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ABSTRACT. P-Glycoprotein-mediated transcellular transport and intracellular accumulation of [3H]daunoru- 
bicin were examined in cell monolayers with different levels of P-glycoprotein. The porcine kidney epithelial cell 
line LLC-PK, was transfected with MDRl cDNA, and four sublines, LLC-GA5, LLC-GA5-VLB4, LLC-GAS- 

COLlO, and LLC-GA5-COL150, were obtained by culturing the cells in the absence or in the presence of 4 
ng/mL vinblastine, 10 ng/mL colchicine, and 150 ng/mL colchicine, respectively. Western blot analysis showed 
a large difference in I’-glycoprotein expression within these sublines. The degree of drug resistance was depen- 
dent on the expression level of P-glycoprotein. The amount of the unidirectional transport of [3H]daunorubicin 
by P-glycoprotein corresponded to the expression level of P-glycoprotein, which was followed by the decrease in 
intracellular accumulation of the agent. The concentration of cyclosporin A required for the inhibition of 
P-glycoprotein-mediated transport of [3H]d aunorubicin was higher in cells with a high expression of P- 

glycoprotein. These findings suggest that the transport of daunorubicin by P-glycoprotein and its inhibition by 
cyclosporin A correspond to the expression level of P-glycoprotein. BIOCHEM PHARMACOL 53;5:741-746, 1997. 
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Drug resistance is a major obstacle in the chemotherapy of 

human cancer. P-Glycoprotein is considered an important 

factor in multidrug resistance; this membrane-bound pro- 

tein pumps a wide variety of anticancer agents out of the 

cells and lowers their intracellular levels [l, 21. Some stud- 

ies in vitro show that the expression levels of P-glycoprotein 

correlate with the level of resistance [3-61. Furthermore, 

the concentration of cyclosporin A required for overcoming 

multidrug resistance is dependent on the expression level of 

P-glycoprotein [6]. However, these studies were focused on 

the relationship between P-glycoprotein expression and 

drug resistance, but not on the transporting activity of P- 

glycoprotein. We have demonstrated previously that sev- 

eral compounds including daunorubicin are unidirection- 
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ally transported by P-glycoprotein in the transcellular trans- 

port system with cell monolayers that hyperexpress 

P-glycoprotein on the apical side [7, 81. In the present 

study, the cell monolayers with different levels of P- 

glycoprotein were utilized to elucidate the relationship be- 

tween P-glycoprotein expression level and P-glycoprotein- 

mediated transport of [3H]daunorubicin, and to examine 

the inhibitory effect of cyclosporin A on [‘Hldaunorubicin 

transport. 

MATERIALS AND METHODS 
Materials 

[3H]Daunorubicin (162.8 GBq/mmol) and [methoxy- 

“C]inulin (0.61 GBq/mmol) were purchased from Du 

Pont-New England Nuclear (Boston, MA, U.S.A.). 

[Mebmt-P-3H] y 1 p c c OS orin A (433 GBq/mmol) was pur- 

chased from Amersham International plc (Buckingham- 

shire, U.K.). Cyclosporin A was supplied by Sandoz Phar- 

maceutical (Basel, Switzerland). Daunorubicin hydrochlo- 

ride was purchased from the Sigma Chemical Co. (St. 

Louis, MO, U.S.A.). Vinblastine sulfate and colchicine 

were purchased from Nacalai Tesque (Kyoto, Japan). All 

other chemicals were of the highest purity available. 
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Cell Lines and Cell Culture 

LLC-PK, cells, derived from porcine kidney, were trans- 
fected with human MDRl cDNA by calcium phosphate 
precipitation, and a stable clone designated LLC-GA5 was 
obtained [9]. This clone was cultured in the absence or in 
the presence of agents; LLC-GAS was cultured in the ab- 

sence of agents, LLC-GA5VLB4 was cultured in the pres- 
ence of 4 ng/mL vinblastine, LLC-GA5-COLlO in the 
presence of 10 ng/mL colchicine, and LLC-GA5-COL150 

in the presence of 150 ng/mL colchicine. These cells were 
propagated in medium 199 (Flow Laboratories, Rockville, 
MD, U.S.A.) supplemented with 10% fetal bovine serum, 

and subcultured every 4-5 days for LLC-PK,, LLC-GA5, 
LLC-GA5-VLB4, and LLC-GA5-COLlO, and 6-8 days for 

LLC-GAS-COL150. KB8-5, a resistant subline of human 
epidermal carcinoma [lo], was cultured in Dulbecco’s modi- 

fied Eagle’s medium (GIBCO, Life Technologies, Grand 
Island, NY, U.S.A.) supplemented with 10% fetal bovine 
serum, and subcultured every 4-5 days. 

