shows an ethidium bromide 
stained gel of cells treated with A D R  in the presence 
or absence of TP (10mM). The percent DNA 
remaining in the well from the STN- and ADR- 
treated V79 cells was quantitated by counting 
radioactively labeled DNA released into the gel and 
that remaining in the well. Panels A and B of Fig. 
4 show plots from STN- and ADR-treated V79 cells, 
respectively. TP completely inhibited DNA release 
in STN-treated V79 cells (Fig. 4A), whereas DNA 
release from ADR-treated V79 cells was unaffected 
by the presence of TP (Fig. 4B). 

Cellular cytotoxicity. The modulation of STN- and 
ADR-induced cytotoxicity in Chinese hamster V79 
cells by SOD, CAT, DF and TP has been studied 
by clonogenic cell survival. The concentrations of 
SOD, CAT, DF and TP were chosen based on 
earlier observations [25] where complete protection 
was observed when V79 cells were exposed to O i  
and H20 2 directly. Figure 5A shows the effects of 
SOD, CAT, DF and TP on V79 cell cytotoxicity 
when treated with STN under aerobic conditions. A 
concentration-dependent cytotoxicity was observed 
in V79 cells when treated with STN for 1 hr 
aerobically. The presence of SOD (100/tg/mL) or 
CAT (100U/mL) failed to inhibit STN-induced 
cytotoxicity at all concentrations of the drug tested. 

Pretreatment of cells with DF (50(/~M) prior to STN 
exposure completely inhibited the cytotoxicity. STN- 
induced cytotoxicity was also inhibited when V79 
cells were exposed to the drug in the presence of TP 
(10 mM). Hypoxic exposure of V79 ceils to various 
concentrations of STN for 1 hr also caused a 
concentration-dependent decrease in clonogenic 
viability (Fig. 5B). Similar to results observed under 
aerobic conditions, pretreatment of cells for 2 hr 
with DF (500 #M) or the simultaneous presence of 
TP (10mM) completely inhibited STN-induced 
hypoxic cytotoxicity. To determine whether TP 
inhibits the cytotoxicity by inhibiting the uptake of 
cellular STN, cells were treated with STN under 
hypoxic conditions for 1 hr. On readmitting air after 
hypoxic incubation with STN, significant cytotoxicity 
was observed. However, the presence of TP (10 raM) 
at the time of reexposure to air after hypoxic 
incubation completely abated the STN-induced 
cytotoxicity (data not shown). This observation 
suggests that TP provides protection even after drug 
uptake and subsequent bioreductive activation events 
have occurred. As expected, SOD and CAT had 
little or no effect on V79 cell survival when exposed 
to STN under hypoxic conditions. 

ADR-induced cytotoxicity in V79 cells and the 
effects of TP, DF, SOD, and CAT on ADR-induced 
cytotoxicity are presented in Fig. 6. SOD and CAT 
failed to inhibit ADR-induced cytotoxicity at 
all concentrations tested. Pretreatment with DF 
(500 ~M) prior to ADR exposure also had no effects 
on cell survival (Fig. 6A). Although TP reacts with 
ADR semiquinone and can also catalytically 
dismutate O j  generated by redox cycling of ADR 
semiquinone, no protective effects of this agent 
(10 mM) on the survival of ADR-treated V79 cells 
were observed (Fig. 6B). 

DISCUSSION 

STN and ADR are quinone based agents that can 
undergo cellular flavoenzyme catalyzed one-electron 
reduction to produce the respective semiquinone 
radicals [6,9,39]. In aerobic conditions, the 
semiquinone radicals participate in redox cycling to 
generate Or and H202, which, in the presence of 
transition metal ions, can induce damage presumably 
by site specific generation of .OH radicals [2, 40, 41]. 
Intracellular generation of semiquinone radicals 
leading to DNA degradation has been proposed to 
explain the oxygen-dependent antibacterial effects 
of STN [19, 42]. ADR is a multifunctional agent that 
mediates cellular cytotoxicity through several 
pathways. It can rapidly localize in the nucleus of 
mammalian cells, especially in the chromatin [1]. 
Semiquinone radical generation from ADR by 
cellular flavoenzymes and subsequently redox cycling 
to produce O~- and H202 have been investigated 
thoroughly [6, 9, 39, 43]. Several reports present 
EPR spectroscopic evidence for the formation of the 
ADR semiquinone radicals in mammalian cells 
exposed to ADR under hypoxic conditions [15, 44]. 
Under aerobic conditions, DMPO-spin trapping 
coupled with EPR detection provided information 
supporting the production of reactive oxygen radicals 
(O2 and .OH) during enzymatic and cellular 
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Fig. 2. Field inversion electrophoresis gel of DNA extracted from V79 cells treated with 0-400 ng/mL 
streptonigrin in the absence (top) or presence (bottom) of 10 mM TP, and stained with ethidium 

bromide. 

