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Abstract-We have examined the cellular accumulation of anthracycline compounds, alone or in 
conjunction with resistance modifiers, in an attempt to identify mechanisms by which multidrug resistance 
(MDR) can be circumvented. This was facilitated by using the EMT6 mouse mammary tumour cell line 
EMT6/P and its MDR subline EMT6/ARl.O with 30-fold resistance to Adriamycina (ADM), and the 
human small cell lung cancer line H69/P together with its MDR subline H69/LX4 with NO-fold resistance 
to ADM. Both MDR lines hyperexpress membrane P-170 glycoprotein. The accumulation of ADM was 
compared to that seen for the anthracycline analogues aclacinomycin A (ACL), Ro 31-1215 and 4’- 
deoxy-4’-iodo-Adriamycin@ (iodo-ADM). These analogues were selected because of their high activity 
against MDR sublines, including H69/LX4 and EMT6/ARl.O. Both MDR cell lines exhibited a 
deficiency in ADM accumulation compared to the parent lines. Smaller differentials were seen using 
Ro 31-1215 or iodo-ADM. Both resistant sublines were able to accumulate ACL in identical amounts 
to their respective parental sublines. Improved drug accumulation is likely to contribute to the improved 
activity of the analogues against MDR cell lines. However, the relative accumulation defects in the 
resistant lines did not correlate exactly with the degree of resistance to a particular compound. 
Cyclosporin A (5 pg/ml) or verapamil(3.3 pg/ml) caused a preferential increase in uptake in both MDR 
sublines, with a small or negligible effect for the parental line. A smaller effect was observed with iodo- 
ADM and Ro 31-1215, and levels of ACL were unchanged in the MDR lines in the presence of either 
resistance modifier. These results indicate two mechanisms for circumventing drug resistance due to 
reduced drug accumulation. Structurally modified derivatives can partially or completely eliminate 
uptake differentials between parent and drug resistant cell lines. Any residual uptake can be eliminated 
using resistance modifiers. The two mechanisms may both operate via inhibition or circumvention of P- 
170 mediated effiux. The situation is comolex. however, and this study indicates the possible involvement 

I , 

of additional resistance mechanisms. 

The precise mechanisms by which multidrug-resist- 
ant (MDR) cell lines achieve lower intracellular cyto- 
toxic drug levels than their corresponding drug 
sensitive lines is poorly understood. Two main mech- 
anisms have been proposed in an attempt to explain 
this: (i) reduced membrane permeability leading to 
decreased rate of entry of drug [l-3] and (ii) an 
accelerated rate of drug removal from the cell via an 
energy-dependent efflux mechanism [4-6]. Due to 
the common finding in MDR cell lines of a 170 kD 
membrane glycoprotein-known as P-glyco- 
protein-with structural homology to well-charac- 
terized membrane transport proteins [7,8], a 
causal link between hyperexpression of this protein 
and reduced drug accumulation is suspected [9, lo]. 
It is envisaged that certain drugs may bind as sub- 
strates which in turn enables them to be effluxed by 
the P-glycoprotein molecule. This is supported by 
the demonstration of increased membrane binding 
of vincristine and related analogues in an MDR 
human KB carcinoma cell line [ll] as well as the 
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ability of resistance modifying agents to act as ligands 
for P-glycoprotein [ 12-141. 

We have previously identified certain structurally 
modified anthracyclines capable of circumventing 
Adriamycin@ (doxorubicin hydrochloride) (ADM)? 
resistance in MDR cell lines in vitro [15]. These 
include 4’-deoxy-4’-iodo-ADM (iodo-ADM) where 
the modification is to the amino sugar unit, the 
analogue Ro 31-1215 where the important sub- 
stitution is an alkyl group at the 9-position off the 
A-ring, and aclacinomycin A (ACL) which possess 
both the 9-alkyl substitution and a markedly altered 
sugar moiety (Fig. 1). Such anthracyclines which 
retain high activity in MDR cell lines have clear 
potential for clinical evaluation. To further inves- 
tigate the mechanism by which these analogues retain 
high activity we have investigated their cellular phar- 
macokinetics, in comparison with those for ADM, 
in parent and MDR cell lines derived from EMT6 
mouse mammary tumour and H69 human small cell 
lung cancer lines. Resistance was produced by 
exposure to ADM in vitro, and both lines show 
hyperexpression of P-170 glycoprotein [16]. 