Resistance to Anticancer Agents 

Drug sensitivity of the cells was examined by MTT* assay 
[ll]. After 4 days of cell culture in the logarithmic growth 

period in the absence or presence of anticancer agents, 
MTT was added to each well, followed by incubation for 4 
hr. Then the medium was discarded; blue formazan, a re- 

duced form of MTT, was dissolved in dimethyl sulfoxide; 
and the UV absorption was measured at 540 nm. 

Preparation of Hasma Membrane and Western Blotting 

Cells were disrupted in isotonic buffer by nitrogen cavita- 
tion, and membrane fractions were obtained by sucrose gra- 
dient centrifugation [12]. Aliquots (20 kg) of the mem- 
brane fraction from LLC-PK,, LLC-GA5, LLC-GA5- 

VLB4, LLC-GA5COL10, and LLC-GA5-COL150 cells 
were run in 7% SDS-PAGE, were electroblotted onto ni- 

trocellulose, and were reacted with anti-P-glycoprotein an- 

tibody C219. ECL western blotting detection reagents 
(Amersham International plc) were used in the detection 
procedure. 

Transcellukzr Transport 
and Intracellular Accumulation Study 

Transcellular transport study was done as previously re- 
ported [7]. Briefly, LLC-PK,, LLC-GA5, LLC-GA5-VLB4, 
LLC-GA5-COLlO, and LLC-GAS-COL150 cells were 
seeded on microporous polycarbonate membrane filters (3 

p,rn pore size, 4.71 cm2 growth area) inside TranswellTM cell 
chambers (Costar, Cambridge, MA, U.S.A.). For LLC- 
GA5-VLB4, vinblastine was added at a final concentration 

* Abbreviations: MTT, 3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyl* 
tetrazolium bromide; and ECL, enhanced chemiluminescence. 

of 4 ng/mL, and for LLC-GA5-COLlO and LLC-GAS- 
COL150 cells, colchicine was added at a final concentra- 
tion of 10 and 150 ng/mL, respectively. Cells were incu- 
bated for 3 nights, and medium was replaced by drug-free 

medium 6 hr before the experiment. To measure the trans- 
cellular transport, the medium on either the basal or the 
apical side of the monolayer was replaced with medium 

containing [3H]daunorubicin together with [ “C]inulin, 
and the medium on the opposite side was taken at 1, 2, and 
3 hr. In either experiment, the paracellular flux monitored 
by the transcellular transport of [14C]inulin in both direc- 
tions was less than 5% in 3 hr. After the last sampling, the 
cells were washed with 4 mL of ice-cold medium and lysed 

in 1 mL of 0.3 N NaOH, and the intracellular accumulation 
of the radiolabeled agents was also measured. To examine 

the effect of cyclosporin A on the transcellular transport 
and the intracellular accumulation of [3H]daunorubicin, cy- 

closporin A was added on both sides of the monolayers 1 hr 
before the start of the experiments. 

To evaluate the intracellular level of cyclosporin A, 
[mebmt-3H]cyclosporin A was added at various concentra- 
tions on both sides of the monolayers and, after incubation 
for 1 hr, the radioactivity of [melrmt-3H]cyclosporin A ac- 
cumulated in the cells was examined. 