incubations of A D R  under aerobic conditions [41]. 
Furthermore, several independent investigations 
utilizing ADR-sensitive and ADR-resistant cell lines 
have revealed that (i) drug-resistant cells have 
increased levels of antioxidant enzymes [13, 14, 45], 
(ii) depletion of thiols in ADR-resistant cells reverses 
the drug resistance [46], and (iii) ADR-resistant cells 
are cross-resistant to other modes of oxidative 
damage including superoxide, H202, and hyperoxia 
but not to ionizing radiation [45]. Based on these 
reports, increased free radical detoxifying processes, 
in addition to increased efflux of the drug [47], have 
been suggested as cellular mechanisms of ADR 
resistance. Other processes that do not involve free 
radical intermediates in the A D R  cytotoxicity are 

(i) DNA strand breaks due to the anthracycline- 
induced stabilization of topoisomerase I I -DNA 
complex [5] and (ii) intercalation of the aglycone 
moiety between adjacent base pairs of DNA resulting 
in inhibition of replication as well as RNA and 
protein syntheses [3, 4]. In these latter cases, TP 
may be expected to provide cytoprotection. 

Protection by SOD and CA T. Our previous studies 
in V79 cells [25] have shown that CAT and TP 
completely inhibited the O~ and H:O2-induced 
cytotoxicity, whereas SOD was not effective. In the 
same study, preincubation of cells with DF (500/aM) 
completely inhibited the O~ and H202-induced 
cytotoxicity. The lack of protection of V79 cells 
treated with ADR or STN by exogenous SOD and 
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Fig. 3. Field inversion electrophoresis gel of DNA extracted from V79 cells treated with 0-10 ~tg/mL 
ADR in the absence (top) or presence (bottom) of 10 mM TP, and stained with ethidium bromide. 

CAT suggests that the damage induced by both of 
these agents is predominantly intracellular since 
SOD and CAT, though efficient in detoxifying O i  
and H2Oe, respectively, are restricted to the 
extracellular space and hence may not afford 
protection against damage induced by intracellular 
oxidants. Earlier studies with Ehrlich tumor cells 
[40] have shown that A D R  cytotoxicity was partially 
blocked by SOD, CAT and DF. The difference in 
the results obtained in this study from those seen in 
V79 cells may be due to different cell types and also 
different biologic end points used. 

Protection by DF. DF is an efficient chelator of 
metal ions and has been used to inhibit oxidative 
damage mediated by transition metal ions. Inhibition 
of damage induced by O~-, H202, and organic 
hydroperoxides in V79 cells preincubated with DF 
(500 ~M) has also been observed [25]. In this study, 

pretreatment of V79 cells with DF completely 
inhibited STN-induced aerobic cytotoxicity (Fig. 5); 
however, no protection of ADR-induced V79 cell 
toxicity was observed by pretreatment with DF. In 
a recent report,  DNA base modification has been 
observed by aerobic incubations of A D R  and 
flavoenzymes with isolated human chromatin; added 
transition metal ions (iron and copper) potentiate 
this effect [43]. The data were found to be consistent 
with the redox cycling of A D R  to generate typical 
hydroxyl radical induced base modifications. Further 
evidence was provided by the significantly lower levels 
of DNA base modification by 5-iminodaunorubicin, 
which is the non-redox cycling analog of A D R  [43]. 
However, in the present study with intact V79 cells 
exposed to STN and ADR,  the complete protection 
of cytotoxicity by DF in the case of STN and the 
lack of protection in ADR-t rea ted  cells suggest that 
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Fig. 4. (A) Percent DNA remaining in the well from STN- 
treated V79 cells, determined by counting radioactively 
labeled DNA released into the gel and that remaining in 
the well. Open symbols represent STN exposure in the 
absence of Tempol, and closed symbols represent STN 
exposure in the presence of Tempol. (B) Percent DNA 
remaining in the well from ADR-treated V79 cells, 
determined by counting radioactively labeled DNA released 
into the gel and that remaining in the well. Closed symbols 
represent ADR exposure in the absence of Tempol, and 
open symbols represent ADR exposure in the presence of 

