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Abstract

LLC-PK1 is a proximal tubular cell line derived from normal pig kidney which has a structure and function similar to those of renal
proximal tubular cells and which expresses baseline levels of P-glycoprotein. We isolated by drug selection a doxorubicin-resistant cell line
(LLC-PK1/ADR) that exhibited a multidrug-resistant phenotype; this cell line was characterized by reduced intracellular drug concentra-
tions, an increased drug extrusion, and increased expression of a 170-kDa P-glycoprotein detected by Western blot analysis with monoclonal
antibody C219. In addition, an increased expression ofMDR1mRNA was seen by reverse transcriptase–polymerase chain reaction. These
results suggest that it is possible to induce the overexpression of P-glycoprotein by chronic treatment with doxorubicin in a normal cell line
that physiologically expresses low levels of this protein. This multi-resistant cell line could provide an interesting model for studying the
role of P-glycoprotein and the consequence of its induction in a normal tissue. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Multidrug resistance P-glycoprotein is a 170-kDa trans-
membrane protein which is encoded by a small gene family
comprising two members in humans (MDR1andMDR2/3).
This protein is overexpressed in many drug-resistant tumors
and acts as an ATP-dependent efflux pump to expel hydro-
phobic substances, including chemotherapeutics, from the
cytoplasm [1]. P-glycoprotein is also present in various
normal epithelial tissues, such as liver, intestine, kidney,
and endothelia of the blood–brain barrier [2–4]. Although
the physiologic role of P-glycoprotein is not clear at this
time, possibilities include the protection of normal tissues
from environmental and endogenous toxins, steroid secre-
tion in the adrenal gland, secretion of bile salts in the bile

canaliculi, and secretory functions in the kidney [5]. In
addition to P-glycoprotein, several other proteins contribute
to resistance by controlling drug transport and intracellular
distribution. Among these, a 190-kDa MRP encoded by the
MRPgene has been detected in several tumors and in most
tissues of the human body [6]. It has previously been shown
that expression of P-glycoprotein and of other proteins in-
volved in multidrug resistance is regulated by chronic pres-
ence of substrates bothin vitro [7,8] and in vivo [8,9].
Induction of these proteins could modify the pharmacoki-
netic profile and cause an alteration in treatment efficacy
and in side effects of anticancer drugs.

The LLC-PK1 cells are a proximal tubular renal cell line
derived from pig kidney [10], which has a structure and
function similar to those of renal proximal tubular cells
[11]; these cells physiologically express low amounts of
P-glycoprotein [12,13]. The aim of the study was therefore
to evaluate if treatment with increasing concentrations of
doxorubicin was able to induce the expression level of
P-glycoprotein or of other proteins involved in multidrug
resistance in this normal cell line. A multidrug-resistant line
derived from normal proximal tubular cells should provide
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a suitable system in which to analyze the role of P-glyco-
protein and the effects of its induction in normal tissues.

2. Materials and methods

2.1. Establishment of doxorubicin-resistant clones

The pig kidney epithelial cell line LLC-PK1, obtained
from the American Type Culture Collection (ATCC-CRL-
1392), was grown in medium 199 supplemented with 10%
fetal bovine serum. The cells were selected for doxorubicin
resistance by continuous stepwise increments of doxorubi-
cin concentrations. Cells were seeded at a cell density of
5 3 104 cells/mL in 35-mm dishes in 2 mL of complete
culture medium, and doxorubicin was then added for 48 hr.
The initial concentration of doxorubicin to which cells were
exposed was 0.1mM, which was gradually increased to 20
mM. After incubation with doxorubicin, cells were washed
and cultured in drug-free medium, and were again treated
with increasing concentrations of doxorubicin when cell
number increased at a similar rate as parental cells. A
resistant subline tolerating 20mM doxorubicin, LLC-PK1/
ADR, was collected and stored in liquid nitrogen. The drug
resistance phenotype was stable for several months without
further selection. Cells were used in passages 211 to 230 for
LLC-PK1 and 10 to 20 for LLC-PK1/ADR lines.

Cells seeded as above were allowed to grow until con-
fluency, and monolayers were observed under an inverted
phase-contrast microscope for the morphological phenotype
and formation of domes. Cells were similarly grown on
24-mm Transwell permeable supports (Corning Science
Products), and the transepithelial electrical resistance was
measured in triplicate at confluency using a Millicell-ERS
(Millipore Corp.).