RESULTS 

Western blotting was performed to examine the expression 

of P-glycoprotein in LLC-PK, and the transfectant cells 

(Fig. 1). In LLC-PK,, LLC-GA5, and LLC-GAS-VLB4 
cells, P-glycoprotein was not clearly detectable. On the 
other hand, P-glycoprotein was detected clearly at 170 kDa 
in LLC-GAS-COLlO and LLC-GAS-COL150 cells, and 

also in KB8-5 cells. The amount of P-glycoprotein detected 
in LLC-GA5-COLlO cells was less, while the amount of 
P-glycoprotein in LLC-GAS-COL150 cells was more, than 
that in KB8-5 cells. 

kDa 1 2 3 4 5 6 

FIG. 1. Western blot analysis of membrane fractions from 
LLC-PK, (lane l), LLC-GA5 (lane 2), LLCeGA5eVLB4 
(lane 3), LLCcGAS-COLlO (lane 4), LLCsGA5ZOLlSO 
(lane 5), and KB8-5 (lane 6). Membrane fractions from the 
cells were added to the lanes and reacted with monoclonal 
antibody C2 19 as a probe for P-glycoprotein. Molecular size 
standards are indicated in kilodaltons on the left. 
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Growth inhibitory effects of three anticancer agents, 
daunorubicin, vinblastine, and colchicine, were examined 
by MTT assay in the five cell lines (Table 1). The K+, 

values of daunorubicin, vinblastine, and colchicine for 
LLC-GA5 cells were similar to those for LLC-PK, cells. 
However, for LLC-GAS-VLB4 and LLC-GA5COLlO 
cells, the 1~s~ values of these agents were 3- to 15fold and 
5- to 23-fold higher than for LLC-PK, cells, respectively. 
The IC,, for LLC-GA5COL150 cells was 31. to 160-fold 
higher. 

As we reported previously, P-glycoprotein is specifically 
expressed on the apical membrane in LLC-GA5-COL150 
cells, and the monolayers of this subline showed unidirec- 
tional transport of daunorubicin from the basal to the apical 
side [7]. In the present study, the transcellular transport of 
[3H]daunorubicin was examined in the five sublines (Fig. 2, 
A-E). In LLC-PK, and LLC-GA5 cells, the transcellular 
transport in both directions, from the basal to apical side 
and from the apical to basal side, was similar. On the other 
hand, unidirectional transport was observed in LLC-GA5- 
VLB4, LLC-GA5-COLlO, and LLC-GA5-COL150 cells. 
In these cell lines, the transport from the basal to apical side 
increased and the transport in the opposite direction de- 
creased, compared with those in LLC-PK, cells. The 
amount of the unidirectional transport was comparable to 
the level of P-glycoprotein examined by western blotting 
[LLC-GA5COL150 (Fig. 1, lane 5) > LLC-GAS-COLlO 
(Fig. 1, lane 4) > LLC-GA5-VLB4 (Fig. 1, lane 3)]. 

The effect of 1 p,M cyclosporin A on transcellular trans- 
port of [3H]daunorubicin was examined in cells with P- 
glycoprotein expression (Fig. 3). As an index for the P- 
glycoprotein-mediated transport, net basal-to-apical trans- 
port was calculated by subtracting the apical-to-basal 
transport from the basal-to-apical transport, and was shown 
in the percentage of [3H]daunorubicin applied. In LLC-PK, 
and LLCGA5 cells, the net basal-to-apical transport of 
[3H]daunorubicin was small in the absence and presence of 
cyclosporin A. In LLC-GA5-VLB4 cells, the net basal-to- 
apical transport of [3H]d aunorubicin in the presence of cy- 
closporin A was reduced by 85% relative to that in the 
absence of cyclosporin A. In LLC-GA5-COLlO cells, the 
net basal-to-apical transport was reduced by 70% by cyclo- 
sporin A, indicating a weaker effect compared with that in 
LLC-GA5-VLB4 cells. In LLC-GA5COL150 cells, the ef- 
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feet of cyclosporin A was much smaller; transport was de- 