Tempol. 
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Fig. 5. (A) Concentration-response curves for Chinese 
hamster V79 cells exposed to various concentrations of 
STN under aerobic conditions in the absence and presence 
of SOD (100/~g/mL), CAT (100 U/mL), DF (500/zM) and 
TP (10raM). (B) Concentration-response curves for 
Chinese hamster V79 cells exposed to various concentrations 
of STN under hypoxic conditions in the absence and 
presence of SOD (100#g/mL), CAT (100U/mL), DF 

(500 #M) and TP (10 mM). 

transition metal ions are involved in the cytotoxicity 
of STN but not in the case of ADR.  

Protection by TP. TP is an uncharged, hydrophilic 
stable nitroxide that penetrates cell membranes 
readily [25]. In earlier studies, TP has been shown 
to be non-toxic and non-mutagenic to mammalian 
cells exposed to a 10 mM concentration for several 
hours [21]. Antimutagenic effects of TP were 
observed in mammalian ceils exposed to ionizing 
radiation, H202 and neocarzinostatin [21]. It has 
been shown to be an effective mimic of SOD [22] 
and to protect V79 cells against damage induced by 
O~, H202 and organic hydroperoxides [25]. 
Reactions with reactive radicals such as alkyl, alkoxyl 
and alkyl peroxyl radicals and termination of free 
radical chain reactions have been proposed to be 
the chemical basis for its inhibition of oxidative 
cellular damage [23, 24]. Nitroxides also represent a 
new class of aerobic radioprotectors in vitro and in 
vivo [27, 30, 48]. They have been shown to maintain 

transition metal ions in the oxidized condition, 
thereby potentially interrupting metal-catalyzed 
decomposition of H202 to produce the highly 
oxidizing .OH radical [25]. Inhibition of hypoxic 
cytotoxicity of mitomycin C has been attributed to 
its reaction with the semiquinone radical form of the 
drug [28]. In addition, TP protects beating 
cardiomyocytes against H202-induced damage [49], 
and a lipophilic derivative of TP has been shown to 
inhibit post-ischemic reperfusion damage in rat 
hearts [29]. The efficacy of TP to protect biological 
systems against diverse types of free radical mediated 
oxidative damage prompted the current study in 
which V79 cells were treated with multifunctional 
drugs such as ADR.  In addition, STN was included 
in this study since it mediates cytotoxicity through 
the redox cycling of the semiquinone radical 
intermediate. Thus, it can serve as a model system 
to screen the efficacy of TP and other nitroxides in 
protecting mammalian cells against oxidative damage 
induced by oxygen radicals generated by redox 
cycling of the semiquinone radical. Currently, we 
are evaluating the ability of a number of nitroxide 
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Fig. 6. (A) Concentration-response curves for Chinese 
hamster V79 cells exposed to various concentrations of 
ADR in the absence and presence of SOD (100/ug/mL), 
CAT (100 U/mL), and DF (500 gtM). (B) Concentration- 
response curves for Chinese hamster V79 cells exposed to 
various concentrations of ADR in the absence and presence 

of TP (10 raM). 

derivatives with different physico-chemical  proper-  
ties to provide protect ion against oxidative damage 
induced by different  modali t ies  including redox 
cycling quinones such as STN. 

STN-induced D N A  dsb in V79 cells were inhibited 
complete ly  when the incubations were  carried out 
in the presence of  TP (10mM).  Studies on the 
survival of  V79 cells show that the presence of 
TP provided significant protect ion against STN 
cytotoxicity. The  inhibition by TP of STN-induced 
V79 cell cytotoxicity could be explained in terms of  
(i) catalytic dismutat ion of O~-, (ii) oxidation of 
reduced transition metals,  (iii) oxidation of semiqui- 
none radicals, and (iv) terminat ion of  free radical 
chain reactions. 

