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Abstract 4-Demethoxydaunorubicin (idarubicin, IDA)
is an anthracycline that has shown good cytotoxic
activity in vitro against tumor cell lines displaying the
multidrug-resistant (MDR) phenotype. IDA is con-
verted in the liver into idarubicinol (2HIDA) and, in
this form, seems to exert its antitumoral activity in vivo.
Recent studies have shown that 2HIDA has tu-
moricidal activity similar to that of the parent drug
when tested in vitro in sensitive neoplastic cells. In this
work we compared in vitro the effects of IDA and
2HIDA used alone and in combination with 2 lM
cyclosporin A (CyA) in the MDR leukemic cell lines
FLCR and K562R and in their sensitive parent cell
lines FLC and K562. IDA and 2HIDA showed the
same cytotoxic activity in sensitive cells. After 1 h of
exposure of cells to each anthracycline, we observed
that the cellular uptake of IDA and 2HIDA was also
similar. In resistant cells, 2HIDA was 3—4 times less
active than IDA. We observed that the intracellular
uptake of 2HIDA was lower than that of IDA, and this
may be correlated with a greater ability of P-glycopro-
tein to expel 2HIDA as opposed to IDA. Indeed, when
MDR cells were exposed to IDA and 2HIDA in combi-
nation with 2 lM CyA, the cytotoxic effect of these
anthracyclines was the same, and it was similar to that
observed in sensitive cells. These data confirm the util-
ity of the combination of IDA and an MDR-reversing
agent in hematological malignancies displaying the
MDR phenotype.
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Introduction

Idarubicin (IDA) is an anthracycline that has shown
superior in vitro cytotoxicity against tumor cell lines as
compared with daunorubicin (DNR) [5, 15]. A low
degree of cross-resistance was observed in tests against
multidrug-resistant (MDR) tumor cell lines in vitro
[12, 18]. The major circulating metabolite of IDA is the
alcohol product of ketoreductase biotransformation,
dihydro- idarubicin (2HIDA) or idarubicinol. Follow-
ing the administration of IDA to leukemic patients,
systemic exposure to 2HIDA is greater than that to
IDA, suggesting that it may have a role in the anti-
tumoral activity of IDA [17]. In vitro 2HIDA has
tumoricidal activity that is similar to that of the parent
drug and greater than that of other anthracycline alco-
hol metabolites (daunorubicinol and doxorubicinol)
[9]. In this work we demonstrated that 2HIDA is less
active than IDA in MDR cells, but when they are used
in combination with a resistance-modifying agent
(RMA), their activity is similar. The RMA used in this
study was cyclosporin. A (CyA). We chose CyA because
it is a potent modulator of MDR in vitro and has been
shown to be active in reversing drug resistance in ani-
mal models. The concentration of CyA that is required
to reverse MDR in vitro is about 2 lM. In preliminary
clinical trials, serum CyA levels of 2 lM were achieved
in 90% of patients with acceptable toxicity when this
RMA was given in combination with etoposide
[10, 21].

Materials and methods

Cell cultures

The erythroleukemia cell lines FLC and K562 and their MDR
counterparts FLCR and K562R were used in this study. Cells were
grown in suspension culture using RPM1 1640 medium containing
10% fetal calf serum (FCS) and 1% penicillin and streptomycin. The
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Fig. 1 a–c Antiproliferative activity of IDA and 2HIDA in a sensi-
tive FLC and K562 cells, b resistant FLCR cells, and c resistant
K562R cells

sensitive and resistant cell lines have a similar doubling time (18 h
for FLC and FLCR, 25 h for K562 and K562R), and they demon-
strate no erythroid differentiation as defined by negative benzidine
staining. The assay conducted by flow cytometry using the fluo-
rescein-labeled C219 monoclonal antibody. (P-glycoCHEKTM
C-219) showed an expression of P-glycoprotein only in resistant cell
lines.

Cytotoxicity assays

Tumor-cell cytotoxicity assays were conducted by seeding 2]105
cells in 1 ml of complete medium in 16-mm wells (tissue-culture
cluster-24 wells, Costar). IDA or 2HIDA at concentrations ranging
between 0.002 and 0.8 lg/ml, in the presence or absence of 2 lM
CyA, were added immediately there after, and cells were incubated
at 37 °C in an atmosphere containing CO

2
. After 48 h for FLC and

FLCR and 72 h for K562 and K562R, the numbers of cells were
evaluated using an Ortho ELT-8/WS counter (Ortho Diagnostic
System Inc.). Cell growth inhibition was expressed as a percentage of
control proliferation.