The resistance modifiers verapamil (VRP), a cal- 
cium channel blocker, and cyclosporin A (CYA), a 
calmodulin antagonist, have been shown previously 
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Fig. 1. Structures of anthracyclines. 

to exhibit selective enhancement of anthracycline 
response in MDR cell lines as compared to the 
corresponding drug sensitive cell lines [ 15-211. 
Indeed, the combination of those anthracyclines 
which show preferential activity over ADM together 
with resistance modifying agents in uitru has been 
shown to completely circumvent the MDR pheno- 
type in some instances [IS]. Various resistance modi- 
fiers have been shown to affect intracellular drug 
levels by inhibiting drug efllux [17-21J. We have 
therefore also investigated the effects of VRP and 
CYA on the accumulation of iodo-ADM, ACL and 
Ro 31-1215 in the present study. 

The results indicate that Ro 31-1215, ACL and 
iodo-ADM exhibit improved intracellular accumu- 
fation in MDR cells lines compared to that seen for 
ADM, thus contributing to their enhanced activity. 
In addition, the effect of resistance modifiers on the 
intracellular accumulation of these anthracyclines is 
less than for ADM, as is the case for the modification 
of cytotoxicity in the same cell lines. The goal of 
these and future studies is to fully elucidate the 
relationship between the modified expression of 
specific resistance-associated proteins and the altered 
cellular handling of anthracyclines in MDR cell lines. 

MATERIALS AND .~~THODS 

Cell lines and culture conditions. The parent NCI- 
H69 human small cell lung cancer line (designated 
H69/P) and its in vitro derived ADM-resistant vari- 
ant (H49/LX4) ]22] were grown as floating aggre- 
gates in RPM1 1640 medium (Gibco Biocult, Paisley, 
U.K.) with 10% foetal calf serum (Seralab, Crawley 
Down, U.K.), penicillin and streptomycin (at con- 
centrations of 100 units/ml and 100 +ug/ml, respect- 
ively). Stock cultures were maintained in 15 ml of 
medium in 75 cm’ tissue culture flasks at 37” in an 
atmosphere of 92% air, 8% COz. The H69/LX4 
variant was maintained in 0.4pg/ml ADM but the 
drug was removed at least 2 days before use in 
experiments. CelIs were harvested from cultures in 
the exponentia1 phase of growth. 

The parent mouse mammary tumour cell line 
EMT6/Ca/VJAC (hereafter referred to as EMT6/ 
P) was maintained as a monolayer in Eagle’s minimal 
essential medium with 20% new born calf serum 
(Gibco Biocult) and antibiotics in 75 cm’ flasks under 
similar conditions to those used for H69. The resist- 
ant variant EMT@‘ARl.O 1231 was routinely main- 
tained in l.Opg/ml ADM until 2 days before 
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experimental use. Again, cells were harvested from 
the exponential growth phase. 

H69 cultures for use in experiments were reduced 
to a suspension containing small groups of cells by 
pipetting. Cell counts were carried out by taking an 
aliquot of the suspension and incubating it with 0.4% 
trypsin and 0.02% versene in phosphate buffered 
saline (PBS) for 15 min at 37”. The single cell sus- 
pension was counted manually using a haemo- 
cytometer counting chamber. Based on this count, 
the mechanically disaggregated suspension was 
diluted as appropriate. 

The EMT6 monolayers were subjected to two 
rinses with 0.1% trypsin in PBS followed by a 1.5 min 
incubation at 37”. A single cell suspension was 
obtained by resuspension of cells in full Eagle’s 
medium with mechanical disaggregation, and coun- 
ted and diluted as for the H69 cell lines. 

Drugs and chemicals. We are grateful for the gifts 
of the following compounds: Ro 31-1215 from Roche 
Products Ltd. (Welwyn Garden City, U.K.); 4’- 
deoxy-4’-iodo-ADM (iodo-ADM) from Farmitalia 
Carlo Erba (Milan, Italy); aclacinomycin A (ACL) 
from Lundbeck Ltd. (Luton, U.K.); and cyclosporin 
A (CYA) from Sandoz Ltd. (Basel, Switzerland). 
ADM was obtained from Sigma Chemical Co., 
(Poole, U.K.) and verapamil (VRP) was supplied by 
Abbot Laboratories (Queenborough, U.K.). 

All cytotoxic drugs except ACL were dissolved in 
distilled water at 500 pg/ml, filtered via a Millipore 
membrane (pore size 0.2 pm) and stored in aliquots 
at -20”. ACL was dissolved in 0.1% propylene gly- 
col. Drugs were thawed and diluted in distilled water 
immediately before use. VRP was obtained as a 
250 pgg/ml aqueous solution and diluted in PBS. CYA 
was initially dissolved in absolute ethanol and diluted 
in PBS prior to use. The final concentration of etha- 
nol (0.1% v/v) and propylene glycol (0.002% v/v) 
was shown not to affect drug sensitivity or cell 
growth. 