2.2. Growth inhibition assay

Cytotoxicity was determined by means of the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay of Mosmann [14] and the absorbance was
measured on an Automated Microplate Reader EL311s
(Bio-Tek Instruments) with a reference wavelength of 630
nm and a test wavelength of 540 nm. Each experiment was
performed using 8 replicate wells for each drug concentra-
tion, and at least 3 separate experiments were carried out for
each cell line. TheIC50 was defined as the drug concentra-
tion required to reduce the optical density in each test to
50% of control. Resistance factor was defined as the ratio
between theIC50 of the resistant subline and theIC50 of the
parental control. Substances used for cell culture and the
cytotoxicity test were from Sigma-Aldrich.

2.3. Doxorubicin and rhodamine 123 accumulation

LLC-PK1 (4 3 104 cells/mL) and LLC-PK1/ADR (20 3
104 cells/mL) cells were seeded in 35-mm dishes in 2 mL of

complete medium; the uptake of doxorubicin and rhoda-
mine 123 was measured on confluent cells on the 5th day
after inoculation. Cell monolayers were incubated with test
substances and treated as previously described [13]. To
evaluate doxorubicin uptake, the final pellet was resus-
pended in 1 mL of 0.3 N HCl in 50% ethanol, mixed
thoroughly in a vortex mixer, and centrifuged at 700 xg.
Doxorubicin content in the supernatant fraction was deter-
mined fluorimetrically by the method of Bachuret al. [15].
To evaluate rhodamine 123 uptake, the cell pellet was sus-
pended in 1 mL 1% Triton X-100, mixed thoroughly, incu-
bated for 10 min at 37°, and the fluorescence was read on a
spectrofluorimeter with excitation at 504 nm and emission
at 540 nm.

2.4. Rhodamine 123 efflux

Efflux studies were performed by exposing cell mono-
layers to 3mM rhodamine 123 at 37° for 2 (LLC-PK1 cells)
or 3 (LLC-PK1/ADR cells) hr, respectively. Drug-contain-
ing medium was then removed, and monolayers were
washed 3 times with ice-cold saline and incubated for dif-
ferent times in drug-free medium or in medium containing
vinblastine (100mM) or cyclosporin A (50mM). Extraction
of rhodamine 123 was performed following the procedure
previously described. Protein concentration of samples was
determined by the method of Lowryet al. [16]. Doxorubi-
cin, vinblastine, colchicine, taxol, verapamil, and cyclo-
sporin A were purchased from Sigma Chemical Co. All
other chemicals were of analytical grade.

2.5. Western blot analysis

Cells were dissolved in sample buffer according to the
method of Laemmli [17]. Approximately 30mg of proteins
[16] was separated on 8% SDS–PAGE, then transferred to
nitrocellulose membrane. Western blot analysis was per-
formed with C219 (CIS Bio International, 1:200, overnight,
room temperature) [18] and MRPm6 (Chemicon Interna-
tional Inc., 1:250, 1 hr, room temperature) antibodies [19] in
the same buffer used to block the membranes for 2 hr
(Tris-buffered saline: 150 mM NaCl, 50 mM Tris–HCl, pH
7.5, containing 0.05% v/v Tween 20, added with 3% w/v
BSA for C219 antibody and 1% non-fat milk for MRPm6
antibody). An anti-mouse secondary antibody conjugated
with alkaline phosphatase (Sigma 1:30,000, 1 hr, room
temperature) revealed the specific binding of antibodies.
Markers were Kaleidoscope Prestained Standards (Bio-Rad
Laboratories).

2.6. RT–PCR

Total RNA was extracted according to Chomczynski and
Sacchi [20]. mRNA was purified using poly A1 tract Isola-
tion System IV (Promega). mRNA (100–500 ng) was reverse
transcribed using Superscript II RNAse H- (GIBCO BRL), and
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the cDNA were used in PCR reaction in a final volume of 10
mL. Synthetic oligonucleotide primers (Boehringer Mann-
heim) were used to investigate the presence ofMDR1,
MDR2/3, MRP1, and MRP2/cMOATmRNA transcripts.
MDR1sense, 59-CCCATCATTGCAATAGCAGG-39, anti-
sense 59-GTTCAAACTTCTGCTCCTGA-39 (M14758 se-
quence);MDR2/3 sense, 59-TTATCTACGGTTGGCAGT-
TAACC-39, antisense 59-CGAAAACAACCGGCATAG-
GAA-39 (M23234 sequence);MRP1sense1, 59-CGGAAA-
CCATCCACGACCCTAATCC-39,antisense159-TCCTCA-
TTCGCATCCACCTTGG-39 (L05628 sequence);MRP1
sense2, 59-TTCCCATTTCAACGAGACCTTGCTG-39, an-
tisense2, 59-TCCGCCCCACGATGCCGACCT-39 (L05628
sequence);MRP2/cMOAT sense, 59TGGCTGAGATTG-
GAGAG-39, antisense 59-TTTGTCCTTTCACTAGTTC-39
(X96395 sequence).