Flow cytometry

For flow-cytometry determination of intracellular anthracycline ac-
cumulation, a FACScan device (Becton Dickinson) equipped with
an argon laser using a 488-nm line operating at 15 mW was used.
Light was collected through a 545-nm filter for IDA and 2HIDA
intracellular accumulation studies.

IDA and 2HIDA intracellular accumulation studies

Cells (1]106) were incubated with either IDA or 2HIDA at con-
centration ranging between 0.025 and 3 lg/ml in the presence or
absence of 2 lM CyA. After 60 min of incubation at 37 °C in an
atmosphere containing 5% CO

2
, cells were washed twice in phos-

phate-buffered saline (PBS) and then resuspended in drug-free
complete medium. IDA and 2HIDA fluorescence was immediately
measured using the FACScan device with the appropriate filter.

Intracellular IDA and 2HIDA distribution studies

The intracellular localization of IDA and 2HIDA was studied by
ultraviolet illumination using a Leitz Orthoplan fluorescence micro-
scope equipped with a superpressure mercury lamp and a 545-nm
filter.

Evaluation of the resistance index and MDR-reversal index

The resistance index (RI) to IDA and 2HIDA was calculated by the
formula

RI"IC
50

MDR cells/IC
50

sensitive cells,

and the resistance-reversal index (RRI) was calculated by the for-
mula

RRI"IC
50

sensitive cells/IC
50

MDR cells#RMA,

where IC
50

MDR cells#RMA represents the concentration of IDA
or 2HIDA, in the presence of 2 lM CyA, capable of inhibiting the
growth of resistant cells by 50%.
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Fig. 2 A–D Antiproliferative activity of IDA and 2HIDA in combination with 2 lM CyA in resistant A FLCR B K562R cell lines.
Comparisor with the antiproliferative activity of IDA and 2HIDA alone in sensitive cell lines. C, D IDA and 2HIDA uptake by senstive and
resistant cells as determined in the presence and absence of 2 lM CyA

Results

In sensitive FLC and K562 cells, IDA showed a level of
cytotoxicity similar to that of its metabolite 2HIDA
(Fig. 1a). An important difference between these anthra-
cyclines was observed in resistant cell lines; in both
FLCR and K562R cells the cytotoxic activity of IDA
was greater than that of 2HIDA (Fig. 1b, c). The IC50

Table 1 RIs to IDA and 2HIDA as determined in FLCR and
K562R cell lines

Cells IC
50

IDA RI IC
50

2HIDA RI
(lg/ml) (lg/ml)

FLC 0.007 0.005
8.57 36

FLCR 0.06 0.18

K562 0.005 0.005
5 20

K562R 0.025 0.1

values and the RI of these drugs are summarized in
Table 1.

FLCR and K562R lines showed a low degree of
resistance to IDA; the RI to 2HIDA was 4 times greater
than that to IDA in both resistant cell lines. The IC

50
2HIDA: IC

50
IDA ratio showed that IDA was 3 and

4 times more active than 2HIDA in the FLCR line and
in K562R cells, respectively.

Figures 2A and 2B show the cytotoxicity of IDA and
2HIDA used in combination with 2 lM CyA in resist-
ant cells as compared with that of these anthracyclines
used alone in sensitive cell lines. CyA was capable of
completely reversing IDA and 2HIDA resistance, and
the RRI was 1 in both resistant cell lines. Therefore,
2 lM CyA increased by 36 and 20 times, respectively, the
cytotoxic activity of 2HIDA in FLCR and K562R cells
but enhanced only 8.57 and 5 times the cytotoxic activity
of IDA in the respective cell lines. The ratio between
IC

50
2HIDA and IC

50
IDA changed from 3—4 to 1 when

CyA was associated with each anthracycline. CyA
(2 lM) alone did not modify the growth of resistant cells,
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and no significant difference in cytotoxicity was ob-
served in sensitive cells exposed to each anthracycline
alone or in combination with 2 lM CyA.

There was no important difference in IDA or 2HIDA
uptake by sensitive FLC or K562 cells. In resistant cells
the uptake of IDA was greater than that of 2HIDA, and
this difference was more evident in the FLCR line. When
resistant cells were exposed to IDA or 2HIDA in combi-
nation with 2 lM CyA, the uptake of each anthracycline
was similar to that observed in the respective sensi-
tive parent cell line exposed to each anthracycline alone
(Figs. 2c, 2d).

