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Abstract-The classical multidrug resistance (MDR) phenotype is characterized by a decrease in the 
intracellular drug concentration in resistant cells as compared to sensitive cells. P-glycoprotein (P-gp) 
is thought to be responsible for an active efflux of lipophilic drugs. Four Ehrlich ascites tumor cell lines 
selected in vivo for resistance to daunorubicin (DNR) and their sensitive counterpart were investigated. 
The resistant sublines EHR2/0.1, EHR2/0.2, EHR2/0.4, and EHR2/0.8 were developed by treatment 
of tumor bearing mice with DNR 0.1, 0.2, 0.4, and 0.8 mg/kg x 4 weekly, res 
from EHR2/0.1, EHR2/0.2, and EHR2/0.4 and two passages from EHR2 0.8 were investigated. P 

ectively. One passage 

Western blot analysis showed significantly different amounts of P-gp (a 6-fold variation). Efflux of 
DNR in a drug free medium was investigated with and without presence of verapamil (VER). Efflux 
from sensitive and resistant cells was described by mono- and bi-exponential kinetics, respectively. In 
all cases but one, a correlation between resistance, expression of P-gp, P-gp mediated efflux capacity 
and effect of VER was established. In passage No. 12 of EHR2/0.8, however, a high expression of 
P-gp was found in spite of a low degree of resistance and a low efflux capacity. In this subline the effect 
of VER did not correlate to the expression of P-gp. Active efflux seemed to be saturable and was 
suggested to constitute the major route of efflux in MDR cells. A dose-response relationship was 
established for the effect of VER on efflux. In conclusion, the results support that P-gp acts as a drug 
efflux pump. No simple correlation, however, could be established between P-gp and drug transport 
in all the investigated cell lines. Other factors which might influence transmembranous transportation 
of DNR are suggested. The active efflux capacity of the cell lines seemed to determine the degree of 
resistance and the sensitivity to circumvention by VER. 
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Effective cancer chemotherapy is often limited by 
the presence of drug resistant cells within a tumor 
population. Some malignant tumors are intrinsically 
resistant to anti-neoplastic agents, while others 
respond initially to chemotherapy and then, 
subsequently, relapse after development of resist- 
ance. MDRt describes the simultaneous expression 
of cellular resistance to a range of structurally and 
functionally unrelated drugs. The phenotype is 
characterized by (1) cross resistance, (2) decrease in 
drug accumulation, (3) expression of a 170 kDa 
plasma membrane glycoprotein, P-gp, (4) as a result 
of increased transcription or amplification of the 
mdrl gene, and (5) reversal of the phenotype by a 
variety of different compounds (e.g. VER) [for a 
review, see Refs l-41. The most striking feature of 
P-gp is its similarity to a variety of transport proteins. 
P-gp is related to a superfamily of transport systems 
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including bacterial transporters, the cystic fibrosis 
transmembrane conductance regulator, and the 
Plasmodium falciparum drug resistance gene [5]. A 
model for the function of P-gp has been proposed 
in which it acts as an ATP-dependent hydrophobic 
vacuum cleaner extruding hydrophobic drugs from 
the plasma membrane of MDR cells [6]. The precise 
mechanism, however, by which MDR cells maintain 
a lower intracellular cytotoxic drug level than 
their corresponding sensitive cell lines is poorly 
understood. To determine the role of P-gp in the 
active outward transport of antitumor drug in MDR 
cells it is necessary to understand the mechanism of 
efflux. 

In the present study, Ehrlich ascites tumor cell 
lines selected in uivo for resistance to DNR were 
used as an experimental model. In the resistant 
sublines, western blot analysis showed significantly 
different amounts of P-gp. The drug efflux from the 
wild-type cell line and the drug resistant sublines 
were described by exponential kinetics. In four 
resistant sublines a reasonable correlation between 
resistance, P-gp expression, efflux capacity, and 
effect of VER was established. In one subline, 
however, a high expression of P-gp was not correlated 
with high degree of resistance or high efflux capacity. 
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Active efflux was found to be saturable and suggested 
to constitute a major route of efflux in MDR cells. 
A dose-response relationship was established for 
the effect of VER on efflux. 

MATERIALS AND METHODS 

Tumor cells. The wild-type Ehrlich ascites tumor, 
EHR2, and its DNR resistant sublines were used in 
the experiments. All cell lines were maintained in 
first generation hybrids of female NRMI and male 
inbred DBA/2 mice by weekly transplantation of 
1.5 X 10’ cells per mouse. The resistant sublines 
EHR2/0.1, EHR2/0.2, EHR2/0.4, and EHR2/0.8 
were developed in uiuo by intraperitoneal treatment 
with DNR 0.1, 0.2, 0.4, and 0.8 mg/kg x 4 weekly 
corresponding to 6.25, 12.5,25, and 50% of the LDlo 
dose (1.6 mg/kg x 4 weekly). Cells from passage 
No. 72 of EHR2/0.1, No. 24 of EHR2/0.2, No. 54 
of EHR2/0.4, and No. 12 of EHR2/0.8 were used 
for in uitro experiments. These passages were chosen 
as a previous study had shown that cells from these 
passages at steady state accumulated approximately 
the same amount of DNR [7]. For comparison the 
highly resistant passage No. 72 of EHR2/0.8 was 
investigated. 

The original resistant subline EHR2/DNR+ was 
used for calibration of the western blot assay. This 
subline was maintained by treatment with the LDIO 
dose of DNR [8,9]. 