Drug accumulation. The method used to deter- 
mine the anthracycline content per cell was essen- 
tially that of Schwartz [24]. Single cell suspensions 
were prepared as described above to give a con- 
centration of 1 X lo6 cells in 5 ml aliquots of appro- 
priate complete medium (at pH 7.4) in duplicate 
10 ml polypropylene centrifuge tubes. Cell sus- 
pensions were brought to 37” and drug solutions were 
added in 100 ~1 volume. Final concentrations were 1 
or 10 pg/ml, according to the intrinsic fluorescence 
of the individual compounds. This corresponded to 
5pg/106cells for Ro 31-1215 and iodo-ADM, and 
50 pg/106 cells for ACL and ADM. During the incu- 
bation period, tubes were agitated at 10min inter- 
vals. 

At the appropriate time points, the tubes were 
centrifuged rapidly at 4” (300 g for 2 min) and the 
cells were washed twice in ice-cold Hank’s balanced 
salt solution (HBSS), pH 7.4. A volume of 0.2 ml of 
ice-cold sodium lauryl sulphate solution (0.1%) was 
then added and the tubes were mixed using a vortex 
mixer. A volume of 0.2 ml of ice-cold silver nitrate 
(33% w/v) was then added and the tubes were 
shaken for 10 minat 4”. At the end of this time, 4 ml 
of iso-amyl alcohol was added followed by a further 
10 min shaking period and centrifugation for 5 min 

at 200 g. The alcohol layer was then transferred to a 
5 ml boro-silicate glass tube and fluorescence was 
measured using a Perkin Elmer MPF4 spectro- 
fluorimeter. The excitation (Ex) and emission (Em) 
wavelengths used to measure the individual anthra- 
cyclines were 490 nm (Ex) and 595 nm (Em) for 
ADM, 450 nm (Ex) and 570nm (Em) for ACL, 
480 nm (Ex) and 590 nm (Em) for iodo-ADM and 
485 nm (Ex) and 565 nm (Em) for Ro 31-1215. Stan- 
dards were prepared by adding appropriate amounts 
of anthracycline to tubes containing untreated cells 
followed by the immediate addition of sodium lauryl 
sulphate and silver nitrate. The fluorescence due to 
anthracycline content was shown to be linear with 
concentration and very stable over a 48 hr period in 
the dark with no deterioration during the period of 
analysis. 

Effect of resistance modifiers. The resistance modi- 
fiers were added in 100~1 volumes to give a final 
concentration of 3.3 pg/ml for VRP and 5 pg/ml for 
CYA in a total of 5 ml of cell suspension. These 
concentrations were previously selected by us to 
represent two to three times the clinically achieve- 
able peak level, and to cause a 20-fold increase in 
ADM-sensitization in the H69/LX4 line [15]. Con- 
trol tubes were set up simultaneously containing 
100 ~1 of the appropriate solvent. Aliquots of anthra- 
cycline were then added immediately at time zero. 

All experimental data points are the mean of at 
least two separate sets of duplicate determinations. 
The inter-assay coefficient of variation was about 5% 
for both Ro 31-1215 and iodo-ADM, 5-16% for 
ADM and 7-15% for ACL. 

RESULTS 

Accumulation of anthracycline analogues 

The effectiveness of Ro 31-1215, ACL and iodo- 
ADM in circumventing MDR in the two resistant 
sublines has been reported previously [15]. Results 
were expressed as resistance factors (RF = ID50 for 
resistant line/IDsa for parental line). In H69 these 
were 150 for ADM, 12.4 for Ro 31-1215, 5.8 for 
ACL and 18.9 for iodo-ADM. In EMT6 ADM gave 
an RF value of 33.9 compared to 8.1 for Ro 31-1215, 
4.7 for ACL and 4.4 for iodo-ADM. 

Figures 2 and 3 show the typical drug accumulation 
patterns obtained with ADM and the anthracycline 
analogues in H69/P, EMT6/P and their respective 
MDR cell lines. Both resistant counterparts are 
defective in accumulation of ADM, particularly 
EMT6/ARl.O. For example, at 2 hours the intra- 
cellular drug level was 16-fold lower in the case of 
EMT6/ARl.O and 2.5-fold lower for H69/LX4, as 
compared to the respective parent line. 

In contrast to those for ADM, the drug accumu- 
lation profiles for the three anthracycline analogues 
showed a very rapid rise within the first 10 min for 
both parent and resistant lines alike. This was fol- 
lowed by a slower uptake phase (Figs 2 and 3). 

It can be seen that the accumulation of Ro 31- 
1215 in EMT6 showed a smaller differential between 
parent and resistant lines compared to that seen for 
ADM, with a difference of only 2-fold at 2 hours. A 
similar pattern was obtained with iodo-ADM where 
the differential was 1.5-fold at 2 hours. Interestingly, 
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Fig. 3. Accumulation of anthracyclines in the H69/P (0) and H69/LX4 (0) cell lines. Other details are 
as for Fig. 2. 

