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SHORT COMMUNICATIONS 

Interactions among membrane transport systems: anthracyclines, calcium 
antagonists and anti-estrogens 

(Received 18 September 1985; accepted 3 January 1986) 

One mode of resistance to anthracyclines, and certain other 
natural and synthetic products, involves an energy-depen- 
dent outward transport system which limits drug accumu- 
lation to sub-lethal levels [l-5]. This transport system can 
be inhibited, and drug responsiveness thereby promoted, 
by a variety of agents of unrelated structure including other 
anthracyclines [5], acridines [6], calcium antagonists 
[7-111, calmodulin inhibitors [7,12-141, and anti-estrogens 
[15]. In this report, we describe transport studies carried 
out with verapamil, nitrendipine, and tamoxifen to explore 
the circumvention of daunorubicin resistance by these dif- 
ferent drugs. 

The P388 murine leukemia ce!i line, and P?88/ADR* 
[16], an adriamycin-resistant sub-line, were grown in cul- 
ture using Fischer’s medium (GIBCO, Grand Island, NY) 
supplemented with 10% horse serum. 

Verapamil[N-methyl-i4C] (75 Ci/mmole), nitrendipine- 
[5-methyl-3H] (72.5 Ci/mmole), and tamoxifen[N-methyl- 
‘H] (82 Ci/mmole) were purchased from the New England 
Nuclear Corp., Boston MA. [i4C]Daunorubicin (30 Ci/ 
mole) was obtained from the Division of Cancer Treat- 
ment, NCl. Purity of all labeled substrates was tested by 
TLC systems suggested by the suppliers; all were >98% 
pure. Non-radioactive verapamil was obtained from the 
Knoll Pharmaceutical Co., Whippany, NJ; nitrendipine 
was from Miles Laboratories, West Haven, CT. 

Cell suspensions (7 mg/ml wet weight) in HEPES- 
buffered growth medium were incubated with labeled sub- 
strates (1 PM concentration) plus specified additions at 0” 
or 37”. In some experiments, cells were loaded for 30 min 
with labeled substrates (1 FM) and then suspended in fresh 
medium, and the rate of loss of label was measured. In all 
studies, cells were collected by centrifugation (30 set, 250 
g) after timed intervals and cellular radioactivity was 
measured. All data are presented in terms of the apparent 
distribution ratio: [cellular]/[extracellular] drug concen- 
tration. Further details of methodology are given in Ref. 
17. 

Kinetics of drug accumulation by P388 and P388/ADR 
cells at 0” and at 37” are shown in Fig. 1. Accumulation of 
all but NTR were, to some extent, temperature-sensitive. 
There were no significant differences in steady-state intra- 
cellular levels of NTR and TAM in P388 versus P388/ADR 
cells; accumulation of DNR and VER by P388/ADR was 
20 and 60%, respectively, of the levels attained by P388 
cells. 

When P388/ADR cells were incubated with 1 PM labeled 
DNR, the steady-state intracellular DNR level was doubled 
by the presence of 3 ,uM verapamil, 10 PM tamoxifen, 
20 PM nitrendipine or 50 PM non-labeled DNR. The cor- 
responding intracellular drug levels (derived from data 
shown in Fig. 1) are: VER, 15 PM; TAM, 370 PM; NTR, 
180 ,uM; and DNR, 300 PM. These numbers may not reflect 
the relative affinities of these different agents for an out- 
ward transport system, since the concentrations of the free 
intracellular drugs are not known. 

* Abbreviations: ADR, adriamycin; DNR, daunorubi- 
tin; HEPES, 4-(2-hydroxyethyl)1-piperazine ethanesul- 
fonic acid; NTR, nitrendipine; TAM, tamoxifen; and VER, 
verapamil. 

DNR exodus was temperature-sensitive in P388/ADR, 
with >80% of the initial pool lost within 3 min at 37 
(Fig. 2). In contrast, drug exodus from P388 was almost 
temperature-insensitive, with <20% of the initial pool lost 
at 37” in 30 min. A study of DNR exodus in the presence of 
extracellular non-labeled drugs (3 fl VER, 10 PM TAM, 
20 PM NTR, or 50 PM DNR) indicated that these additions 
slowed the initial rate of DNR exodus to 50% of control 
values. When the levels of the antagonists were increased, 
exodus of labeled DNR was slowed further. 

Data shown in Figs. 1 and 2 suggest that the effects of 
TAM and NTR on anthracycline accumulation by P388/ 
ADR cells do not derive from competition for a common 
exodus system. But the impaired accumulation and 
enhanced efflux of VER in P388/ADR cells are consistent 
with the presence of an outward drug transport system in 
this cell line. Additional experiments were carried out to 
assess interactions between TAM, NTR, VER and DNR 
transport. Addition of a lOO-fold excess of DNR, VE :R 
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Fig. 1. Distribution ratios of daunorubicin, verapamil, 
tamoxifen and nitrendipine in P388 (left) and P388/ADR 
(right) cells as a function of time. Studies were carried out 
at 37” (0) or at 0” (0). Drug concentrations = 1 PM. Data 
from typical studies are shown; the variation encountered 
in replicate analyses was less than -tlO% of the values 

shown. 
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Fig. 2. Exodus of daunorubicin (DNR), verapamil (VER), 
tamoxifen (TAM) and nitrendipine (NTR) from P388 (0) 
and P388/ADR (m) cells as a function of time and tem- 
perature. Cells were initially loaded with drugs for 30 min 
at 37” (drug concentrations = 1 PM) and then suspended in 
fresh medium at the specified temperature. Results from 
typical experiments are shown; replicates differed from 

these values by less than ? 10%. 
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Fig. 3. Time course of verapamil exodus at 37” from P388 
or P388/ADR cells loaded as specified in the legend to Fig. 
2. Key: (0) growth medium; and (m) growth medium 

+ 10 PM tamoxifen. 

* Supported by Grant CA 31331 from the National Can- 
cer Institute, NIH, DHHS. Reprints should be requested 
from Dr. Kessel at the Department of Medicine, Harper 
Hospital, Detroit, MI 48201. 
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NTR or TAM to media containing 1 PM concentrations of 
labeled NTR or TAM did not affect steady-state accumu- 
lation of radioactivity. Furthermore, exodus of label from 
cells loaded with radioactive NTR or TAM was not affected 
by the presence of 100 FM (non-labeled) DNR, TAM, NTR 
or VER in media while efflux of label was measured. 
While VER did not affect kinetics of NTR transport, TAM 
antagonized VER accumulation in both P388 and P388/ 
ADR. Moreover, the presence of 10 PM TAM promoted 
exodus of verapamil from both P388 and P388/ADR cells 
at 0” or at 37” (Fig. 3). 

Data described here are in agreement with reports on 
inhibition of DNR exodus, in drug-resistant cell lines, by 
calcium antagonists and tamoxifen [7-151. In the case of 
verapamil, data shown here and reported previously [18] 
suggest competition between this agent and DNR for an 
outward drug transport system in P388/ADR cells. Neither 
tamoxifen nor nitrendipine appears to be a substrate for 
this outward transport system. While NTR and DNR did 
not affect VER transport, an interaction between TAM 
and VER was observed. Exodus of vera amil waspromoted 
by tamoxifen in both P388 and P388 ADR. In contrast, P 
exodus of DNR was inhibited by TAM, but only in P388/ 
ADR. 

We conclude that no common exodus system explains 
the effects of VER, TAM and NTR on anthracycline trans- 
port in P388/ADR cells. Evidence presented here indicates 
that these drugs exert their effects by different classes of 
membrane interactions. 
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