Chemicals. DNR as hydrochloride (Farmatalia 
Carlo Erba, Milan, Italy), sodium azide (Merck, 
Darmstadt, Germany), and VER as hydrochloride 
(Ercopharm Ltd, Copenhagen, Denmark) were all 
of analytical grade. 

Drug resistance. Chemosensitivity was determined 
by the clonogenic assay described by Roed et al. 
[lo]. A single cell suspension with the desired drug 
concentration was plated in soft agar on top of a 
feeder layer containing sheep red blood cells. A 
continuous incubation was used. Each experiment 
was performed in triplicate and repeated 8-12 times. 
Counting was performed after 10 days of incubation. 
An image analysis system from Scan Beam (Hadsund, 
Denmark) was used for counting. Surviving fraction 
was calculated by dividing No. of colonies on the 
treated plates by No. of colonies on the untreated 
control plates. The 1~50 was defined as the drug 
concentration which inhibited 50% of colony 
formation, Relative resistance was the ratio between 
ICKY of the resistant cell lines and 1c50 of parental. 
Fold reversal was the ratio between lcso for DNR in 
absence and presence of VER. 

Antibodies. The primary antibody used was C219 
(Centocor Diagnostics, Philadelphia, PA, U.S.A.). 
As secondary antibody was applied peroxidase 
conjugated F(ab’), fragments of affinity purified 
sheep anti-mouse IgG (Medac, Hamburg, Germany). 

P-gp expression. Western blot analysis was used 
for quantitation of P-gp [7]. Cells were suspended 
in hypotonic buffer (NaCl(10 mM), MgC12(1.5 mM), 
Tris (50 mM), and phenylmethylsulphonylfluoride 
(2mM), pH7.4) for 10 min and disrupted. After 
centrifugation (4000 g, 10 min), supernatants were 
collected and centrifuged at 40,000 g for 60 min. The 
membrane-enriched pellets were harvested, diluted, 

and centrifuged (40,000 g, 60 min). The pellets were 
resuspended in buffer and loaded on gels consisting 
of a stacking gel zone (5%) and a separation zone 
with an 8-18% polyacrylamide gradient. Following 
electrophoresis proteins were transferred to nitro- 
cellulose paper. The paper was blocked, incubated 
overnight with C219, and for 2 hr with the 
secondary antibody. H202 and diaminobenzidine 
tetrahydrocloride (Sigma Chemical Company) were 
used as substrates. Controls were performed by 
omission of primary antibody. 

Reflectance photometry was performed using a 
CS-9000 scanning densitometer (Shimadzu, Kyoto, 
Japan). The content of P-gp was calculated using a 
standard curve composed of membrane preparations 
with defined concentrations of P-gp (mixtures of 
EHR2 and EHR2/DNR+). 

DNR efj’lux. The method described by Skovsgaard 
[ll] was used. In one series of experiments, tumor 
cells were preloaded by incubating for 30 min at 37” 
in medium (NaCl (57mM), KC1 (5mM), MgS04 
(1.3 mM), NaH2P04 (9 mM), Na2HP04 (51 mM), 
pH 7.45) with 5% (v/v) calf serum and DNR (25 PM) 
resulting in an uptake of approximately 2000 pmol 
DNR/106 cells. Subsequently, the cells were washed 
twice at 4”, a final cell suspension of 8 x lO’cells/ 
mL was formed, and 25 PL of this suspension 
corresponding to 2 x lo6 cells was transferred to 
10 mL of standard medium with glucose (10 mM) at 
37”. In all the resistant cell lines, the effect of VER 
on the efflux was investigated by addition of either 
1.1,5.5 or 11 PM VER. Furthermore, dose-response 
of VER on efflux was evaluated in EHR2/0.8 
passage No. 72 by addition of either 0.11, 0.33, 0.55 
or 3.3 ,uM VER. After 6, 20, 40, 60, 80 and 100 set 
then, 2, 3, 4, 5, 10 and 15 min, the flux reaction was 
terminated by cooling and centrifugation at 4360g 
for 5 min at 4”. The drug was extracted from the 
drained cell pellet with 0.3N HCI: 50% ethanol. 
Fluorescence of the extractions was determined in a 
spectrofluorometer (Hitachi F 3010, Tokyo, Japan) 
at excitation 500 nm and emission 583 nm. A curve- 
fitting computer programme from Sigma plot was 
used for calculations of kinetics parameters. 

Determination of DNR release from nuclei of 
sensitive and resistant cells The efflux from nuclei of 
sensitive and resistant cells (passage No. 72 of 
EHR2/0.8) was determined by incubating the cells 
for 30min in standard phosphate medium with 5% 
(v/v) calf serum and DNR (25 PM). Cells were 
washed twice and a suspension of 8 x 10’ cells/ml 
was formed. The buffer used was sucrose (250 mM), 
CaClz (5 mM), and Tris-HCl(25 mM), pH adjusted 
to 7.45. Fifty microliters (4 X lo6 cells) of the cell 
suspension was transferred to 10mL buffer with 
glucose at 37”. Isolated nuclei were prepared by 
addition of Nonidet P40 0.1% (v/v) to the medium. 
Termination of the flux reaction, extraction, and 
determination of fluorescence were performed as 
described previously. 