EMT6/ARl.O was as effective as the EMT6/P line 
in the accumulation of ACL. 

For the H69 cell lines we again saw smaller dif- 
ferentials in drug accumulation between parent and 
resistant lines for both iodo-ADM and Ro 31-1215, 
as compared to those for ADM (Fig. 3). Likewise, 
the ACL accumulation was similar in the resistant 
H69/LX4 line to that in the H69/P line. 

Thus it is clear that Ro 31-1215, iodo-ADM and 
ACL all showed improved accumulation in both the 
MDR cell lines examined, as compared with ADM. 

Anthracycline accumulation with resistance modifiers 

The effects of the resistance modifiers VRP and 
CYA on the accumulation of the various anthra- 
cyclines was determined in both the EMT6 and H69 
cell lines. The results are summarized in Tables 1 
and 2 as the 1 hour and 4 hour values respectively. 
The steady state drug levels are reached between 2 
and 4 hours (unpublished data) consistent with the 
findings of others [25,26]. Some selected examples 
of drug accumulation are illustrated in Figs 4 and 5. 

Figure 4 demonstrates the marked increase in 
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Table 1. One hour drug accumulation values in the presence or absence of resistance modifiers 

Cell 
Line 

Expt 
No. 

Cellular accumulation @g/lo6 cell) 

ADM Ro 31-1215 Iodo-ADM ACL 

EMT6/P 1 

2 

EMT6/ARl .O 1 

2 

H69/P 3 

4 

H69/LX4 3 

4 

Control 
VRP 
Control 
CYA 

Control 
VRP 
Control 
CYA 

Control 
VRP 
Control 
CYA 

Control 
VRP 
Control 
CYA 

i:: (1.0) 
2.0 
2.2 (1.1) 

00:: (5.6) 
0.4 
1.7 (4.3) 

0.8 
1.0 (1.2) 
1.0 
1.1 (1.1) 

0.5 
1.2 (2.2) 
0.5 
1.2 (2.4) 

0.9 0.5 6.4 
1.0 (1.1) 0.5 (1.0) 6.4 (1.0) 
0.7 0.4 10.5 
0.7 (1.0) 0.4 (1.0) 10.5 (1.0) 

0.3 0.2 6.6 
0.8 (2.7) 0.4 (2.0) 6.6 (1.0) 
8::: 

(2.3) 
0.2 0.4 

(2.0) 
11.5 11.5 

(1.0) 

0.4 0.9 10.0 
0.4 (1.0) 1.0 (1.1) 10.0 (1.0) 
0.8 0.8 8.3 
0.9 (1.1) 0.8 (1.0) 9.0 (1.1) 

0.4 0.7 10.5 
0.5 (1.2) 1.2 (1.7) 10.5 (1.0) 
0.6 0.6 9.5 
1.0 (1.7) 0.8 (1.3) 9.5 (1.0) 

Values are the mean of duplicate determinations. The number in parenthesis is the increase in 
cellular amount of drug as compared to the control (without modifier). 

Table 2. Four hour accumulation values in the presence or absence of resistance modifiers 

Cell Expt 
Line No. 

Cellular accumulation (pg drug/lo6 cells) 

ADM Ro 31-1215 Iodo-ADM ACL 

EMT6/P 5 

6 

EMT6/ARl .O 5 

6 

H69/P 7 

8 

H69/LX4 7 

8 

Control 
VRP 
Control 
CYA 

Control 
VRP 
Control 
CYA 

Control 
VRP 
Control 
CYA 

Control 
VRP 
Control 
CYA 

3.6 1.4 0.5 11.5 
4.0 (1.1) 1.5 (1.1) 0.5 (1.0) 11.5 (1.0) 
3.5 1.1 0.5 11.5 
3.6 (1.0) 1.2 (1.1) 0.6 (1.1) 12.3 (1.1) 

0.6 0.7 12.0 
3.2 (5.3) 1.3 (1.8) 

8:: 
(1.7) 12.1 (1.0) 

0.4 0.5 0.3 12.0 
3.2 (8.0) 1.0 (2.0) 0.5 (1.7) 12.3 (1.0) 

2.8 0.9 1.2 11.6 
2.9 (1.0) 1.1 (1.1) 1.2 (1.0) 11.5 (1.0) 
2.8 0.9 1.4 11.6 
2.8 (1.0) 0.9 (1.0) 1.4 (1.0) 11.6 (1.0) 

1.1 0.5 0.9 11.8 
2.5 (2.3) 0.7 (1.4) 1.2 (1.0) 11.8 (1.0) 
1.1 0.7 0.9 11.8 
2.6 (2.4) 1.1 (1.6) 1.1 (1.0) 11.8 (1.0) 

Footnotes as for Table 1. 

cellular ADM content in the EMT6/ARl.O line in 
the presence of either VRP or CYA. This contrasts 
markedly with the minimal effects seen for the cor- 
responding parent EMT6/P line. Data in Tables 1 
and 2 confirm this preferential effect to occur also in 
the H69/LX4 line as opposed to the H69/P line, 
measured at both 1 and 4 hours. 

