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ABSTRACT

DNA single-strand and double-strand breaks produced by doxorubicin
and two anthracycline derivatives (4-demethoxy-daunorubicin and 4'-
deoxy-4'-iododoxorubicin) were measured in doxorubicin-sensitive and
-resistant P388 leukemia cell lines, using filter elution methods, and
compared with cellular drug accumulation to account for major differ
ences in their cytotoxic activities and cross-resistance. The increased
cytotoxic potency of the two derivatives reflects at least in part the
enhanced drug accumulation by cells that results from their increased
lipophilicity. However, the level of protein-linked DNA breaks was not
directly related to cellular accumulation of drug analogues. It is possible
that enhanced cytotoxicity may also be the consequence of the greatly
enhanced ability of analogues to cause DNA strand breaks. The resistant
line showed only a modest degree of resistance to both anthracycline
derivatives compared with the high degree of resistance to doxorubicin.
Although for all the anthracyclines tested drug accumulation was reduced
in the resistant line, this did not correlate with the degree of resistance.
A differential sensitivity of resistant and parental cell lines to DNA
cleavage activity was consistently found for all three drugs tested. How
ever, in contrast to a lack of effect of doxorubicin, the derivatives caused
appreciable DNA strand breakage in resistant cells. The enhanced ability
of these analogues to break DNA in resistant cells is consistent with the
slight cross-resistance with doxorubicin. DNA double-strand breaks pro
duced in isolated nuclei from these cells paralleled the pattern found in
whole cells, thus indicating that a nuclear alteration, presumably involving
DNA topoisomerases, is associated with anthracycline resistance. Our
findings strongly support the hypothesis that anthracycline resistance in
these cell variants may be mediated by multiple mechanisms, involving
alterations of plasma membrane and changes of nuclear enzymatic activ
ities responsible for DNA strand breaks.

INTRODUCTION

Resistance to anthracyclines has been generally attributed to
altered membrane transport of the drug in resistant cells (1).
Thus, studies on the mechanism of acquired resistance have
focused mainly on the cell membrane; the major molecular
alteration identified in anthracycline-resistant cells was over
production of plasma membrane glycoproteins with high mo
lecular weight (around M, 170,000) (2), and the enhanced
expression of these proteins was found to be the result of gene
amplification (3). These cell surface glycoproteins are thought
to be involved in the control of intracellular drug accumulation.
However, the reduction in drug accumulation was not propor
tional to the degree of resistance. Since anthracycline resistance
could not be explained only on the basis of impaired drug
transport, it has been proposed that alternative modes of resis
tance, independent of membrane alterations, could be operative
(4).

A recent observation from our laboratory, indicating a strik
ing insensitivity of doxorubicin-resistant P388 leukemia cells
to DNA cleavage activity of doxorubicin, strongly supports this
hypothesis, since differences in intracellular drug levels were
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insufficient to explain the marginal effect on DNA of resistant
cells (5). Since doxorubicin induces DNA breaks by interfering
with the actions of type II DNA topoisomerases (6), this finding
led us to postulate that a change in the target enzyme may be
involved in the mechanism of resistance to anthracyclines.

In the present study we compared, in doxorubicin-resistant
(P388/DX) and sensitive P388 leukemia cells (P388), cytotoxic
effects, drug uptake, and DNA breakage activity of anthracy
clines (4-demethoxy-DNR3 and 4'-deoxy-4'-I-DX) character
ized by a slight cross-resistance with doxorubicin. Our results
provide additional support for the concept that multiple bio
chemical alterations occur in the development of anthracycline
resistance and are consistent with the hypothesis that multidrug
resistance could be due, at least in part, to biochemical changes
involving type II DNA topoisomerases.

MATERIALS AND METHODS

Chemicals. Doxorubicin, 4-demethoxy-DNR, and 4'-deoxy-4'-I-DX
were obtained from Farmitalia-Carlo Erba (Milan, Italy). Drug solu
tions were prepared in distilled water immediately before use.