The amplification byTaq polymerase was performed
using a PTC 100 DNA thermal cycler M. J. Research. After
denaturing at 94° for 5 min, the reaction was conducted for
30 cycles (94° for 1 min, 60° for 1 min, 72° for 1 min) for
MDR2/3 and MRP1; there were 30 cycles forMDR1 (94°
for 30 sec, 55° for 1 min, 72° for 2 min, according to
Noonanet al. [21]); for MRP2/cMOATthere were 35 cycles
(94° for 1 min, 50° for 1 min, 72° for 1 min). For all primers
the reaction ended with a final step at 72° for 10 min. PCR
products were subjected to electrophoresis on 1.5% agarose
gel and visualized by ethidium bromide staining. cDNA
from pig liver was used as positive control. As an internal
control primers amplifying a fragment ofb-actin were used.
The DNA marker wasfx174DNA/Haelll (Promega Corp.).

3. Results and discussion

We have selected a drug-resistant renal proximal tubule
cell line LLC-PK1/ADR that exhibits the biochemical and
pharmacological characteristics typical of the pleiotropic
drug resistance phenotype. These cells were derived from
the LLC-PK1 cell line, established by Hullet al. [10] from
male Hampshire pig renal tissue. This cell line maintains
some functions of normal proximal tubular cells such as a
Na1-dependent transport system, enzymes located in the
apical membrane [10,11], and an electric resistance of the

monolayer that is typical of a leaky epithelium [22]. In
addition, when grown in tissue culture dishes, these cells
form domes as a result of transepithelial transport and ac-
cumulation of fluid between the cell monolayer and culture
dish. Thus, this cell line is considered a relevant tool for the
examination of the functions of proximal tubule [11].

Fig. 1. Doxorubicin uptake in LLC-PK1 (F) and LLC-PK1/ADR (³) cells.
Cells were incubated with 50mM doxorubicin in complete culture medium
for up to 240 min. Each point represents the mean6 SE of data from three
to six wells.

Fig. 2. Rhodamine 123 uptake in LLC-PK1 (F) and LLC-PK1/ADR (³)
cells. Cells were incubated with 3mM rhodamine in complete culture
medium for up to 240 min. Each point represents the mean6 SE of data
from three to six wells.

Table 1
Results from cytotoxicity assays

IC50 (mM) RFa

LLC-PK1 LLC-PK1/ADR

Doxorubicin 0.35 2.5 7.14
Daunorubicin 0.2 1 5
Taxol 0.02 2 100
Colchicine 0.05 10 200

Three or more experiments were performed for each drug in each cell
line.

aRF: resistance factor (IC50 resistant cells/IC50 sensitive cells).
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The morphological phenotype and transepithelial resis-
tance (1096 10.5 for LLC-PK1 and 1026 3.0 for LLC-
PK1/ADR) were maintained in the resistant cell line ob-
tained in our laboratory; when cultured in drug-free medium
for a maximum of 20 passages, no reversion to the drug-
sensitive phenotype was observed. This cell line manifested
doxorubicin resistance, with a resistance factor of 7.14. This
level of resistance is lower compared to resistant tumor cell
lines selectedin vitro, but is probably more characteristic of

in vivo drug resistance. Furthermore, there was cross-resis-
tance between doxorubicin, daunorubicin, taxol, and colchi-
cine, with a resistance profile that is that of classical mul-
tidrug resistance (Table 1). The intracellular uptake of
doxorubicin (Fig. 1) and rhodamine 123 (Fig. 2) was dras-
tically lower in the resistant subline, while treatment with
some reverting agents reduced this drug accumulation de-
fect (Fig. 3), suggesting that decreased drug accumulation
contributed to P-glycoprotein-mediated multidrug resis-
tance. Characterization of the efflux showed a reduction in
the intracellular retention of rhodamine in LLC-PK1/ADR
cells which was almost completely reversed by cyclosporin
A and vinblastine. A small but significant effect on retention
was, however, also evident in the parental cell line, which is
also consistent with a low P-glycoprotein expression in
these cells (Fig. 4).