RESULTS 

P-gp expression and in vitro resistance to DNR 

Table 1 shows the IC,, values achieved when 
EHR2 and the resistant sublines were continuously 
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Table 1. Cytotoxicity of DNR and expression of P-gp in Ehrlich ascites tumor cells 
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Cell line Passage No. GQ DNR WV No. of assays P-gp (units + SD) No. of assays 

EHR2 - 0.019 f 0.001 12 12.0 + 4.0 8 
EHRZ/O. 1 72 0.117 2 0.006 8 75.6 i 15.8 I3 

EHR2/0.2 24 o.10Y~2L23 
&* 

8 38.4 k 6.9 8 

EHR2/0.4 54 0.617 2 0.100 8 210.6 2 16.8 8 
(32.5)* 

EHR2/‘0.8 12 0.097 2 0.027 8 165.6 t 14.8 8 
(S.l>* 

EHR2,/‘0.8 72 0,667 ? 0.067 8 255.0 k 15.0 8 
(35.1)* 

* Relative resistance = ratio between ICY of the resistant cell lines and IC, of the wild-type. 

exposed to DNR. The cell lines ~HR2/~.~, EHRZ/ 
0.2, and passage No. 12 of EHR2/0.8 were 6.2, 
5.5, and 5.1-fald resistant to DNR, respectively 
(P > 0.05). The sublines EHR2/0.4 and passage No. 
72 of EHR2/0.8 were 32.5 and 35.1-fold resistant, 
respectively (P > 0.05). 

P-gp was quantitated by western blot analysis. 
The relative content of P-gp in EHR2 and the 
resistant cell lines is given in Table 1. A S-fold 
variation in P-gp was observed in the resistant cell 
lines. In four of the sublines, a reasonable correlation 
between expression of P-gp and degree of resistance 
was established. However, passage No. 12 of EHR2/ 
0.8 was only five-fold resistant to DNR in spite of a 
high expression of P-gp. 

Ejj‘lux (wushuut kinetics) of DNR 

The efflux was investigated in standard medium 
including glucose. Prior to the eluation, the sensitive 
and resistant cells were preloaded with DNR (25 PM) 
in phosphate buffer for 30 min without glucose to 
reduce active efflux, if any. Within the individual 
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cell lines, uptake of DNR (Co) after loading showed 
a considerable inter-assay variation (mean uptake of 
DNR was: 2228, 2087, 2584, 2571, 2957, and 
2475 pmol DNR/l@ cells for EHR2, EHR2/0.1, 
EHR2/0.2, EHR2/0.4, and passage Nos 12 and 72 
of EHR210.8, respectively). This variation was 
probably a result of several factors: variations in the 
accumulation of DNR during preloading and 
variations in loss of drug or loss of ceils during the 
washing procedure. However, within each subiine 
the relative intracellular drug content CI/CO x 100% 
(C = intracellular drug content and t = time) 
remained constant between assay. Consequently, 
efffux data for the different cell lines were expressed 
by Cf/CO x 100% as a function of time of washout 
(Fig. la-c). Only representative curves are shown. 
The curves obtained for EHR2IO.l (Fig. lb) are 
representative for the sublines EHR2/0.2 and 
passage No. 12 of EHR2,‘O.S. The curves shown for 
passage No. 72 of EHR2J0.8 (Fig. lc) are 
representative for EHR210.4. 

Drug eiliux from P388 cells has been found to be 

(4 
1oc 

Fig. 1. EfRux of DNR from sensitive and resistant EHR2 tumor cells in drug-free medium with glucose 
or corresponding medium with glucose and different concentrations of VER (1.1, 5.5 and 11 ,uM) Each 
point represents the mean of six determinations and bars represent SEM values. (a) = EHR2; (b) = 
EHRZ/O.l; and (c) = EHR2/0.8 (passage No. 72). Thecurves obtained for EHR2,‘O.l are representative 
for the sublines EHR2/0.2 and passage No. 12 of EHRZ/O.B. The curves shown for passage No. 72 of 

EHkYQ’O.8 are representative for EHRZ/D.4. 
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Fig. 2. The figures show semi-logarithmic plot of C/C, as a function of time. The washout curves for 
the sensitive cell line EHR2 and the resistant sublines in medium including VER (11 ,uM) were described 
by mono-exponential kinetics (appendix, equation 1). Efflux from the resistant sublines followed bi- 
exponential kinetics (appendix, equation 2). Furthermore, the figures illustrate the curves for the two 
functions C = A x emKrand C = B x e-Q’. (a) = EHR2; (b) = EHRZ/O.l; and (c) = EHR2/0.8 (passage 
No. 72). The curves obtained for EHR2/0.1 are representative for the sublines EHR2/0.2 and passage 
No. 12 of EHR2/0.8. The curves shown for passage No. 72 of EHR2/0.8 are representative for 

EHR2/0.4. 

compatible with simple diffusion [12]. In our 
experiments efflux from wild-type cells followed 
mono-exponential kinetics (appendix; equation 1), 
that is, efflux from EHR2 cells is also compatible 
with simple diffusion [13]. Figure 2a shows a semi- 
logarithmic plot of C/C,, x 100% as a function of 
time of washout for the sensitive cell line. The K 
value was 0.033 min-’ in medium without VER and 
0.030 mini in medium including VER (11 PM) 
(Table 2). Thus, VER had no effect on the flux of 
drug from sensitive cells (P > 0.05). 