Cell Lines, Drug Treatment, and Cytotoxicity Assay. Murine leukemia
P388 cells sensitive and resistant to doxorubicin were maintained in
vivo as already described (5). Cells collected from tumor-bearing mice
were cultured in RPMI-1640 medium (Flow Laboratories, McLean,
VA) containing 15% fetal calf serum, 1% 2-mercaptoethanol, and
antibiotics at 37'C in 5% CO2/95% air. P388/DX cells cultured in the

absence of doxorubicin up to 3 months showed no change in drug
sensitivity.

Drug treatments were for l h at 37'C on cells in exponential growth
phase at 10'' cells/ml density. In the cytotoxicity assay, after treatment
cells were centrifuged, washed twice, resuspended in drug-free medium,
cultured for 72 h, and then counted in a Coulter counter (Coulter
Electronics Ltd., Luton, United Kingdom). Immediately after drug
exposure, no early cell death was detected, using the dye exclusion test.

In the filter elution experiments, cellular DNA was labeled with 0.02
fid/mi [2->4C]thymidine (Amersham International, Amersham, United
Kingdom) for 24 h. The labeled nucleoside precursor was removed 16-
18 h before drug treatment or nuclei isolation.

Isolation of Nuclei. The procedure for isolating nuclei from labeled
cells was essentially as described by Pommier et al. (7). Pelleted cells
were resuspended in 1:10 volume of ice-cold nuclear buffer (150 misi
NaCI, 1 HIM KH2POÂ«,5 mM MgCl2, I IHM ethyleneglycol bis(/3-
aminoethyl etherJ-W, A', N', W-tetraacetic acid, 0.1 mM dithiotreitol,

pH 6.4), after which a 9:10 volume of nuclear buffer containing 0.3%
Triton X-100 was added and the mixture incubated for 15 min at ice
temperature. Nuclear suspensions were centrifuged (1200 rpm for 5
min at 4 '( ) and the nuclei washed once with cold nuclear buffer.
Finally, the nuclei were resuspended in nuclear buffer at 10' nuclei/ml
and exposed to the drug for 30 min at 37*C. Drug treatments were

stopped on ice and filter elution assays were carried out immediately.
Electron microscopy of isolated nuclei did not reveal any intact cells in
the nuclear preparations and showed no morphological differences
between the two lines.

Filter Elution Methods. Filter elution methods were essentially as
reported by Kohn et al. (8, 9). -y-Ray irradiation of cells or nuclei used
in the filter elution experiments were performed on ice with a cesium-
137 source (1020 rads/min).

3The abbreviations and trivial names used are: 4-demethoxy-DNR, 4-deme-
thoxy-daunorubicin; 4'-deoxy-4'-I-DX. 4'-deoxy-4'-iododoxorubicin; SSB, sin
gle-strand breaks: DSB, double-strand breaks.
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Fig. l. Linear relationship between fraction of | 'V11 >NA retained on the niter
at a fixed elution time and -, ray dose in isolated nuclei (.-I) and in whole cells
(B). Cells or isolated nuclei were irradiated on ice with a cesium 117 source, and
processed with the DNA nondenaturing elution method, as described in "Mate
rials and Methods." In A, linear relationships for sensitive (O) and resistant (â€¢)

cell lines are separately shown. Points, mean of at least three independent
determinations; har\. Â±SD.

DNA-SSB were measured by alkaline elution methods as previously
described (5,10).

