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We have examined the effects of verapamil and PSC
33 on cellular uptake and release of rhodamine 123
R123) in two human cancer cell lines. Both verapamil
nd PSC 833 were able to increase R123 accumulation
n the multidrug resistant (MDR) MV522/Q6 and KB-
-5 lines in the release study. However, the effects of
hese drugs on R123 accumulation during accumula-
ion study were quite different. Incubation with PSC
33 increased R123 accumulation in both MDR lines.
y contrast, incubation with verapamil only increased
123 accumulation in the KB-8-5 line. The failure of
erapamil to increase R123 accumulation in the
V522/Q6 cells can be attributed to the presence of a

arrier system in the parent MV522 cells that recog-
izes both R123 and verapamil, but not PSC 833, as
ubstrates. These results imply that performing R123
ccumulation study without first ascertaining possi-
le role of a carrier system for cellular uptake of R123
nd putative P-gp modulators might inadvertently
ead one to draw improper conclusions on P-gp
ctivity. © 2000 Academic Press

Key Words: P-glycoprotein; rhodamine 123; multi-
rug resistance; MDR; efflux; uptake; cancer; lung
arcinoma.

Multidrug resistance (MDR) represents a major ob-
tacle to successful chemotherapy of metastatic dis-
ases (1). The nature of the drug resistance is com-
lex, but it is generally believed that cells become
ultidrug-resistant by either developing mechanisms
hich interfere with programmed cell death or by ex-
ression of energy-dependent pump systems which ex-
lude or extrude anti-cancer drugs from cells (1). Of
hese pumps, the MDR1 gene-encoded multidrug
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harmaceutical Sciences, University of Colorado Health Sciences
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ax: 303-315-0274. E-mail: mailto:Lawrence.Ng@UCHSC.edu.
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ene-encoded MDR-associated proteins (4) have been
ost extensively studied. Both transporters are ATP-

ependent transporters, and belong to a larger family
f ATP-binding cassette (ABC) proteins (5).
The MDR1-encoded P-gp is known to recognize and

ransport many structurally and functionally unre-
ated anticancer drugs, including vinca alkaloids (6),
nthracyclines (7), epipodophyllotoxins (8), and tax-
nes (9, 10). In addition to anticancer drugs, a variety
f other chemicals have been found to be substrates of
-gp. One such chemical is a lipophilic cationic fluores-
ent dye, rhodamine 123 (R123). R123, which selec-
ively locates in mitochondria (11), has been found to
e relatively non-toxic (11, 12) and effluxed more effi-
iently by MDR cells (13, 14). Moreover, such efflux has
lso been found to be inhibited by established modula-
ors of MDR (14, 15). Thus, by following cellular R123
ccumulation or retention in the presence or absence of
-gp modulators, valuable information on P-gp activity
s well as efficiency of these modulators in reversing
-gp activity can be obtained.
Since R123 is considered a permeant cationic fluo-

escent probe (12), its uptake into cells has generally
een assumed to occur via a passive diffusion pro-
ess (16). Here, utilizing the parent and P-gp over-
xpressing MDR human metastatic lung carcinoma
MV522) and epidermoid carcinoma (KB) cell lines, we
ave information to suggest that cellular uptake of
123 in the MV522 cells might occur via a carrier
ystem. In addition, verapamil, which is an established
-gp modulator, might serve as competitive inhibitor

or such a system. These results have important impli-
ations on how one should use R123 for P-gp evaluation
n that performing R123 accumulation analysis with-
ut first knowing whether the P-gp modulators use the
ame carrier system as R123 for uptake into cells
ight inappropriately rule out the presence of P-gp

ctivity and thereby underestimates the effective-
ess of modulators in reversing MDR activity. R123
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onstraint.

ATERIALS AND METHODS

Materials. Cell culture medium and fetal calf serum (FCS) were
btained from Gibco (Grand Island, NY). Rhodamine 123 (R123),
inblastine, verapamil, fentanyl, and imipramine were purchased
rom Sigma Chemical Co. (St. Louis, MO). 3H-verapamil (85 Ci/

mol) was purchased from American Radiolabeled Chemicals (St.
ouis, MO). PSC 833 was purchased from Norvartis (Basel, Switzer-

and). All other reagents, unless specifically stated otherwise, were
urchased from Sigma Chemical Co.