Little change in accumulation of Ro 31-1215 in 
the EMT6/P line occurred following VRP treat- 
ment. Substantial increments in drug levels were 
seen in the EMT6/ARl.O line at both 1 and 4 
hours, but they were less than those obtained for 
ADM. In the same experiments CYA had a 
negligible effect on Ro 31-1215 accumulation in 

the H69/P and EMT6/P lines, whilst both resistant 
counterparts showed substantial increases. Similar 
patterns were seen for iodo-ADM in combination 
with either VRP or CYA. 

The accumulation of ACL was markedly different 
from that seen for the other compounds studied. 
Resistance modifiers had little effect on ACL 
accumulation in any of the cell lines, drug resistant 
or drug sensitive (Tables 1 and 2). 

Overall, these data show VRP at 3.3 ,ug/ml and 
CYA at 5 pg/ml to exert similar quantitative and 
qualitative effects on drug accumulation. Using 
either resistance modifier, the reduced drug 
accumulation seen in the drug resistant cell lines 
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Data points are the mean values of duplicate samples from each of two independent experiments. 

was increased to levels approaching those seen in DISCUSSION 
the respective parent drug sensitive lines. In the 
case of ACL no further modification was observed We describe cellular drug accumulation studies 
with either VRP or CYA. The greatest modification using anthracyclines to which MDR cell lines exhibit 
was seen for ADM, with the changes for Ro 31- minimal cross-resistance [ 15, 23,271. Two cultured 
1215 and iodo-ADM intermediate between ADM cell line pairs were used: (1) the drug sensitive H69 
and ACL. small cell lung cancer line H69/P together with its 
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ADM-resistant counterpart H69/LX4 which shows 
approximately lOO-fold resistance to ADM; and (2) 
the drug sensitive EMT6 mouse mammary tumour 
cell line and its ADM resistant subline EMT6/ARl.O 
with a 30-fold resistance to ADM. Both H69/LX4 
and EMT6/ARl .O exhibit a spectrum of cross-resist- 
ance including resistance to vincristine, colchicine 
and etoposide, consistent with the MDR phenotype, 
and both cell lines express increased levels of P- 
glycoprotein mRNA and protein product [16]. 

The degree of ADM resistance (obtained by com- 
paring ID50 values) did not correlate exactly with the 
extent of defective drug accumulation. In the murine 
EMT6/ARl .O line, ADM levels were reduced by 16- 
fold compared to those in the parent at 2 hours, 
whereas the more resistant H69/LX4 line showed 
only a 3-fold reduction. Since both cell line pairs 
exhibited similar dose-response curves, as measured 
in the MTT assay [15,28], this discrepancy would 
also hold true if a different level of response was 
employed (e.g. IDgO as opposed to IDso). It is there- 
fore possible that the ADM-resistance in H69/LX4 
and TMT6/ARl.O is due to factors in addition to 
intracellular drug accumulation. Altered drug detox- 
ification and/or the subcellular distribution of ADM 
ma.y be important factors and will form tht focus of 
future studies. 

The anthracycline compounds under review have 
modifications to the amino sugar group and/or pos- 
sess an alkyl group at position 9 of the A-ring. They 
are more lipophilic than the parent compound, as 
demonstrated by octanol:water partition coefficient 
[23] and Folch’s partitioning ratio [29]. It is clear 
however that the degree of lipophilicity is not solely 
responsible for chemosensitivity in MDR cell lines 
[3,231. 

The three analogues studied, Ro 31-1215, iodo- 
ADM and ACL, all exhibited a smaller differential in 
accumulation between the parent and corresponding 
MDR cell line compared to ADM. This was par- 
ticularly true for ACL where the drug accumulation 
profiles were almost identical. It can be seen, 
however, that the degree of defective drug accumu- 
lation does not correspond directly to the extent of 
resistance to the different drugs. For example, in the 
EMT6 cell lines ACL and iodo-ADM show markedly 
different accumulation in spite of very similar 
degrees of resistance to these compounds. Never- 
theless, the present studies show that modification 
of drug accumulation by molecular substitution in the 
anthracycline structure and/or the use of resistance 
modifiers can contribute substantially to the cir- 
cumvention of the MDR phenotype. 