DNA-DSB were measured by the DNA nondenaturing elution
method essentially as described by Bradley et al. (9). About 2.5 x IO5
cells were layered on polycarbonate membranes (Nucleopore, Pleasan-
ton, CA) of 2-/im pore size, 25 mm diameter, and washed several times
with cold phosphate saline solution. Cells on the filters were lysed with
2 ml of 2% sodium dodecyl sulfate, 0.1 Mglycine, and 25 mM Na2EDTA
(pH 9.6) containing proteinase K (0.5 mg/ml; Merck, Darmstadt,
FRG); followed by eluting solution (0.1% sodium dodecyl sulfate, 20
HIMHjEDTA, and tetrapropylammonium hydroxide) at pH 9.6. Elu
tion of DNA on the fillers was at 0.03-0.04 ml/min for 15 h. DNA-
DSB were expressed as rad-equivalents using a calibration curve that
had been established by eluting P388- and P388/DX cells irradiated
with various doses of -y-rays. A linear relation (y = 84 â€”0.0096oc, n =
36, correlation coefficient = -0.94) was between the fraction of DNA
retained on the filter (y. expressed as %) at 9 h of elution and the dose
of 7-rays (x, expressed as rads) (Fig. IB). No differences were observed
between the two cell lines. DNA-DSB were also measured in isolated
nuclei. The elution method in nondenaturing conditions was as for
intact cells except that polycarbonate membranes of 0.8-/tm pore size
were used. As observed with intact cells, the calibration curve for
isolated nuclei (y = 95 â€”0.009x, n = 30, correlation coefficient =
â€”0.97;with y and x as above) was essentially the same for both cell
lines (Fig. 1/Ã•).

Drug Accumulation Studies. After drug treatments, cells or isolated
nuclei were centrifuged at O'C and washed twice with cold phosphate

saline solution or nuclear buffer, respectively. Distilled water and
AgNO3 (3.3% final concentration) were then added. For 4'-deoxy-4'-
I-DX, AgNO) was omitted since chemical degradation of the halogen-
ated compound occurred. Drugs were extracted twice with 1 ml of
water-saturated normal butyl alcohol and fluorescence intensity of
extracts was measured by a fluorescence spectrophotometer (Perkin-
Elmer, Norwalk, CT) at the following excitation and emission wave
lengths: 500 and 590 nm for doxorubicin and 4'-deoxy-4'-I-DX, and

485 and 565 nm for 4-demethoxy-DNR, respectively. The average yield
of the extraction procedure was over 90%. Cellular drug uptake was
quantified by means of calibration curves and expressed as pmol/10*

cells.

RESULTS

Comparative Cytotoxic Effect. The cytotoxic effects of l h
exposure to doxorubicin, 4-demethoxy-DNR, and 4'-deoxy-4'-
I-DX were determined by the growth inhibition test on doxo-
rubicin-resistant and -sensitive P388 cell lines, in order to
quantify the degree of resistance. The dose-response curves are
shown in Figs. 2-4. The two derivatives consistently proved
markedly more cytotoxic than doxorubicin against both sensi-

QÃ“1 0.1 xÂ» woo
CONCENTRATION(ug/ml)

Fig. 2. Growth inhibitory effects of doxorubicin on P388 and P388/DX cells.
Cells were exposed to drug for l h at 37'C. After treatment, cells were centrifuged,

resuspended, and cultured in drug-free medium for 72 h and then counted. Points,
mean of three to six independent determinations; ban, Â±SD; (â€¢),sensitive; (O),
resistant cells.

CONCENTRATION l^g/ml)

Fig. 3. Growth inhibitory effects of 4-demethoxy-DNR on P388 and P388/
DX cells. See legend to Fig. 2 and "Materials and Methods" for details. Points,

mean of three to six independent determinations; ban, Â±SI >;(â€¢),sensitive; (O),
resistant cells.

(101 01

CONCENTRATION(ug/ml)

Fig. 4. Growth inhibitory effects of 4'-deoxy-4'-I-DX on P388 and P388/DX
cells. See legend to Fig. 2 and "Materials and Methods" for details. Points, mean

of three to six independent determinations; ban, Â±SD; (â€¢),sensitive (O), resistant
cells.