Cell cultures. MV522 (human metastatic lung carcinoma) and its
DR variant MV522/Q6 cells (a transfectoma expressing high levels

f the MDR1 gene-encoded 170-kd P-glycoprotein) were provided by
r. Michael J. Kelner (University of California, San Diego) (17, 18).
B-3-1 (human epidermoid carcinoma) and its MDR variant KB-8-5

ells were provided by Dr. Michael Gottesman (NCI, NIH) (19). All
ell lines were maintained at 37°C in a humidified atmosphere of 5%
O2 and 95% air in minimal essential medium (MEM) supplemented
ith 10% FCS and 2 mM glutamine. In order to maintain the MDR

haracteristics; cell culture media for MDR sublines MV522/Q6 and
B-8-5 were supplemented with 40 ng/ml of vinblastine and 10
g/ml of colchicine, respectively.

Intracellular accumulation of R123. Parent or MDR variants of
V522 and KB cells were seeded in 48-well plates at 1 3 105

ells/well in vinblastine-free or colchicine-free MEM one day before
xperiments. Prior to experiments, cells were washed twice with
erum-free MEM. Subsequently, cells were exposed to 0.25 ml
erum-free MEM alone or 0.25 ml serum-free MEM containing 4 mM
f R123 in the presence or absence of various concentrations of
erapamil or PSC 833 for 60 min at 37°C. After incubation, cellular
ccumulation studies were terminated by removing the assay solu-
ions and washing the cells three times with 1.0 ml of ice-cold
hosphate buffered saline (PBS) solution. The cells were then solu-
ilized by incubation with 1 ml of 0.2 N NaOH overnight. Aliquots
500 ml and 50 ml) of the cell lysate solution were removed for
nalysis of R123 and protein content, respectively. The amount of
rotein in each sample was determined by the Pierce BCA method
Pierce Chemical, Rockford, IL). The concentration of R123 in each
ample was determined quantitatively by fluorescence spectropho-
ometry (Shimadzu RF 1501; lex 5 492 nm, lem 5 535 nm) as
escribed previously (20) and standardized by the protein content of
ach sample. All experiments were carried out in triplicate.

Intracellular accumulation of 3H-verapamil. MV522 and KB-3-1
ells were seeded in 48-well plates at 1 3 105 cells/well in MEM one
ay before experiments. Prior to experiments, cells were washed
wice with serum-free MEM. Subsequently, cells were exposed to
.25 ml serum-free MEM alone or 0.25 ml serum-free MEM contain-
ng 0.1 mCi (5 nM) 3H-verapamil in the presence or absence of various
oncentrations of R123 for 60 min at 37°C. After incubation, cellular
ccumulation studies were terminated by removing the assay solu-
ions and washing the cells three times with 1.0 ml of ice-cold
hosphate buffered saline (PBS) solution. The cells were then solu-
ilized by incubation with 1 ml of 0.2 N NaOH overnight. Aliquots
500 ml and 50 ml) of the cell lysate solution were removed for
nalysis of 3H-verapamil and protein content, respectively. The level
f radioactivity taken up into MV522 and KB-3-1 cells was deter-
ined using a Beckman LS6000 IC liquid scintillation counter and

tandardized with the amount of protein in each sample. The amount
f protein in each sample was determined as described above.

Cellular efflux of R123. P-gp expressing cells (MV522/Q6 or KB-
-5) were seeded in 48-well plates at 1 3 105 cells/well in vinblastine-
125
xperiments, cells were washed twice with serum-free MEM. Subse-
uently, the cells were incubated with 0.25 ml serum-free MEM
lone or serum-free MEM containing 4 mM R123 for 60 min at 37°C.
fter incubation was complete, the culture media was aspirated
ently, and cells were washed three times with 1 ml of ice-cold
erum-free MEM to remove any extracellular R123. After the wash-
ng was complete, cells were restored to either fresh serum-free

EM or serum-free MEM containing no additional drugs, 10 mM
erapamil or 1 mM PSC 833 at 37°C. Sixty minutes thereafter,
ulture medium was removed and cells were washed three times
ith 1.0 ml of ice-cold PBS. The cells were then solubilized and
ssayed for R123 and protein contents as described above.