In addition to the reduced differential in the ability 
of the parent and resistant lines to accumulate the 
anthracycline analogues, as compared to that seen 
with ADM. both CYA and VRP were able to further 
enhance cellular levels of Ro 31-1215 and iodo-ADM 
in the resistant line. The effect of the resistance 
modifiers on the cellular pharmacokinetics of these 
anthracyclines was somewhat lower than with ADM, 
but the final result in terms of overcoming MDR- 
associated reduced drug accumulation was the same. 
Drug resistant cell lines were able to accumulate 
similar drug levels to their parental drug sensitive 
counterparts, in which only a marginal effect was 

seen. In contrast, CYA-mediated enhancement of in 
vivo efficacy and cellular accumulation in a dau- 
nomycin (DNR)-sensitive Ehrlich ascites line has 
been reported [30]. In addition, the EMT6/P cell 
line has been shown to be more sensitive to VRP 
modification of ADM-sensitivity than the cor- 
responding drug resistant line EMT6/ARl .O 
[15,16]. It would appear this cannot be explained in 
terms of changes in drug accumulation, as the VRP- 
induced ADM accumulation of ADM is substantial 
in the EMT6/ARl.O line, and minimal in the EMT6/ 
P line. The role of resistance modifiers in the cir- 
cumvention of MDR is clearly complex. 

ACL exhibited similar accumulation in the EMT6/ 
AR1.O and H69/LX4 drug-resistant cells compared 
to the drug-sensitive EMT6/P and H69/P cells, and 
no further effect was seen with the resistance modi- 
fiers. These results for the accumulation of ACL 
alone are in agreement with those of Tapeiro [31] 
and Seeber [25] using a DNR-resistant Ehrlich ascites 
tumour line which was not cross-resistant with ACL. 
The inability of VRP and CYA to enhance further 
uptake of ACL into the MDR cell lines suggests that 
the structural modifications of the anthracyclines on 
the one hand and the resistance modifiers on the 
other may exert their beneficial effects on accumu- 
lation and sensitivity via a shared mechanism. 

These interesting results show that drug resistance 
due to reduced drug accumulation can be modified 
in two ways. Use of structurally modified derivatives 
can partially or completely eliminate the uptake dif- 
ferential between parent and resistant cells. Any 
residual accumulation defect can be corrected using 
resistance modifiers. 

There is a common, though not universal, cor- 
relation between multidrug resistance to anthra- 
cyclines such as ADM with (1) defective 
accumulation and (2) up-regulation of P-170 gly- 
coprotein [32-361. This suggests that a major mech- 
anism involves enhanced drug efflux, via the P-170 
molecule, which has significant structural homology 
with ATP-driven transmembrane pump proteins 
[7,8]. We propose that certain anthracyclines such 
as the 9-alkyl and amino sugar modified derivatives 
represent less efficient substrates for this putative 
efflux pump compared to ADM. It may be that 
ACL is not eftluxed to any significant extent by 
this mechanism. According to the pump model the 
resistance modifiers operate by inhibiting anthra- 
cycline efflux [ 191 and it would therefore be predicted 
that they would have no effect on ACL accumu- 
lation. Effects of resistance modifiers on iodo-ADM 
and Ro 31-1215 would be intermediate between ACL 
and ADM. These predictions are supported by the 
data presented here. 

To further test this model we are currently working 
to establish the precise relationship between P-170 
hyperexpression and cellular pharmacokinetics, par- 
ticularly the efflux of ADM and the anthracycline 
analogues shown to be effective against MDR cell 
lines. However, whilst reduced drug accumulation is 
a common feature of the MDR phenotype in most 
cell lines, it is becoming apparent that the two 
phenomenon may not be directly linked. No 
enhanced ADM efflux was seen in an MDR P388 
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leukaemia line showing hyperexpression of P-170 
[32]. Conversely we have seen reduced accumulation 
and enhanced efflux of ADM in an atypical MDR 
cell line which does not hyperexpress membrane P- 
170 (unpublished data). MDR is clearly a complex 
process involving multiple mechanisms [34-371 and 
numerous membrane and cytosolic proteins 
[16,3_5,3&-40]. As far as the most common form of 
in vitro derived MDR is concerned, however, the 
use of structurally modified anthracyclines together 
with resistance modifiers to improve cellular drug 
accumulation appears a particularly promising thera- 
peutic approach. 

REFERENCES 18 

17. Ganaoathi R and Grabowski D. Enhancement of sen- 
sitiviiy to adriamycin in resistant P388 leukemia by the 
calmodulin inhibitor trifluoperazine. Cancer Res 43: 
3696-3699, 1983. 
Bellamy WT, Dalton WS, Kailey JM, Gleason MC, 
McCloskey TM, Dorr RT and Alberts DS, Verapamil 
reversal of doxorubicin resistance in multidrug resistant 
human myeloma cells and association with drug 
accumulation and DNA damage. Cancer Res 48: 6365- 
6370, 1988. 