Table Comparison of activity of anthracyclines in doxorubicin-resutant and
sensitive PÃŒS8cells

ID*,'(Mg/ml)DrugDoxorubicin

4-Demethoxy-DNR
4'-Deoxy-4'-I-DXP3880.64

0.035
0.033P388/DX450

1.6
0.54Resistance

index*703

46
16

* Drug concentration required for 50% cell growth inhibition deduced from
dose-response curves of Figs. 2-4.

h 11>wresistant subline/lDgrsensitive line.

tive and resistant cells. Table 1 summarizes these in vitro
cytotoxic effects in terms of ratios of 50% inhibiting dose values.
P388/DX cells were highly resistant to the cytotoxic effects of
doxorubicin; although a clear cross-resistance was observed for
both derivatives, the degree of cross-resistance was markedly
reduced. Both derivatives produced cytotoxic effects against
P388/DX cells that were similar to those produced by doxorub
icin against the sensitive line.

Induction of DNA Strand Breaks in Whole Cells. DNA-SSB,
resulting from treatment of sensitive and resistant cells under
the same conditions, are presented in Fig. 5. For purpose of
comparison with the resistant line, drug levels in excess of those
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Fig. 5. DNA-SSB induced by doxorubicin
(left). 4'-deoxy-4'-l-DX (middle), and 4-de-
melhoxy-DNR (right) in sensitive (â€¢)and re
sistant (O) P388 cells. Cells were exposed to
drugs for l h at 37'C, lysed on the Tiller in the

presence of proteinase K. and eluted at pH
12.15. Points, mean of two to four independent
determinations, when Â±SD (bars) are indi
cated.

CONCÂ£NTRATONC|<g/mn

required to cause lethal effects on the sensitive line were also
used. It must be noted that proteinase K was utilized during the
elution assay, since proteolytic treatment of cell lysates was
required to detect DNA strand breakage induced by the anthra-
cycline derivative (Table 2), indicating that, under our experi
mental conditions, the DNA-SSB formed were almost exclu
sively protein associated as already reported for doxorubicin
and other intercalating agents (10-12). The results of these
experiments can be summarized as follows: (a) both derivatives
produced much higher frequencies of DNA-SSB in the sensitive
line than doxorubicin; (/>) resistance to cytotoxic activity was
also associated with resistance to DNA strand breaking activity.
This effect was more marked for doxorubicin, since it did not
produce detectable effects up to 10 /Â¿g/ml.4-Demethoxy-DNR
and 4'-deoxy-4'-l-DX caused appreciable DNA breakage

(around 570 and 340 rad-equivalents, respectively) at a concen
tration of 1 Mg/ml; (c) as previously reported for 4-demethoxy
derivatives (10), a biphasic, concentration-dependent effect for
DNA strand breaks induced by both derivatives was observed
in both sensitive and resistant cell lines.

DNA-DSB were also determined by a DNA nondenaturing
filter elution procedure (Fig. 6 and Table 3). The results of
these experiments paralleled the marked difference between
sensitive and resistant cells observed in the generation of DNA-
SSB. In the case of doxorubicin this finding is expected, since
most of the SSB observed under denaturing conditions are
actually DSB ( 12, 13).

Table 2 Evidence for DNA-protein covalent links produced by anthracyclines in
P388 cells

P388 cells were exposed to drug for I h: lysis on the filters was carried out in
the presence (+) or absence (-) of proteinase K and eluted at pH 12.15, as
described in "Materials and Methods."

DrugDoxorubicin

4'-Deoxy-4'-I-DXConcentration

(jig/ml)1.0

10.0
0.1DNA-SSB

(rad-equivalents)"+

proteinaseK307

Â±153
1239 Â±251
462 Â±ISO-

proteinasek6Â±8

117 Â±85
14 Â±20

â€¢Mean Â±SD of three independentdeterminations.

3000
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Fig. 6. DNA-DSB induced by DX in sensitive (â€¢)and resistant (O) cells. Cells
were treated for l h at 37'C, lysed on the filter in the presence of proteinase K,

and eluted at pH 9.6. Points, mean of two to five independent determinations;
bars, Â±SD.