No difference in intracellular fluorescence distribution
was observed in sensitive cell lines exposed to IDA and
2HIDA. For both anthracyclines the fluorescence was
located prevalently in the nucleus, showing a uniform
pattern of distribution, and in the Golgi region and
lysosomes. In resistant cells the pattern of fluorescence
distribution after exposure to IDA or 2HIDA was sim-
ilar to that seen in sensitive cells, but the intensity
of fluorescence was lower. The only difference ob-
served between these anthracyclines in resistant cells
was a higher intensity of fluorescence after exposure to
IDA.

Discussion

IDA has been reported to have greater cytotoxic acti-
vity in vitro than other anthracyclines. For example,
the cytotoxic activity of IDA has been demonstrated
to be 7.6 times greater than that of doxorubicin
(DXR) and 12.3 times greater than that of epirubicin
(EPR) in C6 glioblastoma cells [15], 7.7 and 11
times greater than that of DNR and DXR in the LoVo
cell line [5], and 2 and 2.5 times greater than that
of DNR and DXR in the lymphoblastic leukemia cell
line CCRF-CEM [9]. The difference is more evident in
MDR cell lines. In the C6 0.5 E resistant clone, IDA
is 27.8 and 38.8 times more active than DNR and
DXR, respectively [15], and in the resistant LoVo/Dx
cell line it is 64.2 and 64 times more active respectively
[6].

However, many clinical studies have shown no
important increase in the response rate after admini-
stration of IDA to patients with refractory malig-
nancies [1—4, 13, 20]. The discrepancy between the in
vitro and in vivo results obtained with IDA in refractory
leukemias may be related, at least in part, to the
pharmacokinetic properties of IDA. Speth et al.
[17] have shown that IDA is metaboilized in the liver
to an active metabolite, idarubicinol (2HIDA),
which attains plasma levels higher than those of the
parent compound. Following the administration of
IDA to adult or pediatric patients, systemic exposure
to 2HIDA is 2—12 times greater than that to IDA
[14].

In this study we observed that the ctotoxic activity of
IDA and 2HIDA was similar in sensitive FLC and K562
leukemia cells, where as in FLCR and K562R MDR
cells, 2HIDA was 3—4 times less active than IDA. In-
tracellular accumulation of IDA was greater than that of
2HIDA in resistant cells and was similar in sensitive
parental cells, suggesting that the difference observed in
cytotoxic activity between IDA and 2HIDA in resistant
cells can be correlated with a difference in the uptake of
these anthracyclines.

By fluorescence microscopy we observed differ-
ences only in fluorescence intensity between sensitive and
resistant cells exposed to IDA or 2HIDA. The fluo-
rescence in sensitive cells was distributed diffusely in
both the nucleus and the cytoplasm. In contrast, resis-
tant cells showed less fluorescence in the nucleus and
cytoplasm. No important difference in intracellular dis-
tribution was observed. Other authors have shown
a prevalent nuclear fluorescence in sensitive cells as
compared with MDR cells after exposure to DNR or
Adriamycin [7, 16]. However, IDA and 2HIDA are
more active than these anthracyclines in resistant cells,
and this may explain, at least in part, the similar intra-
cellular distribution observed in sensitive and resistant
cells.

The cytotoxic activity and the rate of cell uptake of
IDA and 2HIDA become similar when these anthra-
cyclines are used in combination with an RMA. We
observed that 2 lM CyA could completely reverse the
resistance to these anthracyclines in FLCR and K562R
cells. The cytotoxicity and cell drug-uptake data ob-
tained with IDA and 2HIDA in combination with
2 lM CyA in resistant cells were analogous with those
recorded for these anthracyclines as single agents in
sensitive cells. Since IDA has good activity in resistant
cells, its combination with CyA results in an increase
in cytotoxic activity of only 5—8 times. In contrast,
when 2HIDA is combined with CyA, the cytotoxic
activity of 2HIDA in resistant cells was increased
20—36 times.

Previous studies have shown that RMAs, such as
verapamil or CyA, are capable of reversing DNR and
Adriamycin resistance in MDR cells, but a complete
reversal of resistance to these anthracyclines occurs
only rarely [8, 11, 19]. When a complete reversal of
DNR and Adriamycin resistance was achieved, the
cytotoxic activity of these anthracyclines was at least
similar to that observed in sensitive parent cells and
was lower than the cytotoxic activity obtained with
IDA or 2HIDA. In conclusion, these data suggest the
utility of the IDA and CyA combination in hematologi-
cal malignancies displaying the MDR phenotype.
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