Several authors [14,15 and reviewed in 61 have 
found drug efflux from MDR cells to be composed 

by two main components: diffusion and active P-gp 
mediated efflux. Theoretically, efflux from MDR 
cells could be described by bi-exponential kinetics 
(appendix; equation 2). Figure 2b and c illustrate 
semi-logarithmic plots of the total intracellular DNR 
content versus time of washout for EHR2/0.1 and 
passage No. 72 of EHR2/0.8, respectively. The 
curves obtained for EHR2/0.1 (Fig. lb) are 
representative for the sublines EHR2/0.2 and 
passage No. 12 of EHR2/0.8. The curves shown for 
passage No. 72 of EHR2/0.8 (Fig. lc) are 
representative for EHR2/0.4. Figure 2b and c also 
show the two functions C, = A X emKr and C, = 

Table 2. Kinetic parameters for efflux of DNR from EHR2 and the resistant sublines (N = 6) 

Cell line VER (PM) K (min-‘) P-values Q (min’) P-values 

EHR2 
EHR2jO.l 
EHR2/0.2 
EHR2/0.4 
EHR2/0.8 (12)* 
EHR2/0.8 (72)* 
EHR2/0.1 
EHR210.2 
EHR2/0.4 
EHR2/0.8 (12)* 
EHR2/0.8 (72)* 
EHR2 
EHR2/0.1 
EHR2/0.2 
EHlUj0.4 
EHR2/0.8 (12)* 

- 
- 
- 
1.1 
1.1 
1.1 
1.1 
1.1 
1.0 
1.0 
1.0 
1.0 
1.0 

0.033 - 
0.381 NSt 
0.438 NSt 
0.844 NS$ 
0.436 NSt 
0.773 NSt 
0.057 NS 
0.048 NS 
0.077 0.04 
0.056 NS 
0.084 NS 
0.030 NS 
0.033 NS 
0.025 NS 
0.034 NS 
0.030 NS 

- - 
0.063 NS 
0.045 NS 
0.047 NS 
0.045 NS 
0.071 0.002 

- - 

- - 

EHR2/0.8 (72)* 11.0 0.034 NS 

* Passage No. 
t The K values for EHR2/0.1, EHR2/0.2, 

different (P > 0.05). 
and passage No. 12 of EHR2/0.8 were not significantly 

$ The K values for EHR2/0.4, EHR2/0.2, 
different (P > 0.05). 

and passage No. 72 of EHR2/0.8 were not significantly 
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B x e&’ representing A, B, K, and Q which 
according to the curve fitting programme fit with the 
experimental data; K and Q are given in Table 2. 
The calculated K values for the cell lines EHR2/0.1, 
EHR2/0.2, and passage No. 12 of EHR2/0.8 were 
not significantly different (P > 0.05). In EHR2/0.4 
and passage No. 72 of EHR2/0.8 the K values were 
about 2-fold higher. Thus, in the sublines EHR2/ 
0.1, EHR2/0.2, EHR2/0.4, and passage No. 72 of 
EHR2/0.8 a reasonable correlation between P-gp 
expression, resistance, and efflux was established. 
In passage No. 12 of EHR2/0.8, however, a high 
expression of P-gp was found in spite of a low degree 
of resistance and a low efflux capacity. 

In the resistant cells, it appeared that the efflux 
was composed of an initial fast component followed 
by a significantly slower component. Thus, the ratio 
between the velocity constants K and Q was 6, 10, 
18, 10, and 11 for the cell lines EHR2/0.1, EHR2/ 
0.2, EHR2/0.4, and passage No. 12 and 72 of EHR2/ 
0.8, respectively. In the resistant cell lines, Q varied 
from0.045 too.071 min-‘,whereasthecorresponding 
constant in the sensitive cell line was 0.033 min-‘. 
The Q values for the sublines EHR2/0.1, EHR2/ 
0.2, EHR2/0.4, and passage No. 12 of EHR2/0.8 
were not significantly different from the K value of 
EHR2 (P values 0.394, 0.818, 0.394, 0.065). The Q 
value for passage No. 72 of EHR2/0.8, however, 
was significantly different from the K value of EHR2 
(P = 0.002). 

Considering washout fort = m (appendix; equation 
4), the efflux component described by A, K 
constituted 31, 43, 53, 28 and 55% of the total drug 
efflux in the cell lines EHR2/0.1, EHR2/0.2, EHR2/ 
0.4, and passage Nos. 12 and 72 of EHR2/0.8, 
respectively. 

In order to investigate the relation between 
intracellular content of DNR and efflux the sensitive 
EHR2 cell line and passage No. 72 of the resistant 
EHR2/0.8 subline were preloaded with a range of 
concentrations of DNR. The K values obtained for 
the wild-type cell line EHR2 were: 0.033,0.035, and 
0.028 min-’ corresponding to mean uptake of DNR 
of 1617, 3890, and 6761 pmol/106 cells, respectively 
(N = 6). The K values were not significantly different 
in spite of a more than 4-fold difference in mean 
uptake. 

Figure 3 illustrates the amount of drug effluxed 
by the rapid eftIux component in passage No. 72 of 

l . 
. 
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Fig. 3. The rapid component of efflux (see appendix, 
equation 3, t = 1 min) as a function of the total intracellular 

content of DNR (CO). 