creased by only 9%. 
The effect of 1 p,M cyclosporin A on the intracellular 

accumulation of [3H]daunorubicin was also examined si- 
multaneously within these cells (Fig. 4). In the absence of 
cyclosporin A, the intracellular accumulation in LLC-PK, 
and LLC-GA5 cells was the highest within the cells exam- 
ined. In LLC-GA5-VLB4, the intracellular accumulation 
was 67% of that in LLC-PK, cells. [3H]Daunorubicin ac- 
cumulation in LLC-GA5COLlO and LLC-GA5-COL150 
cells decreased to 29 and 6% of that in LLC-PK, cells, 
respectively. In the presence of cyclosporin A, the intra- 
cellular accumulation of [3H]daunorubicin in LLC-PK, and 
LLC-GA5 cells did not decrease. The intracellular accu- 
mulation of [3H]daunorubicin in LLC-GAS-VLB4 cells in 
the presence of 1 p,M cyclosporin A was the same as the 
level in the LLC-PK, cells, and in LLC-GA5COLlO cells, 
it was also similar to that in the LLC-PK, cells. However, 
in LLC-GASCOL150 cells, the accumulation of [3H]dau- 
norubicin was less than one-fifth of that in LLC-PK, cells, 
although the amount of the intracellular accumulation it- 
self was 2.7-fold higher than that in LLC-GAS-COL150 
cells in the absence of cyclosporin A. 

The concentration dependence of the inhibitory effect of 
cyclosporin A on [3H]daunorubicin transport was examined 
in LLCGA5COL150 cells. With 1 FM cyclosporin A, the 
directional transport of [3H]daunorubicin was affected only 
slightly, but with 3 FM cyclosporin A, the transport was 
decreased to 35%, and with 5 I.LM cyclosporin A, it was 
decreased to 24% of that without cyclosporin A (Fig. 5A). 
The intracellular accumulation was increased slightly with 
1 FM cyclosporin A, while it was increased by 12-fold with 
3 or 5 FM cyclosporin A (Fig. 5B). 

The intracellular accumulation of cyclosporin A was ex- 
amined in LLC-GA5-VLB4, LLC-GA5-COLlO, and LLC- 
GA5COL150 cells (Fig. 6A). When 1 FM cyclosporin A 
was added on both sides of the monolayers, the accumula- 
tion was in the decreasing order of LLC-GAS-VLB4 > 
LLC-GAS-COLlO > LLC-GA5COL150, which was in- 
versely related with the expression level of P-glycoprotein. 
The intracellular accumulation of various concentrations of 
cyclosporin A was also investigated in LLC-GASCOL150 
cells (Fig. 6B). The concentration-dependence of cyclo- 
sporin A accumulation in LLCGA5COL150 cells was ob- 

TABLE 1. Resistance against anticancer agents 

Ic50 (ng/mL) 

Cells Daunorubicin Vinblastine Colchicine 

LLC-PK, 4.0 f 1.9 2.8 f 0.5 7.9 f 1.1 
LLC-GA5 8.5 + 6.6 3.5 f 1.0 6.1 + 0.4 
LLC-GA5-VLB4 28.1 f 11.7 40.9 + 7.6 28.2 f 1.3 
LLC-GAS-COLlO 77.0 * 17.0 63.8 + 9.0 42.8 k 4.2 
LLC-GAS-COL150 578.4 + 163.1 373.4 + 163.3 238.9 + 51.2 

Values represent the means k SEM of four mdependent expermxnts. 
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0 12 3 

0 1 2 3 

Time (hr) 

FIG. 2. Transcellular transport of [3H]daunorubicin in LLC- 
PK, (A), LLC-GA5 (B), LLC-GA5-VLB4 (C), LLCeGA50 

0 12 3 COLlO (D), and LLC-GA5-COL150 (E) cells. [3H]Daunorubi- 
tin (100 nM, 2 mL) was added to either the basal or the apical 
side of the monolayers. The open circles (0) represent the 
transport from basal to apical side, and the solid circles (0) 
represent the transport from apical to basal side. Each point 
represents the mean * SEM of at least three independent exd 
periments. 

served; the accumulation increased as the concentration 
increased. 