A D R  also induces D N A  dsb as detected by PFGE.  
However ,  the presence of  TP had negligible effects 
on A D R - i n d u c e d  D N A  dsb. Cell survival analysis 
indicates similar behavior ,  i.e. TP had little or no 
effect on V79 cell survival when the cells were 
t reated with A D R .  The  ineffectiveness of TP to 
protect  against A D R - i n d u c e d  cytotoxicity in spite of 
its rapid react ion with O~- and the semiquinone 
radical of  A D R  suggests that A D R  causes V79 cell 
cytotoxicity with minimal  contribution from free 

radical pathways originating from the semiquinone 
intermediate.  

REFERENCES 

1. Young RC, Ozols RF and Myers CE, The anthracycline 
antineoplastic drugs. N EnglJ Med 305: 139-153, 1981. 

2. Doroshow JH and Davies KJA, Redox cycling of 
anthracyclines by cardiac mitochondria. II. Formation 
of superoxide, hydrogen peroxide and hydroxyl 
radicals. J Biol Chem 261: 3068-3074, 1986. 

3. Pigram WJ, Fuller W and Hamilton LD, Ster- 
eochemistry of intercalation: Interaction of daunomycin 
with DNA. Nature 235: 17-19, 1972. 

4. Painter RB, Inhibition of DNA replicon initiation by 4- 
nitroquinoline 1-oxide, adriamycin and ethyleneamine. 
Cancer Res 38: 4445-4449, 1978. 

5. Pommier Y, Schwartz RE, Zwelling LA and Kohn 
KW, Effects of DNA intercalating agents on 
topoisomerase II induced DNA strand cleavage in 
isolated mammalian cell nuclei. Cancer Res 24: 6406- 
6410, 1985. 

6. Bachur NR, Gordon SL, Gee MV and Kon H, NADPH 
cytochrome P-450 reductase activation of quinone 
anticancer agents to free radicals. Proc Nail Acad Sci 
USA 76: 954-957, 1979. 

7. Beraldo H, Garnier-Suillerot A, Tosi L and Lavelle F, 
Iron (IlI)-adriamycin and iron (III)-daunorubicin 
complexes: Physicochemical characteristics, interaction 
with DNA, and antitumor activity, Biochemistry 24: 
284-289, 1985. 

8. Gutteridge JMC, Lipid peroxidation and possible 
hydroxyl radical formation stimulated by the self- 
reduction of a doxorubicin-iron (III) complex. Biochem 
Pharmacol 33: 1725-1728, 1984. 

9. Kalyanaraman B, Morehouse KM and Mason RP, 
An electron paramagnetic resonance study of the 
interactions between the adriamycin semiquinone, 
hydrogen peroxide, iron-chelators, and radical scav- 
engers. Arch Biochem Biophys 286: 164-170, 1991. 

10. Wallace KB, Nonenzymatic oxygen activation and 
stimulation of lipid peroxidation by doxorubicin- 
copper. Toxicol Appl Pharmacol 86: 69-79, 1986. 

11. Peters JH, Gordon GR, Kashiwase D, Lown JW, Yen 
S-F and Plambeck JA, Redox activities of antitumor 
anthracyclines determined by microsomal oxygen 
consumption and assays for superoxide anion and 
hydroxyl radical generation. Biochem Pharmacol 35: 
1309-1323, 1986. 

12. Sinha BK and Chignell CF, Binding mode of chemically 
activated semiquinone free radicals from quinone 
anticancer agents to DNA. Chem Biol Interact 28: 301- 
308, 1979. 

13. Akman SA, Forrest G, Chu FF and Doroshow JH, 
Resistance to hydrogen peroxide associated with altered 
catalase mRNA stability in MCF-7 breast cancer cells. 
Biochim Biophys Acta 1009: 70-74, 1989. 

14. Akman SA, Forrest G, Chu FF, Esworthy RS 
and Doroshow JH, Antioxidant and xenobiotic- 
metabolizing enzyme gene expression in doxorubicin- 
resistant MCF-7 breast cancer cells. Cancer Res 50: 
1397-1402, 1990. 

15. Sinha BK, Katki AG, Batist G, Cowan KH and Myers 
CE, Differential formation of hydroxyl radicals by 
adriamycin in sensitive and resistant MCF-7 human 
breast tumor cells: Implications for the mechanism of 
action. Biochemistry 26: 3776--3781, 1987. 