EHR2/0.8 (appendix; equation 3, t = 1 min) as a 
function of the total intracellular content of DNR 
(Ca). The initial rapid efflux phase seemed to saturate 
at an uptake of DNR above 4500 pmol/106 cells. 
The relationship between the capacity of the efflux 
pump and the effect of VER on efflux was 
investigated. Washout for the resistant cell lines 
obtained in medium including VER (1.1-11 PM) 
could be described by mono-exponential kinetics 
(r > 0.98). The kinetics parameters are given in 
Table 2. Representative curves for the resistant cell 
lines obtained in medium including VER (11 PM) 
are shown in Fig. 2b and c. The K values (slopes of 
the curves) for the resistant cell lines in medium 
including VER (11 PM) were not significantly 
different from the K value of the sensitive cell line 
(P > 0.05). 

In all resistant cell lines the efflux was decreased 
after application of VER (1.1 PM). Calculating the 
absolute amount of drug effluxed by the rapid 
component during the first minute (appendix; 
equation 3, t = 1 min), it appeared that addition of 
VER (1.1 PM) to the efflux medium decreased the 
efflux in the first min by 62, 114, 202, 59, and 
183 pmol DNR/106, for the cell lines EHR2/0.1, 
EHR2/0.2, EHR2/0.4, and passage Nos 12 and 72 
of EHR2/0.8, respectively (mean of six experiments). 
Thus, the absolute inhibition by VER correlated to 
P-gp expression, degree of resistance, and efflux 
capacity in four of the sublines. In passage No. 12 
of EHR2/0.8 the absolute inhibition only correlated 
to resistance and efflux. Comparing the relative 
inhibition, however, it appeared that VER (1.1 ,uM) 
blocked 85,87 and 85% of the rapid efflux component 
in the cell lines EHR2/0.2, EHR2/0.4, and No. 72 
of EHR2/0.8 (P > 0.05) and 72% in the sublines 
EHR2/0.1 and passage No. 12 of EHR2/0.8. A 
comparison between the individual cell lines in the 
two groups showed a significant difference (P < 0.05). 

Passage No. 72 of the resistant subline EHR2/0.8 
was used for investigation of the relationship between 
dose of VER and inhibition of efflux. Figure 4 
illustrates Cr/CO X 100% as a function of time of 
washout in presence of VER (0.1-11 PM). The 
relationship between K [calculated from equation 1 
(VER 2 1.1 ,uM) and equation 2 (VER < 1.1 PM), 
respectively] and the concentration of VER is shown 
in Fig. 5. A very steep dose-response relationship 
for inhibition of the rapid component of drug efflux 
with VER was established. 

The relation between mean uptake of DNR and 
effect of VER was investigated in passage No. 72 of 
the resistant EHR2/0.8 subline by preloading with 
a wide range of concentrations of DNR (5-150 PM). 
Washout was performed in medium without VER 
and with VER (1.1 PM). The method did not allow 
determination of the free concentration of DNR in 
the cytosol which is assumed to be the substrate (S) 
for P-gp. Previous experiments [ll], however, have 
shown that the free intracellular concentration of 
DNR, within a wide range, is linearly correlated 
with total amount of DNR. Thus, the total uptake 
was used as an approximation of the actual substrate 
concentration (S). Figure 6 shows a Lineweaver- 
Burk plot (double reciprocal plot) of the initial rapid 
effhtx (appendix; equation 3, t = 1 min) as a function 
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Fig. 4. Efflnx of DNR from passage No. 72 of EHR2/0.8 
in presence of glucose and different concentrations of 
VER. Each point of the curves represents the mean of six 

determinations and bars represent SEM values. 

of total intracellular content of DNR. The correlation 
coefficients (r) were 0.93 and 0.98 for the curves 
obtained in medium without and with VER, 
respectively. It appeared that application of VER 
had no effect on “Vmax”, whereas “K,,,” increased. 

Release of DNR from sensitive and resistant nuclei 

In order to investigate the kinetics of drug release 
from intracellular binding sites, washout experiments 
from isolated nuclei were performed. Whole cells 
were used in the loading and washing procedure. 

o- 

2- 

$ 4- 

Y 

6- 

I 

G!” ’ I 
0.111 1.1 3.3 

0.33 
0.55 

Verapamil (p.M) 

Fig. 5. The velocity constant K for EHR2/0.8 passage No. 
72 as a function of the concentration of VER. K was 

calculated from the equation 2 (see Appendix). 

Verapamil(l.1 M) l 

$ (lo9 x mol-‘) 

Fig. 6. Lineweaver-Burk plot (double reciprocal plot) of 
the rapid component of efflux of DNR (see appendix, 
equation 3) in medium with glucose and VER (1.1 PM) as 

a function of total intracellular drug content (C,). 

After resuspension in the washout medium a 
suspension of nuclei was formed by immediate lysis 
by Nonidet P40. Figure 7a and b show release of 
DNR from intact sensitive and resistant cells and 
nuclei, respectively. Figure 8a and b show the 
corresponding figures in a semi-logarithmic plot. In 
sensitive cells, the time constants (K) for whole cells 
and nuclei in efflux medium including sucrose were: 
-0.0115 and -0.0108 min-’ without significant 
difference. The correlation coefficients for the curves 
were 0.991 and 0.817, respectively. In resistant cells, 
the time constants (Q) for slow phase efflux of whole 
cells and nuclei were -0.0382 and -0.0071 min-‘, 
respectively (P = 0.0087). The correlation coef- 
ficients of the curves were 0.998 and 0.972, 
respectively. 