DISCUSSION 

We have examined the relationship between P-glycopro- 
tein expression and P-glycoprotein-mediated transport of 

LLC-PK1 GA5 GA5-V4 GAS-Cl 0 GAS-Cl 50 

FIG. 3. Net basal-toeapical transport of [3H]daunorubicin 
and the effect of 1 pM cyclosporin A in LLC-PK,, LLC- 
GA5, LLC-GASeVLB4, LLC-GAS-COLlO, and LLC-GAS- 
COL150 cells. [3H]Daunorubicin (100 nM, 2 mL) was 
added to either the basal or the apical side of the monolay- 
ers. Net basal-to-apical transport was calculated by subtract- 
ing [3H]daunorubicin transported from apical to basal side 
from [3H]daunorubicin transported from basal to apical 
side, and was shown as the percentage of total [3H]dauno- 
rubicin applied in each well. Open columns and hatched 
columns represent [3H]daunorubicin transport in the ab- 
sence and in the presence of cyclosporin A, respectively. 
Key: (GA5) LLC-GAS; (GA5-V4) LLC-GA5-VLB4; (GA5- 
ClO) LLC-GASXOLlO; and (GA5X150) LLC-GAS- 
COL150. Each column represents the mean * SEM of at 
least three independent experiments. 

anticancer agents utilizing the transcellular transport sys- 
tem. The porcine kidney epithelial cell line LLC-PK, forms 
a highly polarized monolayer with microvilli and tight junc- 
tions. Moreover, P-glycoprotein, introduced externally as 
MDRl cDNA, is localized specifically in the apical mem- 
brane, resulting in a unidirectional transport from basal to 
apical side of the agents that are transported by P- 
glycoprotein [9]. In this study, the P-glycoprotein-mediated 

transport was comparable to the expression level of P- 

LLC-PKI 

J 

GA5 GA5-V4 GA&C10 GA5-Cl50 

FIG. 4. Intracellular accumulation of [3H]daunorubicin and 
the effect of 1 pM cyclosporin A in LLC-PK,, LLC-GAS, 
LLC-GAS-VLB4, LLC-GAS-COLlO, and LLC-GA5- 
COL150 cells. [3H]Daunorubicin (100 nM, 2 mL) was 
added to the basal side of the monolayers, and the intracel- 
lular accumulation at 3 hr was measured. Open columns 
and hatched columns represent the accumulation of 
[3H]daunorubicin in the absence and in the presence of 
cyclosporin A, respectively. Key: (GA5) LLC-GAS; (GA5- 
V4) LLC-GA5-VLB4; (GAS-ClO) LLC-GAS-COLlO; and 
(GA5-C150) LLC-GA5-COL150. Each column represents 
the mean t SEM of at least three independent experiments. 
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ten large within tumors [14, 151. It is also suggested that 
heterogeneity within a tumor may exist at the cellular level, 
that is, there may exist populations of cells that may or may 
not express the MDRl gene [ 16, 171. Hence, when the 
modulators of I?-glycoprotein for reversal of resistance are 
used, the effect of modulators that are transported by P- 
glycoprotein may vary among individuals or even within 
the cellular level, according to the expression levels of P- 
glycoprotein. The modulators that are not transported by 
I?-glycoprotein would be more appropriate for clinical use. 

The cells utilized in this report were transfected with a 
vector that contained MDRl cDNA and the adenosine 
deaminase gene as a selectable marker [9]. Although the 
clones in which the vector was introduced stably were se- 
lected with 9-P-D-xylofuranosyl adenine and 2’-deoxyco- 
formycin, the presence of colchicine or vinblastine in the 
culture medium was required for the expression of P- 
glycoprotein. Moreover, the concentration of the antican- 
cer agents affected the expression level of P-glycoprotein 
[2]. There are three possibilities to explain this phenom- 
enon. The first possibility is that the expression of the 
protein itself was heterogeneous within the cells and only 
those possessing a certain amount of P-glycoprotein were 
able to survive in the presence of either agent. The second 
possibility is that P-glycoprotein was induced or positively 
regulated by the agents coexisting in the culture medium. 
Although anticancer agents can activate the promoter re- 
gion of the MDRl gene [18], this is unlikely in the present 
study, since the vector introduced does not contain the 
promoter region of the MDRf gene [19]. Some events that 
occur at or after transcription may have been influenced. 
The third possibility is that duplication or amplification of 
the expression vector has occurred under the selective pres- 
sure of the cytotoxic agents. 