Evaluation of drug effects on cell viability. Parent cells (MV522
r KB-3-1) were seeded at 2 3 104 cells/well in 96-well plates one day
efore experiments. Prior to experiments, cells were washed twice
ith serum-free MEM. Subsequently, cells were exposed to 0.25 ml

erum-free MEM alone or 0.25 ml serum-free MEM containing 4 mM
123 in the presence or absence of various concentrations of verap-
mil or PSC 833 for 60 min at 37°C.
Following exposure of the cells to R123 alone or in combination
ith various concentrations of verapamil or PSC 833, cell viability
as measured by MTS assay (Promega, Madison, WI).

Statistical analysis. All data are presented as mean 6 SD. Mean
alues were calculated from at least three experiments. Treatment
roups were compared with control for significance by Student un-
aired t tests. P , 0.05 was considered significant.

ESULTS

We first examined the effects of verapamil and PSC
33 on R123 accumulation in the parent (MV522 and
B-3-1) cell lines. In both lines, incubation with verap-
mil resulted in a dose-dependent decrease in R123
ccumulation (Fig. 1). In contrast, PSC 833 exerted no
ffect on R123 accumulation in MV522 cells, but it
aused a dose-dependent decrease in R123 accumula-
ion in KB-3-1 cells (Fig. 1). R123 primarily binds to
ntact mitochondria and, accordingly, processes that
nfluence cell viability may affect R123 retention by

itochondria and, hence, cellular accumulation of
123. To examine if the concentration-dependent re-
uction in R123 accumulation was related to cytotoxic
ctions of either verapamil or PSC 833, we measured
heir effects on cell viability using MTS assay. Both
erapamil and PSC 833 had no effect on MV522 cells,
hereas they exerted a concentration-dependent cyto-

oxicity to KB-3-1 cells (Fig. 2). These observations
mply that KB-3-1 cells are more sensitive to the cyto-
oxic effects of these drugs than MV522 cells and that
he probable cause for concentration-dependent reduc-
ion in R123 accumulation in KB-3-1 cells is most likely
elated to drug-induced cytotoxicity.
Inhibition of R123 accumulation by verapamil but

ot by PSC 833 may be explained by a carrier system
eing present in MV522 cells for R123 and verapamil
ompetes for this carrier. To examine this possibility,
e determined cellular uptake of radiolabeled verap-
mil in the presence of increasing concentrations of
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123. The notion is that if verapamil uses the same
ptake mechanism as R123, then R123 should inhibit
erapamil uptake in a concentration-dependent man-
er. As proposed, cellular uptake of radiolabeled verap-
mil in MV522 cells was inhibited in a concentration-
ependent fashion by R123 (Fig. 3). These results
onfirm our notion that a carrier system is present in
V522 cells for uptake of both R123 and verapamil. To

liminate the possibility that the same mechanism
ight be responsible for decrease in R123 accumula-

ion in KB-3-1 cells, we studied cellular uptake of ra-
iolabeled verapamil in the presence of increasing con-
entrations of R123 in KB-3-1 cells. Addition of
ncreasing amounts of R123 did not inhibit uptake of
adiolabeled verapamil (Fig. 3). These results are con-

FIG. 1. Effect of verapamil or PSC 833 on cellular accumulation
f R123 by the parent MV522 and KB-3-1 cells. R123 accumulation
ormalized to protein content was expressed as accumulation factor.
ccumulation factor for control or untreated cells is defined as equal

o 1. Accumulation factor for treated cells is defined as ratio of
ellular R123 accumulation in the presence of P-gp modulators to
ellular R123 accumulation in the absence of P-gp modulators.
126
B-3-1 cells being primarily related to concentration-
elated cytotoxicity.
Together, our data point to the presence of a carrier

ystem for cellular uptake of R123 and verapamil in
V522 cells but not in KB-3-1 cells. These observa-

ions imply that the modulatory effects of verapamil on
123 accumulation in the MDR MV522/Q6 and KB-8-5
ells may be quite different from those associated with

FIG. 2. Effect of verapamil or PSC 833 on the cellular viability of
he parent cells. MV522 and KB-3-1 cells were incubated for 60 min
n MEM alone (control) or MEM containing 4 mM R123 plus various
oncentrations of verapamil or 4 mM R123 plus various concentra-
ions of PSC 833 (treatment groups). After incubation, MTS assay
as used to quantitate viable cells. Data are expressed as % cellular
iability calculated by the following formula: % cellular viability 5
optical absorbance of cells treated with various combinations of
123 and P-gp modulators)/optical absorbance of control or un-

reated cells) 3 100. % cellular viability for control cells is defined as
qual to 100.