Effect of VER on cytotoxicity of DNR 

Table 3 reports the 1~~~ values for the cell lines 
and the fold of sensitization after application of 
VER. The VER doses of 0.1 and 15.7 PM were non- 
toxic in dose-response assays. VER (3.1 PM and 
15.7 PM) significantly increased the cytotoxicity of 
DNR in the sensitive cell line EHR2, the P values 
were 0.04 and 0.02, respectively. VER (15.7pM) 
reversed resistance in all the sublines. VER (3.1 PM) 
reversed the resistance completely in the sublines 
EHR2/0.1, EHR2/0.2, and passage No. 12 of 
EHR2/0.8, whereas the sublines EHR2/0.4 and 
passage No. 72 of EHR2/0.8 were still 3- and 2-fold 
resistant to DNR. Thus, VER (3.1 PM) completely 
reversed resistance in the cell lines with low degree 
of resistance and low efflux capacity, whereas the 
cell lines with high degree of resistance and more 
pronounced active efflux were still resistant. As 
passage No. 12 of EHR2/0.8 had a high expression 
of P-gp, but a low efflux capacity, the effect of VER 
seemed to be determined by the degree of resistance 
and the active efflux capacity of P-gp and not the 
amount of P-gp. 

DISCUSSION 

The objective of the present study was to obtain 
a more detailed understanding of the relationship 
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Fig. 7. Release of DNR from nuclei. Cells were preloaded with DNR (25 PM) for 30 min at 37”. After 
washing celis were suspended in glucose-enriched buffer. Nonidet P40 was applied after 5min of 
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Fig. 8. Semi-logarithmic plot of release of DNR from nuclei. Nonidet P40 was applied after 5 mm of 
incubation. Each point is mean of 6-8 determinations and bars re 

and (b) = passage No. 72 of EHR2 fp 
resent SEM values. (a) = EHR;?; 

0.8. 

Tabie 3. Effect of VER on the drug sensitivity of DNR resistant EHR2 subhnes 

Cell line 
KS0 mean 2 SEM 

(r*rw DNR) 
Fold reversal* 
VER (3.1 FM) 

Fold reversal* 
VER (15.7 PM) 

EHR2 0.019 + 0.001 2.4 3.2 
EHR2,‘O.l 0.117 2 0.006 (6.2)? 5.3 11.7 
EHR2,‘O.Z 0.105 rtr 0.023 (5.5)t 4.8 5.8 
EHR210.4 0.617 k 0.100 (32.5)t 15.8 34.3 
EHR2/0.8 No. 12 
EHR2j0.8 

passage 0.097 I 0.027 (5.l)t 16.2 8.8 
passage No. 72 0.667 + 0.067 (35.l)t 13.6 37.1 

* Fold reversal = ratio between tcso for DNR in absence and presence of VER. 
t Retative resistance. 
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between P-gp, resistance, and the mechanism of 
drug efflux in MDR cell lines developed in uioo. It 
appeared that the content of P-gp and the degree of 
resistance increased with increased selection pressure 
(dose of DNR used) and increased duration of 
exposure (No. of passages) f7]. Thus, in several but 
not all of the resistant subiines a reasonable 
correlation between expression of P-gp and degree 
of resistance was established. 

In all ceil lines efflux was measured after preloading 
the cells with DNR (25pM) in phosphate buffer 
without glucose for 30 min. In other experimental 
systems, MDR drugs have been found to be released 
from wild-type cells by simple diffusion 1121. In the 
present study, washout data for sensitive cells could 
be described by mono-exponenti~ kinetics [13]. 
Thus, efflux from EHR2 cells was also compatible 
with simple diffusion. In resistant cells, several 
authors [14,15] have found the efflux to be 
composed of two main components (1) a component 
representing simple diffusion (2) P-gp mediated 
active efflux. Theoretically, drug efflux in MDR cells 
should follow bi-exponential kinetics (appendix; 
equation 2). The experimental data for the resistant 
cell lines in glucose-enriched medium fitted well to 
this equation. The rapid efflwc component was 
completely blocked by VER. VER has been shown 
to act through interference with P-gp drug binding 
and transport [26]. Thus, it seemed reasonable to 
assume that this component represented P-gp 
mediated efflux. Supporting this assumption we 
found the component to be very rapid, accounting 
for 64-88% of the total efflux in the first 3 min. On 
the other hand, as VER has been shown to 
significantly inhibit exocytosis [17] and increased 
endosomal volume and membrane traffic has been 
described in MDR cells (181, the effect of VER did 
not exclude that exocytosis could contribute 
significantly to the efflux. However, Lankelma et al. 
[19] have found efflux to be independent of increased 
intravesicular pH. Demant et al. [20], who used 
numerical computer simulations to analyse some 
possible mechanisms controIling DNR fluxes in a 
kinetic model, have found the exocytotic model to 
be physically impossible. Furthermore, DNR is a 
lipophilic weak base and passive diffusion of the 
non-charged molecule across membranes has been 
shown to be much faster than of the protonated 
form [21]. Therefore, pH gradients across the 
membranes could interfere with DNR efflux. 

In the present study, the slow component of drug 
effhrx from all resistant cell lines but one was not 
significantly different from the release of drug from 
sensitive cells. This finding supported the assumption 
of diffusion as one of the components of efflux in 
MDR cells. However, this result could be explained 
by the limited number of assays and the experimental 
variation usually found in washout data [13]. 