1. Inaba M and Johnson RK, Uptake and retention of 
adriamycin and daunomycin by sensitive and anthra- 
cycline-resistant sublines of P388 leukaemia. Biochem 
Pharmacol27: 2123-2130, 1978. 

Ill 
2. Ling V and Thomoson LH. Reduced oermeabilitv in 17. Friche E, Skovsgaard T and Nissen NJ, Effect of ver- 

apamil on daunorubicin accumulation in Ehrlich ascites 
tumor cells. Cancer Chemother Pharmacol 19: 35-39. 

resistance and to inhibit photoaffinity labelling of P- 
glycoprotein. Biochem Pharmacol38: 519-527, 1989. 

15. Coley HM, Twentyman PR and Workman P, Identi- 
fication of anthracyclines and related agents which 
retain preferential activity over adriamycin in multi- 
drug resistant cell lines, and further resistance modi- 
fication by verapamil and cyclosporin A. Cancer 
Chemother Pharmacol24: 284-290, 1989. 

16. Reeve JG. Rabbitts PH, Koch GLE and Twentyman 
PR, Drug resistant variants of a mouse tumour cell 
line. Expression of drug resistance associated proteins, 
in press. 

CH: cells as a me’chanism bf resistanck to colchicine. 
J Cell Physiol83: 103-116, 1973. 

3. Skovsgaard T, Carrier mediated transport of dau- 
norubicin, adriamycin and rubidazone in Ehrlich ascites 20 

tumour cells. Biochem Pharmacol27: 1221-1227. 
4. Dano K, Active outward transport of daunomycin in 

resistant Ehrlich ascites tumour cells. Biochim Biophys 
Acta 323: 466-483, 1973. 

1987. 

5. Fojo A, Akiyama S, Gottesman M and Pastan I, 2l 
Reduced drug accumulation in multiply drug resistant 
human KB carcinoma cell lines. Cancer Res 45: 3002- 
3007, 1985. 

6. Skovsgaard T, Mechanisms of cross-resistance between ~~ 

Klohs WD and Steinkampf RW, Resistance to anthra- 
pyrazoles and anthracyclines in multidrug resistant 
P388 murine leukaemia cells: reversal by calcium chan- 
nel blockers and calmodulin antagonists. Cancer Res 
46: 4352-4356, 1986. 
Tsuruo T, Iida H, Tsukagoshi S and Sakurai Y, 
Increased accumulation of vincristine and adriamycin 
in drug resistant P388 tumor cells following incubation 
with calcium antagonists and calmodulin inhibitors. 
Cancer Res 42: 4730-4733, 1982. 

vincristine and daunorubicin in Ehrlich ascites tumor 
cells. Cancer Res 38: 1785-1791. 1978. 

7. Chen C, Chin JE, Ueda K, Cla;k DG. Pastan I, Got- 
tesman MM and Roninson I, Internal duplication and 
homology with bacterial transport proteins in the mdr 1 
(P-glycoprotein) gene from multidrug resistant human 
cells. Cell 47: 381-389, 1986. 

LL. Twentyman PR, Fox NE, Wright KA and Bleehen 
NM, Derivation and characterisation of a adriamycin 
resistant lines of human lung cancer cells. Br J Cancer 
53: 529-537, 1986. 

8. Gros P, Croop J and Housman D, Mammalian multi- 
drug resistance gene: complete cDNA sequence indi- 
cates strong homology to bacterial transport systems. 
Cell 47: 371-380, 1986. 

9. Kartner R, Shales M, Riordan J and Ling V, Daun- 

ing multidrug resistance and a ckll-surfack P- 
glycoprotein. Cancer Res 43: 4413-4419, 1983. 
Lemontt J, Azzaria M and Gros P, Increased mdr gene 

orubicin-resistant Chinese hamster ovarv cells exoress- 

expression and decreased drug accumulation in MDR 
human melanoma cells. Cancer Res 48: 634%6353, 
1988. 

10 

11. 

12. 

13. 

14. 

bicin, carminomycin, marcellomycin, aclacinomycin A 

25. Seeber S, Loth H and Crooke ST, Comparative nuclear 

and AD32 in daunorubicin sensitive and resistant 
Ehrlich ascites in vitro. J Cancer Res Clin Oncol 98: 

and cellular incorporation of daunorubicin, doxoru- 

109-118, 1980. 

Cornwell MM, Gottesman MM and Pastan I, Increased 
vinblastine binding to membrane vesicles from multi- 
drug resistant KB cells. J Biol Chem 261: 7921-7928, 
1986. 

26. Skovsgaard T and Nissen NJ, Membrane transport of 
anthracyclines. Pharmac Ther 18: 293-311, 1982. 

27. Scott CA, Westmacott D, Broadhurst MJ, Thomas GJ 
and Hall MJ, 9-Alkyl anthracyclines. Absence of cross- 
resistance to adriamycin in human and murine cell 
cultures. Br J Cancer 53: 595-600, 1986. 