P
t
b
M
t
t
M
K
t
a
c
d
d
t
a
i
a
P
a
t
a
R
t
a
i
m
t
t
i
m
l
m
r
8
t

DISCUSSION

r
f
a
c
r
o
i
e
c
i
t
c

w
(
s
w

o
n
A
m
a
a

b

Vol. 279, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
SC 833. In the case of PSC 833, its expected compe-
ition with R123 for P-gp mediated efflux process would
e expected to increase R123 accumulation in both
V522/Q6 and KB-8-5 cells. However, because of

he presence of a carrier system in the MV522 cells,
he effects of verapamil on R123 accumulation in
V522/Q6 cells should be different from that in the
B-8-5 cells. In KB-8-5 cells that lack the carrier sys-

em, verapamil would be expected to increase R123
ccumulation through its P-gp modulating effects. By
ontrast, in MV522/Q6 cells, verapamil can increase,
ecrease or cause no change to R123 accumulation
epending on how R123 and verapamil interact with
he two transporter proteins, i.e., the inward carrier
nd the P-gp. To examine these possibilities, we stud-
ed the effects of verapamil and PSC 833 on cellular
ccumulation of R123 in MV522/Q6 and KB-8-5 cells.
SC 833 caused a dose-dependent increase in R123
ccumulation in both MDR cell lines (Fig. 4). In con-
rast, verapamil failed to cause any change in R123
ccumulation in the MV522/Q6 cells, but did increase
123 accumulation in KB-8-5 cells. However, it is in-

eresting to note that while all concentrations of verap-
mil increased R123 accumulation relative to control
n KB-8-5 cells, the relative effects of verapamil for

odulating P-gp activity decreased as its concentra-
ion was increased. It is possible that at high concen-
ration, verapamil might have reached cytotoxic levels
n KB-8-5 cells, thereby, nullifying its supposedly P-gp

odulating effect. When verapamil and PSC 833 were
ater examined for their ability to increase R123 accu-

ulation in the R123 retention study, a very different
esult was observed in that both verapamil and PSC
33 were effective in increasing R123 accumulation in
he two MDR cell lines (Fig. 5).

FIG. 3. Effect of R123 on cellular accumulation of [3H]verapamil
y parent MV522 or KB cells.
127
Rhodamine 123 (R123) is a lipophilic cationic fluo-
escent dye that has often been used for studying the
unctional activity of P-glycoprotein (P-gp). When used
s a molecular probe for study of P-gp activity, it is
ustomary to either follow the accumulation (21–24) or
elease (23, 25, 26) of R123 in the presence or absence
f P-gp modulators. If the P-gp modulators were to
ncrease R123 accumulation, a conclusion for the pres-
nce of P-gp activity is usually drawn. Conversely, by
omparing the activity of different P-gp modulators in
ncreasing R123 accumulation, information on the po-
ency of these modulators in reversing P-gp activity
an also be obtained.
In the present communication, the effects of two
idely used P-gp modulators, verapamil and PSC 833

27), on R123 accumulation in two cancer cell culture
ystems were presented. Both verapamil and PSC 833
ere able to increase R123 accumulation in the MDR

FIG. 4. Effects of verapamil or PSC 833 on cellular accumulation
f R123 by the MDR MV522/Q6 and KB-8-5 cells. R123 accumulation
ormalized to protein content was expressed as accumulation factor.
ccumulation factor for control cells is defined as equal to 1. Accu-
ulation factor for treated cells is defined as ratio of cellular R123

ccumulation in the presence of P-gp modulators to cellular R123
ccumulation in the absence of P-gp modulators.
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ells (MV522/Q6 and KB-8-5) in the release study.
hese confirm what others have previously shown re-
arding the action of these drugs in reversing P-gp
ctivity. However, the effects of these two modulators
n R123 accumulation in the MDR cell lines are quite
ifferent during accumulation study. Specifically, incu-
ation with PSC 833 resulted in an increase in R123
ccumulation in both MV522/Q6 and KB-8-5 cells. In