In al1 the resistant cell lines, the active efflux 
proved to constitute a major route (28-55%) of total 
drug efllux (t = 00). This finding is in contradiction 
to that of Spoelstra et al. [14], who measured DNR 
transport with a ~ow~through system. In contrast to 
the present findings, the passive efflux in this study 
(except for the cell lines with the highest amount of 
P-gp) was the main route of DNR efflux from 

MDR cells (approximately 75-90%). A possible 
explanation for the different conclusions could be 
differences in the amount of P-gp in the cell lines 
investigated. 

In four of the resistant sublines a reasonable 
correlation between the expression of P-gp and the 
efflux capacity of the sublines was established. 
However, passage No. 12 of EHR2/0,8 had the 
same veiocity constant K (active efflux) as the 
sublines EHR2/0.1, EHRZkO.2, whereas the P-gp 
content of this cell line was significantly higher. 
Thus, the content of P-gp and active efflux capacity 
did not correlate in a simple way for this subline. In 
other studies, the efflux of DNR has been found to 
correlate with the amount of P-gp [14,15]. 
Correlation between expression of P-gp and 
resistance to vinca alkaloids has been reported in 
several studies [22,23]. In MDR tranfectants the 
density of P-gp in the plasma membrane has been 
found to be sufficient to determine the level of 
resistance [24]. In other cases, no simple correlation 
between the P-gp expression and transport properties 
has been observed [reviewed in 2.51. 

Several explanations could account for these 
discrepancies. First, the relevant relationship was 
between the number of P-gp molecules in the plasma 
membrane and the efflux of free intracellular drug. 
Our study measured total P-gp. Measuring total 
protein is not completely satisfactory as some of the 
protein could be inside the cell and not functional. 
However, by immunohistochemistry P-gp has been 
found to be located primarily in the plasma 
membrane [26]. Furthermore, the method used in 
the present study did not allow determination of the 
free concentration of DNR in the cytosol which is 
assumed to be the substrate (S) for P-gp. It has been 
shown previously [ll] that the free concentration of 
DNR in the cytosol, within a wide range, is linearly 
correlated with the total amount of DNR. Changes 
in intracellular binding of drug and/or changes in 
intercalation of drug, however, could influence the 
results. 

Second, the monoclonal antibody C219 applied 
for quantitation of P-gp was not specific for m&l, 
as it detected mdr2 encoded P-gp too [27]. As mdrl 
encodes for functional P-gp only [2&l, increased 
levels of P-gp due to mdr2 gene expression could 
confound the results [29]. Several studies, however, 
have shown correlations between mdrl mRNA and 
P-gp detected with C219 [30,31]. 

Another explanation could be modulation of the 
biological activity of P-gp. Recent evidence has 
indicated that phosphorylation is required for the 
function of P-gp 1321. 

The cell lines were developed by treatment in 
uioo. Thus, other resistance mechanisms mediated 
by anthracyclines (e.g. changes in glutathione 
transferase or topoisomerase II) could have been 
induced in the cell lines [33]. This possibility, 
however, was contradicted as addition of VER 
completely reversed the resistance in all the celf 
lines. Furthermore, in uiuo metabolism and 
pharmacokinetics of DNR could influence drug level 
and resistance. 

The efflux from resistant cells seemed to saturate 
at a total intracellular content of DNR above 
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4500 pmol/106 cells (the free cytoplasmatic con- 
centration of DNR would be significantly lower than 
4500 pmol/106 cells due to intercalation of drug in 
DNA and binding to intracellular binding sites). As 
we used very high DNR doses to achieve this 
saturation, the conclusion should, however, be 
interpreted with caution as self-association or 
unspecific toxicity (damage of the membrane) of the 
anthracycline molecules could confound the results 
[34]. On the other hand, the conclusion agrees with 
that of several investigators. Cazenave and Robert 
[35] reported saturation of doxorubicin efflux from 
rat glioma (C6) cells. Saturation of vinca alkaloid 
transport has also been described [36]. Spoelstra et 
al. [37] have demonstrated saturation kinetics in 
several colon cancer cell lines with intrinsic resistance. 

In medium including sucrose, the time constants 
(K) obtained for both the sensitive and resistant cell 
lines were significantly different from the time 
constants obtained in medium including glucose. 
This finding could be explained by differences in the 
pH gradient across the plasma membranes. The pK, 
value of DNR is 8.2 [21]. Thus, near physiological 
pH an extreme pH dependence of efflux could be 
expected. Addition of sucrose to the efflux medium 
could change the pH gradient across the plasma 
membrane and thereby influence the efflux. 

In the present study, the efflux from sensitive 
whole cells and nuclei were not significantly different. 
Although changes in pH could disturb the results, 
the data indicated that in sensitive cells the release 
of drug from the nuclei was the rate-limiting process. 
The even lower efflux found in resistant nuclei 
confirms this assumption. The linearity obtained in 
washout experiments indicates that drug bound to 
the nucleus represents the main intracellular 
compartment [13]. This supports previous results 
reported by Skovsgaard [38]. 

In medium including sucrose, the slow component 
of efflux from highly resistant whole cells was 
significantly faster than release from the cor- 
responding nuclei. Changes due to addition of 
sucrose to the efflux medium could confound the 
results. It is, however, unlikely that the efflux in 
EHR2/0.8 (passage No. 72) cells reflected release 
of drug from the nuclei. The finding indicates that 
the drug must be bound to intracellular binding sites 
with weaker affinity than to the nuclei. Although 
the nuclear binding affinity in sensitive and resistant 
cells has been demonstrated to be nearly equal [S], 
the subcellular distribution of anthracyclines in MDR 
cells has been shown to shift from mainly nuclear to 
mainly cytoplasmic [39], which is in agreement with 
our data. 