Since anthracycline resistance is known to be associated with
reduced cellular accumulation of the drug (1, 4), steady-state
cellular drug levels were determined at selected cytotoxic con
centrations of the tested anthracyclines under conditions iden
tical to those used in the cytotoxicity studies (Table 3). The
increased cellular uptake of 4-demethoxy-DNR and 4'-deoxy-
4'-I-DX is consistent with reduced drug polarity (14,15), which

is expected to increase membrane permeability (16). Although
the drug uptake by sensitive cells was greater for all the anthra
cyclines tested (around 1.5-fold, 3-fold, and 1.8-fold for doxo
rubicin, 4-demethoxy-DNR, and 4'-deoxy-4'-I-DX, respec

tively), it is evident from data presented in Table 3 that these
differences could not account for the lower frequency of DNA
breaks in resistant cells and do not correlate with the degree of
resistance exhibited by this cell line to drug-induced cytotoxic
effects. In addition, a comparison of DNA cleavage determined
at comparable cellular drug levels for each drug showed that
both derivatives produced more DNA strand breaks in the
sensitive and resistant cell lines than the parent drug. This is
consistent with increased cytotoxic potency of these derivatives,
although the correlation was not precise.

Formation of DNA Strand Breaks in Isolated Nuclei. Protein-
associated DNA breaks induced by agents which interfere with
type II topoisomerase can be detected in whole cells or isolated
nuclei (7). Since drug transport and cytoplasm metabolism
should not influence the formation of DNA breaks in this latter
system, DNA-DSB were compared in isolated nuclei from
sensitive and resistant cells after 30 min of exposure to anthra
cycline derivatives (Figs. 7 and 8).

The observation that the tested derivatives produced much
fewer protein-associated DNA strand breaks in nuclei from
resistant cells than in nuclei from sensitive cells is in agreement
with the results obtained in whole cells (Table 3). In this system
4-demethoxy-DNR yielded much higher frequencies of DSB in
DNA of sensitive cells than 4'-deoxy-4'-I-DX. Again, this effect

parallels those produced in intact cells. However, whereas 4-
demethoxy-DNR produced a sharp plateau in the dose-response
curve for the induction of DNA-DSB, a biphasic curve was
observed with 4'-deoxy-4'-I-DX, since concentrations above 1

Mg/ml caused a marked reduction in the formation of DNA
breaks. A biphasic, concentration-dependent effect in isolated
nuclei has been reported for other intercalating agents, includ
ing duplici IK- derivatives (17). This unusual dose-response

curve for induction of DNA strand breaks has been observed
also in whole cells following exposure to some anthracycline
derivatives (10). The inhibition of DNA strand break produc
tion at high drug levels has been attributed to inhibition of
normal catalytic activity of DNA topoisomerase II (6), presum
ably as a consequence of topologica! distortion of DNA at high
drug/DNA ratios, thus interfering with enzyme-DNA interac
tion (10, 18). In our experiments, the different dose-response
curves observed for 4-demethoxy-DNR in nuclei (i.e, Fig. 7,
sharp plateau) and in whole cells (Fig. 5) remain unexplained.

The effects of doxorubicin in this system were not detectable
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Table 3 Cellular drug accumulation and DNA breaks induced by anthracyclines in sensitive and resistant P388 cells
Cells were exposed to drugs for I h at 37*C. DNA breaks and drug uptake were determined as described in "Materials and Methods." Mean Â±SD of two to five

independent determinations.

DrugDoxorubicin

4-Demethoxy-DNR

4'-Deoxy-4'-I-DXConcentration

G<g/inl)1IO

0.11

0.11Uptake

(punii
10*cells)203

Â±13
1132 Â±54

52 Â±7
840 Â±108

62 Â±3
782 Â±26P388SSB

(rad-eq)"307

Â±153
1050*

2424 Â±423
4710 Â±618

462 Â±122
2435 Â±443DSB

(rad-eq)1233

Â±335
3500 Â±104725

Â±2317
> 10.000

467 Â±58
6550 Â±397Uptake

(pinol
IO6cells)150

Â±4
709 Â±1217Â±2

233 Â±28
35 Â±1

447 Â±4P388/DXSSB

(rad-eq)33

Â±13
53 Â±34
63 Â±8

567 Â±107
109 Â±19
338 Â±35DSB

(rad-eq)217

Â±285
412Â±411
800 Â±693

2338 Â±544
300 Â±346

1041 Â±535
" rad-eq, rad-equivalcnts.
* Single determinations.