FIG. 5. Effects of verapamil or PSC 833 on cellular retention of
123 in the MDR MV522/Q6 cells and KB-8-5 cells. For these stud-

es, cells were incubated with R123 for 60 min. After washing, cells
ere then incubated for another 60 min in R123-free MEM with and
ithout 1 mM of PSC 833 or 10 mM verapamil. Thereafter, cells were
easured for R123 contents. R123 retention normalized to protein

ontent was expressed as retention factor. Retention factor for con-
rol cells is defined as equal to 1, whereas retention factor for treated
ells is defined as ratio of cellular R123 retention in the presence of
-gp modulators to cellular R123 retention in the absence of P-gp
odulators.
128
ny change in R123 accumulation in MV522/Q6 cells,
ut it caused an increase in R123 accumulation in the
B-8-5 cells. This discrepancy between the effects of

hese two drugs on R123 accumulation in MV522/Q6
ells can be explained if R123 uptake into MV522 cells
s assumed to be a carrier-mediated event, and that
erapamil, but not PSC 833, competes for the carrier.
hile there is no direct evidence that this carrier ex-

sts, the findings that R123 can inhibit 3H-verapamil
ccumulation in MV522 cells in a concentration-
ependent fashion provide strong evidence for such a
arrier. In light of this information, it is interesting to
omment on the significance of this carrier as it relates
o P-gp in the MDR studies. It is expected that when
oth the drugs (in this case R123) and P-gp modulators
re substrates of the inward carrier and P-gp, incubat-
ng cells with P-gp modulators might not necessarily
ead to increase of drug uptake. This is because the
ffinity and/or capacity of these transporters for the
ubstrates might vary. Therefore, depending on the
pecificity for the substrates and the overall capacity of
hese transporters, there might either be uptake or no
et cellular uptake of these substrates. Based on our
ndings that verapamil neither increases nor de-
reases R123 accumulation in MV522/Q6 cells, it
eems that these two transporters in MV522/Q6 cells
ight possess similar affinity and capacity for the two

ubstrates. Currently, work is being undertaken to
dentify and characterize this carrier. Our preliminary
ata so far indicate that other lipophilic cationic drugs,
uch as imipramine and fentanyl, are also effective
nhibitors for R123 uptake into MV522/Q6 cells (un-
ublished observations).
Our observations that verapamil causes a decrease

n R123 accumulation in MV522 cells during accumu-
ation study are in agreement with studies performed
n human lymphoblastoid cells (22) and suggest that a
imilar carrier system might be present in other cancer
ells for cellular uptake of R123 and verapamil. How-
ver, since R123 uptake has always been assumed to
ccur via a passive diffusion process (12, 16), the exis-
ence of a carrier system for R123 uptake into cells has
ot received much experimental attention. Given the
ignificant role of R123 in P-gp studies and the current
ffort to develop new classes of P-gp modulators, many
f which are considered derivatives of verapamil (27),
ur findings have important implications on the use of
123 in P-gp related studies. It is expected that carry-

ng out R123 accumulation study without first deter-
ining whether a carrier system for cellular uptake of
123 exists and, if it is affected by P-gp modulator
nder investigation, might lead one to underestimate
-gp modulatory activity. For example, the failure of a
-gp modulator to increase R123 accumulation will
ften be interpreted as either (i) the cells do not express
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eversing P-gp activity. Based on the results of the
resent study, this negative result might be the direct
onsequence of competition between R123 and P-gp
odulator for uptake into the cells. These issues, how-

ver, will not be a concern if one follows R123 accumu-
ation in the format of a release study. This is because,
nder this scenario, one evaluates the P-gp modulator
y its ability to reduce cellular release of R123 previ-
usly loaded inside cells.
In conclusion, when information such as whether a

-gp modulator might compete with R123 for uptake
nto cells is not readily available, R123 release studies
hould be conducted rather than R123 accumulation
tudies. Furthermore, administration of drugs that are
nown to inhibit P-gp, such as verapamil, may unex-
ectedly reduce, rather than increase the uptake of
ome P-gp substrates in some tissues if inhibition of an
nward transporter overshadows inhibition of the P-gp
ransporter.
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