In the present study, a dose-response relationship 
for the effect of VER on the rapid drug efflux 
component was established. Previously, a similar 
dose-response effect of VER on drug accumulation 
and cytotoxicity has been described [40]. 

In four of five sublines, the effect of VER on drug 
efflux and cytotoxicity of DNR was correlated to 
expression of P-gp, degree of resistance, and efflux 
capacity. In passage No. 12 of EHR2/0.8, however, 
the effect of VER was independent of P-gp. The 
effect of VER on resistance or efflux has only been 
investigated in a limited number of cell lines with 

different expression of P-gp [23,41,42]. Among 
these, Huet et al. [41] investigated the effect of VER 
on doxorubicin efflux and cytotoxicity in three 
doxorubicin resistant rat glioblastoma cell lines. 
Twentyman et al. [42] investigated the effect of VER 
on cytotoxicity of different cytostatics in four MDR 
cell lines with different contents of P-gp. In both of 
these studies, the content of P-gp correlated to the 
degree of resistance, whereas the accumulation 
defects were the same in all investigated resistant 
sublines. In contrast to the present results, these 
authors found the degree of sensitization to correlate 
with the degree of P-gp in all investigated cell lines. 
An explanation for these conflicting results could be 
the missing correlation between P-gp and drug 
accumulation found in both of these studies. Thus, 
in our study and both of these studies, the degree 
of resistance was determining for the effect of VER. 
The discrepancy could be explained by the existence 
of other resistance mechanisms, e.g. quantitative/ 
qualitative changes in topoisomerase II [41]. At last, 
the effect of VER on cytotoxicity and efflux of vinca 
alkaloids have been carefully investigated by 
Shalinsky et al. [23]. These authors used a MDR 
transfectant and a vincristine resistant cell line for 
the experiments and demonstrated a close correlation 
between P-gp, resistance, drug efflux, and effect of 
VER. 

In all the resistant cell lines, application of VER 
(1.1 PM) resulted in approximately the same relative 
inhibition of the rapid efflux component (72-87%). 
This relative inhibition appeared to be independent 
of the amount of P-gp and of the effectiveness of 
the efflux pump (value of K). Assuming that the 
small variations in inhibition between the different 
cell lines reflected variations in intracellular 
concentrations of DNR, we suggest that the ratio 
between inhibitor and anthracycline determines the 
relative inhibition of the efflux, i.e. the probability 
that P-gp is occupied by either VER or anthracycline 
depends on the relative substrate concentrations 
solely. This finding supports that VER acts as a 
competitive inhibitor [43]. 

Lineweaver-Burk plot (double reciprocal plot of 
initial rapid efflux (appendix; equation 3, t = 1 min) 
as a function of total intracellular content of DNR) 
showed that VER changed the apparent “Km” value 
of the rapid efflux component without changes in 
apparent “Vmax”. The result, however, should be 
taken with reservation, though, as the linearity 
between substrate concentration for P-gp (free drug 
concentration) and total intracellular drug content 
could be influenced by changes in drug binding and/ 
or intercalation. Our findings are in agreement with 
the proposal that VER acts as a competitive inhibitor 
WI. 

In the present study, addition of VER to the efflux 
medium had no effect on the efflux from sensitive 
cells. In contrast, Friche etal. [44] reported previously 
a 15% enhancement of the steady state accumulation 
after addition of VER (1OpM) to sensitive EHR2 
cells. In agreement with the present results, Bellamy 
et al. [40] found no effect of VER on the efflux of 
MDR compounds in sensitive cells. In the present 
study, however, VER significantly increased cyto- 
toxicity of DNR in sensitive cells. These findings are 
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supported byTsuruoeta1. [45], buttheresponsiveness 
to MDR drugs of most sensitive cell lines is not 
significantly affected by VER in non-cytotoxic doses 
[41. 

In conclusion, the results confirm that P-gp acts 
as a drug efflux pump. As no simple correlation 
between P-gp and drug efflux could be established, 
it is suggested that other cellular factors influence 
transmembranous transport of DNR, possibly by 
regulation of the function of P-gp. Active efflux 
seems to be saturable and to constitute a major 
route of drug efflux in MDR cells. Our data are 
compatible with the action of VER as a competitive 
inhibitor of P-gp. 
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APPENDIX 

Calculations of drug eflux 

Sensitive cells (mono-exponential kinetics) 

C, = CO X emKf, 

where C = intracellular content of DNR, t = time 
and K = constant. (1) 

Resistant cells (bi-exponential kinetics) 

C, = A x emKt + B x e-Q*, 

where A + B = C, C = total intracellular content of 
DNR, t = time, K and Q = constants. (2) 

Amount of drug ejjluxed by the component described 
by K and A (time = t) 

A effluxed = AO - AO x @’ 

Efpux described by K and A (time = 00) 

A0 - A0 X emKt 
A~_A~~-K’+B,-B~~,-~~~~~~=~ 

A0 - A0 x eeKm 

Ao-Axe-K”+Bo-Boxe-Qm 

Ao 
Ao + Bo (4) 