28. Cole SPC. Raoid chemosenstivitv testing of human lung Cornwell MM, Pastan I and Gottesman MM, Certain 
calcium channel blockers bind specifically to multidrug 
resistant human KB or carcinoma membrane vesicles 
and inhibit drug binding to P-glycoprotein. J Biol Chem 29 
262: 2166-2170, 1987. 
Safa AR, Glover CJ, Sewell JL, Meyers MB, Biedler 
JL and Felsted RL, Identification of the multidrue 
resistance-related membrane glycoprotein as an 
acceptor for calcium channel blockers. J Biol Chem 30. 
262: 7884-7888, 1987. 
Nogae I, Kohno K, Kikuchi J, Kuwano M, Akiyama 
S. Kiue A, Suzuki K. Yoshida Y. Cornwell MM, Pastan 
I and Gottesman MM, Analysis of structural features 31. 
of dihydropyridine analogs needed to reverse multidrug 

23. Twentyman PR, Fox NE, Wright KA, Workman P, 
Broadhurst MJ, Martin JA and Bleehen NM, The in 
vitro effects and cross-resistance patterns of some novel 
anthracyclines. Br J Cancer 53: 585-594, 1986. 

24. Schwartz HS, A fluorimetric assay for daunomycin and 
adriamycin in animal tissues. Biochem Med 7: 39-04, 
1973. 

tumour cells ising the MTT assay. Cancer Chemofhe; 
Pharmacol 17: 259-263, 1986. 
Hindenberg AA, Baker MA, Gleyzer E, Stewart VJ, 
Case N and Taub RN, Effect of verapamil and other 
agents on the redistribution of anthracyclines and on 
reversal of drug resistance. Cancer Res 47: 1421-1425, 
1987. 
Meador J, Sweet P, Stupecky M, Wetzel M, Murray 
S, Gupta S and Slater L, Cyclosporin A enhances 
daunorubicin efficacy in Erhlich ascites carcinoma and 
murine hepatoma 129. Cancer Res 47: 6216-6219,1987. 
Tapeiro H, Boule D, Itah-Corcos N and Fourcade A, 
Manipulation of drug accumulation: mechanisms to 



Improved cellular accumulation with verapamil or cyclosporin 4415 

overcome resistance. In: Mechanisms of Drug Resisc- 
ante in Neoplastic Cells. (Eds. Woolley P and Tew KD) 
Academic Press, New York, 1988. 

32. Deffie AM, Alam T, Seneviratne C, Beenken SW, 
Batra JK. Shea TC and Goldenbere GJ. Multifactorial 
resistance to adriamycin: relationship of DNA repair, 
glutathione transferase activity, drug efflux and P-gly- 
coprotein in cloned cell lines of ADM-sensitive and 
resistant P388 leukemia. Cancer Res 45: 3595-3602, 
1988. 

33. Kessel D and Corbett T, Correlations between anthra- 
cycline resistance, drug accumulation and membrane 
glycoprotein patterns in solid tumors of mice. Cancer 
Lett 28: 187-193, 1985. 

34. Marsh W, Sicheri D and Center MS, Isolation and 
characterisation of adriamycin resistant HL-60 cells 
which are not defective in the initial accumulation of 
drug. Cancer Res 46: 40.534057, 1986. 

35. McGrath T and Center MS. Mechanisms of multidrue 
resistance in HL-60 cells: evidence that a surface mem- 
brane protein distinct from P-glycoprotein contributes 

to reduced cellular accumulation of drug. Cancer Res 
48: 3959-3963, 1988. 

36. Zijistra JG, de Vries EGE and Mulder NH, Multi- 
factorial drug resistance in an adriamycin-resistant 
human small cell lung carcinoma line. Cancer Res 47: 
1780-1784, 1987. 

37. Mirski SE, Gerlach JH and Cole SPC, Multidrug resist- 
ance in a human small cell line selected in adriamycin. 
Cancer Res 41: 25942598, 1987. 

38. Hamada H, Okochi E, Oh-Hara T and Tsuruo T, 
Purification of the M, 22,000 calcium binding protein 
(sorcin) associated with multidrug resistance and its 
detection with monoclonal antibodies. Cancer Res 48: 
3173-3178, 1988. 

39. Marsh W and Center MS, Adriamycin resistance in 
HL-60 cells and accompanying modification of a surface 
membrane protein contained in drug-sensitive cells. 
Cancer Res 47: 5080-5086, 1987. 

40. Roberts de W, Meyers MB, Biedler JL and Wiggins 
LG, Association of sorcin with drug resistance in L1210 
cells. Cancer Chemother Pharmacol23: 19-25, 1989. 