O 12 3 4 5 6 7 8 9 K)
CONCENTRATION ()jg/ml)

Fig. 7. DNA-DSB induced by 4-demethoxy-DNR in isolated nuclei from
sensitive (â€¢)and resistant (O) cells. Isolated nuclei were incubated with drug for
30 min at 37'C, lysed on the Tiller in the presence of proteinase K, and eluted at

pH 9.6. Points, mean of two to four independent determinations: bar, Â±SD.

2000-,

02468
CONCENTRATION ((jg/ml)

Fig. 8. DNA-DSB induced by 4'-deoxy-4'-l-DX in isolated nuclei from sen

sitive (â€¢)and resistant (O) cells. See legend to Fig. 7 for experimental details.
Har\. Â±SD of at least two independent determinations.

Table 4 Drug binding to isolated nuclei
Isolated nuclei were exposed to drug for 30 min at 37*C. Drug bound to nuclei

was extracted with normal butyl alcohol, determined by a fluorescence method,
and expressed as relative fluorescence intensity/10* nuclei.

Concentratio
Drug(eg/ml)4-Demethoxy-DNR

4'-Deoxy-4'-I-DXO.I

1
10U.I110Drug

binding"
n R<P388

P388/DX88

Â±9 88 Â±4
947 Â±147 780 Â±114

7382 Â±405 6356 Â±113
26 Â±1 25 Â±1

235 Â±31 273 Â±11
1333 Â±101 1729 Â±96ilative

change
(%)Â»0-17

-14-4

+ 16
+29

" Relative fluorescence intensity/10* nuclei, mean Â±SD of at least three single

determinations.
* Percentage of change in drug binding by P388/DX nuclei, as compared to

P388 nuclei.

even when nuclei from sensitive cells were examined. It is likely
that the lack of DNA strand breaking activity of doxorubicin
in the nuclear system reflects its lower ability to stimulate the
topoisomerase H-mediated DNA cleavage activity (10).

It is interesting to note that -,-ra\ irradiation produced the
same extent of DNA degradation in isolated nuclei from sen
sitive and resistant cells (Fig. 1.1). The marked resistance of
P388/DX nuclei to the DNA breakage activity of anthracycline
derivatives could not be explained by different drug binding
ability of isolated nuclei, since no significant differences be
tween sensitive and resistant cells could be identified (Table 4).

DISCUSSION

Our present results provide additional evidence that the re
sistance to anthracyclines exhibited by P388 leukemia cells is
related to a reduced ability to induce protein-associated DNA
strand breaks. The results, indicating a reduced drug accumu
lation by resistant cells, also suggest alterations of plasma
membrane. However, the relative changes in intracellular drug
accumulation do not correlate with the degree of resistance,
thus suggesting that drug transport is not the only mechanism
involved in anthracycline resistance.

A differential response of sensitive and resistant P388 cells
with respect to induction of DNA strand breaks could be also
observed with the anthracycline derivatives, in agreement with
the previous finding that the capacity of resistant cells to form
DNA breaks is reduced following exposure to doxorubicin (5).
However, an additional finding in the present study was the
presence of appreciable DNA breakage in resistant cells follow
ing exposure to 4-demethoxy-DNR and 4'-deoxy-4'-I-DX, in

contrast to the marginal effect of the parent drug. The higher
efficiency of these analogues to induce DNA breaks in resistant
cells, at comparable cellular drug levels, is consistent with the
low degree of resistance compared with doxorubicin. Taken
together with the differential sensitivity of isolated nuclei from
resistant and sensitive cells, these results strongly support the
view that multiple mechanisms might be operative in resistance
to anthracyclines (5), which is related at least in part to modi
fication of the enzymatic process involved in the drug-induced
production of breaks.