Since we utilized the cells transfected with human P- 
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FIG. 5. Concentration dependence of the effect of cyclo- 
sporin A on transport and accumulation of [3H]daunorubi- 
tin in LLC-GA5-COLlSO cells. (A) Effect of cyclosporin A 
on the net basal-to-apical transport of [3H]daunorubicin. 
Net basal-to-apical transport was calculated as shown in Fig. 
3. (B) Effect of cyclosporin A on the intracellular accumu- 
lation of [‘H]daunorubicin. [3H]Daunorubicin ( 100 nM, 2 
mL) was added to the basal side of the monolayers, and the 
intracellular accumulation at 3 hr was measured. Each col- 
umn represents the mean 2 SEM of at least three indepen- 
dent experiments. 

glycoprotein; sublines with high levels of P-glycoprotein 
showed a large increase in basal-to-apical transport of dau- 
norubicin, accompanied by a large decrease in intracellular 
accumulation. Since the degree of resistance to anticancer 
agents was also dependent on the expression level of P- 
glycoprotein in these sublines, these findings suggest that 
the expression level of P-glycoprotein determines the de- 
gree of resistance by regulating the intracellular level of 
anticancer agents. 

We have also examined the effect of cyclosporin A on 
the P-glycoprotein-mediated transport of [3H]daunorubicin 
in these sublines with different levels of P-glycoprotein ex- 
pression. Our findings show that in cells with a higher level 
of P-glycoprotein expression, the inhibitory effect on P- 
glycoprotein-mediated transport of [3H]daunorubicin was 
smaller than that in the cells with lower expression. Besides 
the potent activity to modulate multidrug resistance, cyclo- 
sporin A is a substrate of P-glycoprotein and is excreted 
into the extracellular space, resulting in a lower intracellu- 
lar level in P-glycoprotein expressing cells [13]. In this 
study, the intracellular level of cyclosporin A was also com- 
parable to the expression level of P-glycoprotein. Moreover, 
the increase in the intracellular level of cyclosporin A by 
raising its concentration resulted in a potent inhibition of 
the transcellular transport of [3H]daunorubicin in LLC- 
GA5COL150 cells. Therefore, the intracellular level of 
cyclosporin A seemed to determine the inhibitory effect of 
P-glycoprotein-mediated transport, again implying the im- 
portance of the P-glycoprotein-mediated efflux of the 
agents. 

Although P-glycoprotein-mediated resistance to antican- 
cer agents has been well characterized in preclinical models, 
its expression in clinical tumors is not as well characterized. 
Interindividual differences of MDRI mRNA levels are of- 
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FIG. 6. Intracellular accumulation of [mebmt-B-3H] 
cyclosporin A. (A) Intracellular accumulation of 1 JIM 
[mebmt-B-3H]cyclosporin A in LLC-GA5-VLBS, LLC-GA5- 
COLlO, and LLC-GAS-COLlSO cells. Key: (GA5-V4) LLC- 
GAS-VLB4; (GAS-ClO) LLC-GA5-COLlO; and (GA5- 
C 150) LLC-GAS-COL150. (B) Intracelhrlar accumulation 
of various concentrations of [mebmt-B-3H]cyclosporin A in 
LLC-GA5-COL150 cells. Each column represents the mean 
* SEM of at least three independent experiments. 
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glycoprotein, we consider that the resultant drug-resistant 
cell lines were expressing human P-glycoprotein from the 
result of western blotting (Fig. 1). However, we cannot rule 
out the possibility that porcine P-glycoprotein was induced 
under the selective pressure of anticancer agents, because 

the monoclonal antibody C219 utilized in this study might 
cross-react with porcine P-glycoprotein. Similarly, it may 
be possible that other transporters that participate in drug 
resistance, such as multidrug resistance-associated protein, 
were induced in resistant sublines, although we did not 

examine this in the present study. 
In conclusion, the transport of daunorubicin by P- 

glycoprotein and its inhibition by cyclosporin A correspond 

to the expression of P-glycoprotein. 

This work wus supported by a Grant-in-Aid for Scientific Research 
from the Ministry of Education, Science and Culture of Japan, ad by 
a Grant-in-Aid from the Tokyo Biochemical Research Foundation. 
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