Kidney P-glycoprotein has been localized in the apical
brush border membrane of the proximal tubuli [2], where it
is expected to participate in the excretion of xenobiotics, as
well as in proximal tubular cells in culture [13,23,24]. The
results of the present study revealed an increase inMDR1
mRNA levels in LLC-PK1/ADR cells compared with pa-
rental cells (Fig. 5). These findings were correlated with
levels of P-glycoprotein detected by the monoclonal anti-
body C219 (Fig. 6). LLC-PK1/ADR cells exhibited a sig-
nificant induction of P-glycoprotein as compared to the
parent line, which expressed low but detectable amounts of
the protein. The positive control cells, P388/ADR, also
exhibited considerable induction. The expression level of
MDR2/3mRNA was extremely low and unchanged in the
two cell lines (data not shown). This finding is in agreement
with the current knowledge thatMDR2/3 in humans is not
involved in the phenomenon of drug resistance, its main
function being the transport of phospolipids into the bile
[25].

Besides P-glycoprotein, another pump, the multidrug re-

Fig. 3. Effect of 500mM verapamil (o), 100mM vinblastine (z), and 50
mM cyclosporin A (s) on rhodamine 123 uptake in LLC-PK1 and LLC-
PK1/ADR cells. The cells were incubated in medium containing rhodamine
123 (3 mM) without (u) or with the inhibitors for 240 min. Each bar
represents the mean6 SE of data from three to six determinations from a
typical experiment.

*: P , 0.05. **: P , 0.01; Student’st-test for independent data.

Fig. 4. Kinetics of rhodamine 123 release from LLC-PK1 and LLC-PK1/ADR cells incubated in complete medium containing rhodamine. After 2 (LLC-PK1)
or 3 (LLC-PK1/ADR) hr of incubation, the cells were washed with ice-cold PBS to remove free rhodamine (time 0, total uptake) and incubated at 37° in
drug-free medium (F) or in medium containing cyclosporin A 50mM (■) or vinblastine 100mM (Œ). Rhodamine remaining in the cells was measured at
60 and 180 min. Each point represents the mean6 SE of data from three to six determinations from a typical experiment.
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sistance protein, is involved in multidrug resistance. MRP is
a 190-kDa member of the family of ATP-binding cassette
(ABC) membrane transporters that, similar to P-glycopro-
tein, mediates resistance to a range of structurally and func-
tionally unrelated drugs [6]. Our results show thatMRP1is
expressed in both cell lines, but no overexpression could be
observed in the resistant subline. Indeed, Western blot anal-
ysis with MRPm6 monoclonal antibody revealed a weak
band of about 190 kDa in the two cell lines, but not in the
P388/ADR cells (Fig. 6); data were confirmed by RT-PCR,
which showed that the expression ofMRP1 as well as of

MRP2/cMOATgenes was significant, but unchanged in the
two lines (data not shown). The role ofMRP1in the kidney
is still unclear, although recent evidence suggests that it
could act as an excretory pump as does P-glycoprotein [26].
While MRP2, the hepatocyte canalicular isoform of the
multidrug resistance protein, also called cMOAT [27], has
been identified in the brush border of proximal convoluted
tubule cells [28], MRP was found in the glomeruli, ascend-
ing limb cells, and basolateral membranes of the distal and
collecting tubule cells of the kidney, but not in proximal
tubular cells [29].

Clinical and in vitro studies [7–9,30] provide evidence
for the regulated increase in functional expression of P-
glycoprotein and related proteins in normal tissues as a
consequence of chronic presence of the substrates. For kid-

Fig. 5. RT-PCR analysis ofMDR1 expression in LLC-PK1 and LLC-PK1/
ADR cells and in pig liver. RNA (100–500 ng) was reverse transcribed,
and the resulting cDNA was tested in PCR reaction using specific primers
as described in Materials and Methods. The amplification of ab-actin
fragment was used as an internal control. The size of the amplified product
was determined from the mobility of the DNA size markers.

Fig. 6. Western blot analysis of proteins from P388/ADR, LLC-PK1, and
LLC-PK1/ADR cells. Cell lysates (30mg) were probed with monoclonal
antibody C219 (upper panel) or MRPm6 (lower panel). Molecular size
standards are indicated in kDa.
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ney, where expression will influence excretory capacity, this
will substantially alter pharmacokinetic profiles and may be
relevant to the treatment efficacy and side effects of drugs.
This phenomenon seems to be particularly important since
many P-glycoprotein substrates are widely used in clinical
practice, both in antineoplastic multicombination therapy
and for indications unrelated to oncology. Therefore, a mul-
tidrug-resistant cell line derived from the normal proximal
tubule could represent a useful system for studying the
effects of P-glycoprotein induction in normal tissues.
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