16. Zwelling LA, Slovak ML, Doroshow JH, Hinds M, 
Chan D, Parker E, Mayes J, Sie KL, Meltzer PS and 
Trent JM, HT1080/DR4: A P-glycoprotein-negative 
human fibrosarcoma cell line exhibiting resistance to 
topoisomerase II-reactive drugs despite the presence 



Free radicals and Adriamycin cytotoxicity 1435 

of a drug-sensitive topoisomerase II. J Natl Cancer Inst 
82: 1553-1561, 1990. 

17. Humphrey EW and Blank N, Clinical experience with 
streptonigrin. Cancer Chemother Rep 12: 99-103, 1961. 

18. Mizuno NS and Gilboe DP, Binding of streptonigrin 
derivatives to DNA. Biochim Biophys Acta 22,4: 319- 
327, 1970. 

19. Cone R, Hasan SK, Lown JW and Morgan AR, The 
mechanism of the degradation of DNA by streptonigrin. 
Can J Biochem 54: 219-223, 1976. 

20. Sinha BK, Irreversible binding of reductively activated 
streptonigrin to nucleic acids in the presence of metals. 
Chem Biol Interact 36: 179-188, 1981. 

21. DeGraff WG, Krishna MC, Kaufman D and Mitchell 
JB, Nitroxide-mediated protection against X-ray- and 
neocarzinostatin-induced DNA damage. Free Radic 
Biol Med 13: 479-487, 1992. 

22. Krishna MC, Grahame DA, Samuni A, Mitchell JB 
and Russo A, Oxoammonium cation intermediate in 
the nitroxide-catalyzed dismutation of superoxide. Proc 
Natl Acad Sci USA 89: 5537-5541, 1992. 

23. Chateauneuf J, Lusztyk J and Ingold KU, Absolute 
rate constants for the reactions of some carbon- 
centered radicals with 2,2,6,6-tetramethylpiperidine- 
N-oxyl. J Org Chem 53: 1629-1632, 1988. 

24. Nilsson UA, Olsson LI, Carlin G and Bylund-Fellenius 
AC, Inhibition of lipid peroxidation by spin labels. 
Relationships between structure and function. J Biol 
Chem 264: 11131-11135, 1989. 

25. Mitchell JB, Samuni A, Krishna MC, DeGraff WG, 
Ahn MS, Samuni U and Russo A, Biologically 
active metal-independent superoxide dismutase mimics. 
Biochemistry 29: 2802-2807, 1990. 

26. Samuni A, Krishna CM, Mitchell JB, Collins CR and 
Russo A, Superoxide reaction with nitroxides. Free 
Radic Res Commun 9: 241-249, 1990. 

27. Mitchell JB, DeGraff W, Kaufman D, Krishna MC, 
Samuni A, Finkelstein E, Ahn MS, Hahn SM, Gamson 
J and Russo A, Inhibition of oxygen-dependent 
radiation-induced damage by the nitroxide superoxide 
dismutase mimic, Tempol. Arch Biochem Biophys 289: 
62-70, 1991. 

28. Krishna CM, DeGraff W, Tamura S, Gonzalez F, 
Samuni A, Russo A and Mitchell JB, Mechanisms of 
hypoxic and aerobic cytotoxicity of mitomycin C in 
Chinese hamster V79 cells. Cancer Res 51: 6622-6628, 
1991. 

29. Gelvan D, Saultman P and Powell S, Cardiac 
reperfusion damage prevented by a stable nitroxide 
free radical. Proc Natl Acad Sci USA 88: 4680-4684, 
1991. 

30. Hahn SM, Tochner Z, Krishna CM, Glass J, Wilson 
L, Samuni A, Sprague M, Venzon D, Glatstein E, 
Mitchell JB and Russo A, Tempol, a stable free radical, 
is a novel murine radiation protector. Cancer Res 52: 
1750-1753, 1992. 

31. Stamato TD and Denko N, Asymmetric field inversion 
gel electrophoresis. A new method for detecting DNA 
double strand breaks in mammalian cells. Radiat Res 
121: 196-205, 1990. 