Similar results have been recently reported by Pommier et ai.
(17) in a subline of Chinese hamster cells selected for resistance
to 9-hydroxyellipticine and cross-resistant to other topoisom
erase II inhibitors. In this case, resistance to a variety of
intercalating agents was associated with a reduced formation of
DNA breaks in the absence of changes of uptake. In addition,
a similar finding in isolated nuclei from resistant cells was
consistent with the postulated mode of resistance related to
modifications of type II topoisomerases (17). The presence of
a mechanism of anthracycline resistance, unrelated to drug
transport through the plasma membrane, is further substanti
ated by a recent observation that cellular drug accumulation by
an anthracycline-resistant Chinese hamster ovary cell line was
not appreciably different from that of parental sensitive cells
(18, 19). Again, in this cell line selected for resistance to
epipodophyllotoxins and cross-resistant to other antitumor
drugs, which stimulated type II topoisomerase-mediated break
age of DNA, the level of DNA breaks was markedly lower than
that observed in the sensitive line. From further comparative
studies on these multidrug-resistant and parental sensitive cells
(19, 20), it appears that alterations of the enzymatic activities
involved in the complex process of drug-mediated DNA cleav
age are responsible for the multidrug resistance. However, the
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exact nature of these modifications remains to be determined.
The enhanced ability of the two derivatives to cause DNA

breaks was not simply the consequence of their increased ac
cumulation by cells compared with doxorubicin, since much
higher DNA strand break frequencies were attainable than with
doxorubicin at comparable cellular drug levels (Table 3). Since
these derivatives were also 20 times more potent than doxorub
icin with respect to cytotoxic effects, apparently a relation exists
among the relative cytotoxic potency, increased uptake, and
DNA strand-breaking activity. However, a comparison of the
effects of 4-demethoxy-DNR and 4'-deoxy-4'-I-DX indicated

that the correlation was not precise since at doses producing
similar lethal effects, the former derivative was more efficient
in producing DNA lesions, despite the cellular pharmacokinet-
ics of these analogues being similar. A lack of precise correlation
between these cellular effects of anthracyclines has been already
noted, and interpreted in terms of multiple mechanisms result
ing in cell killing (10).

It is unlikely that DNA damage measured after short expo
sure to drug reflects early cell killing, since DNA breakage was
not observed at high (i.e, highly cytotoxic) levels of both deriv
atives (Fig. 5). The biphasic effect for DNA strand breaks
induced by these derivatives has been interpreted in terms of a
complex mechanism of drug-induced DNA topoisomerase II
inhibition (10). The role of type II topoisomerases as mediators
of drug-related DNA strand cleavage has been well established,
thus suggesting these enzymes are specific targets of a variety
of antitumor drugs, including intercalating agents and epipo-
dophyllotoxins (21). The cytotoxic consequences of drug inter
ference with enzyme activity remain unclear, at least in the case
of anthracyclines. Recently, it has been reported that the lethal
activity of some intercalating agents, including doxorubicin,
appear to correlate more closely with induction of the most
critical lesions DNA-DSB (22, 23). Our results implicating
changes in type II topoisomerase sensitivity as a mechanism of
drug resistance indirectly suggest DNA lesions play an impor
tant role in cytotoxic activity. However, in our opinion, the
mechanisms of cylot ox icity and of resistance could be complex,
because of multiple interactions of anthracyclines at DNA and
cellular level.

In conclusion, our observations strongly support the hypoth
esis that anthracycline resistance (and, presumably, mult Â¡drug
resistance) may be mediated by multiple mechanisms, involving
alterations of plasma membrane, that affect drug transport, and
changes of nuclear enzymatic activities that alter drug-target
interactions. The relative role of these alterations may markedly
differ in different resistant lines and for different drugs involved
in the phenomenon of multidrug resistance (24).
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