32. Iliakis G, Blocher D, Metzger L and Pantelias G, 
Comparison of DNA double-strand break rejoining as 
measured by pulsed field gel electrophoresis, neutral 
sucrose gradient centrifugation and non-unwinding 
filter elution in irradiated plateau-phase CHO cells, lnt 
J Radiat Biol 59: 927-939, 1991. 

33. Lawrence TS, Normoile DP, Davis MA and Maybaum 
J, The use of biphasic linear ramped pulsed field gel 
electrophoresis to quantify DNA damage based on 
fragment size distribution, lnt J Radiat Oncol Biol Phys 
27: 659-663, 1993. 

34. Ager DD and Dewey WC, Calibration of pulsed field 
gel electrophoresis for measurement of DNA double 
strand breaks. Int J Radiat Biol 58: 249-259, 1990. 

35. Olive PL, DNA organization affects cellular radiosen- 
sitivity and detection of initial DNA strand breaks, lnt 
J Radiat Biol 62: 389-396, 1992. 

36. Flentje M, Asadpour B, Latz D and Weber KJ, 
Sensitivity of neutral filter elution but not PFGE can 
be modified by non-dsb chromatin damage. IntJ Radiat 
Biol 63: 715-724, 1993. 

37. Schwartz D and Cantor C, Separation of yeast 
chromosomes by pulsed field gel electrophoresis. Cell 
37: 67-75, 1984. 

38. Gardiner K, Laas W and Patterson D, Fractionation 
of large mammalian DNA restriction fragments using 
vertical pulsed-gradient gel electrophoresis. Somat Cell 
Mol Genet 12: 185-195, 1986. 

39. Doroshow JH and Davies KJA, Redox cycling of 
anthracyclines by cardiac mitochondria. I. Anthra- 
cycline radical formation by NADH dehydrogenase. J 
Biol Chem 261: 3060-3067, 1986. 

40. Doroshow JH, Role of hydrogen peroxide and hydroxyl 
radical formation in the killing of Ehrlich tumor cells 
by anticancer quinones. Proc Natl Acad Sci USA 83: 
4514--4518, 1986. 

41. Sinha BK, Katki AG, Batist B, Cowan KH and Myers 
CE, Adriamycin-stimulated hydroxyl radical formation 
in human breast tumor cells. Biochem Pharmacol 33: 
793-796, 1987. 

42. Gutteridge JMC, Streptonigrin-induced deoxyribose 
degradation: Inhibition by superoxide dismutase, 
hydroxyl radical scavengers and iron chelators. Biochem 
Pharmacol 33: 3059-3062, 1984. 

43. Akman SA, Doroshow JH, Burke TM and Dizdaroglu 
M, DNA base modifications induced in isolated 
human chromatin by NADH dehydrogenase-catalyzed 
reduction of doxorubicin. Biochemistry 31:3500-3506, 
1992. 

44. Alegria AE, Samuni A, Mitchell JB, Riesz P and Russo 
A, Free radicals induced by adriamycin-sensitive and 
adriamycin-resistant ceils: A spin-trapping study. 
Biochemistry 28: 8653-8658, 1989. 

45. Mimnaugh EG, Dusre L, Atwell J and Myers CE, 
Differential oxygen radical susceptibility of adriamycin- 
sensitive and -resistant MCF-7 human breast tumor 
cells. Cancer Res 49: 8-15, 1989. 

46. Dusre L, Mimnaugh EG, Myers CE and Sinha BK, 
Potentiation of doxorubicin cytotoxicity by buthionine 
sulfoximine in multidrug-resistant human breast tumor 
cells. Cancer Res 49: 511-515, 1989. 

47. Juliano RL and Ling V, A surface glycoprotein 
modulating drug permeability in Chinese hamster ovary 
mutants. Biochim Biophys Acta 455: 152-162, 1976. 

48. Hahn SM, Wilson L, Krishna CM, Liebmann J, 
DeGraff W, Gamson J, Samuni A, Venzon D and 
Mitchell JB, Identification of nitroxide radioprotectors. 
Radiat Res 132: 87-93, 1992. 

49. Samuni A, Winkelsberg D, Pinson A, Hahn SM, 
Mitchell JB and Russo A, Nitroxide stable radicals 
protect beating cardiomyocytes against oxidative 
damage. J Clin Invest 87: 1526--1530, 1991. 


