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We have examined the effects of verapamil and PSC
833 on cellular uptake and release of rhodamine 123
(R123) in two human cancer cell lines. Both verapamil
and PSC 833 were able to increase R123 accumulation
in the multidrug resistant (MDR) MV522/Q6 and KB-
8-5 lines in the release study. However, the effects of
these drugs on R123 accumulation during accumula-
tion study were quite different. Incubation with PSC
833 increased R123 accumulation in both MDR lines.
By contrast, incubation with verapamil only increased
R123 accumulation in the KB-8-5 line. The failure of
verapamil to increase R123 accumulation in the
MV522/Q6 cells can be attributed to the presence of a
carrier system in the parent MV522 cells that recog-
nizes both R123 and verapamil, but not PSC 833, as
substrates. These results imply that performing R123
accumulation study without first ascertaining possi-
ble role of a carrier system for cellular uptake of R123
and putative P-gp modulators might inadvertently
lead one to draw improper conclusions on P-gp
activity. © 2000 Academic Press
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Multidrug resistance (MDR) represents a major ob-
stacle to successful chemotherapy of metastatic dis-
eases (1). The nature of the drug resistance is com-
plex, but it is generally believed that cells become
multidrug-resistant by either developing mechanisms
which interfere with programmed cell death or by ex-
pression of energy-dependent pump systems which ex-
clude or extrude anti-cancer drugs from cells (1). Of
these pumps, the MDR1 gene-encoded multidrug
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transporter or P-glycoprotein (P-gp) (2, 3) and the MRP
gene-encoded MDR-associated proteins (4) have been
most extensively studied. Both transporters are ATP-
dependent transporters, and belong to a larger family
of ATP-binding cassette (ABC) proteins (5).

The MDR1-encoded P-gp is known to recognize and
transport many structurally and functionally unre-
lated anticancer drugs, including vinca alkaloids (6),
anthracyclines (7), epipodophyllotoxins (8), and tax-
anes (9, 10). In addition to anticancer drugs, a variety
of other chemicals have been found to be substrates of
P-gp. One such chemical is a lipophilic cationic fluores-
cent dye, rhodamine 123 (R123). R123, which selec-
tively locates in mitochondria (11), has been found to
be relatively non-toxic (11, 12) and effluxed more effi-
ciently by MDR cells (13, 14). Moreover, such efflux has
also been found to be inhibited by established modula-
tors of MDR (14, 15). Thus, by following cellular R123
accumulation or retention in the presence or absence of
P-gp modulators, valuable information on P-gp activity
as well as efficiency of these modulators in reversing
P-gp activity can be obtained.

Since R123 is considered a permeant cationic fluo-
rescent probe (12), its uptake into cells has generally
been assumed to occur via a passive diffusion pro-
cess (16). Here, utilizing the parent and P-gp over-
expressing MDR human metastatic lung carcinoma
(MV522) and epidermoid carcinoma (KB) cell lines, we
have information to suggest that cellular uptake of
R123 in the MV522 cells might occur via a carrier
system. In addition, verapamil, which is an established
P-gp modulator, might serve as competitive inhibitor
for such a system. These results have important impli-
cations on how one should use R123 for P-gp evaluation
in that performing R123 accumulation analysis with-
out first knowing whether the P-gp modulators use the
same carrier system as R123 for uptake into cells
might inappropriately rule out the presence of P-gp
activity and thereby underestimates the effective-
ness of modulators in reversing MDR activity. R123
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efflux studies, however, would not be subject to this
constraint.

MATERIALS AND METHODS

Materials. Cell culture medium and fetal calf serum (FCS) were
obtained from Gibco (Grand Island, NY). Rhodamine 123 (R123),
vinblastine, verapamil, fentanyl, and imipramine were purchased
from Sigma Chemical Co. (St. Louis, MO). *H-verapamil (85 Ci/
mmol) was purchased from American Radiolabeled Chemicals (St.
Louis, MO). PSC 833 was purchased from Norvartis (Basel, Switzer-
land). All other reagents, unless specifically stated otherwise, were
purchased from Sigma Chemical Co.

Cell cultures. MV522 (human metastatic lung carcinoma) and its
MDR variant MV522/Q6 cells (a transfectoma expressing high levels
of the MDR1 gene-encoded 170-kd P-glycoprotein) were provided by
Dr. Michael J. Kelner (University of California, San Diego) (17, 18).
KB-3-1 (human epidermoid carcinoma) and its MDR variant KB-8-5
cells were provided by Dr. Michael Gottesman (NCI, NIH) (19). All
cell lines were maintained at 37°C in a humidified atmosphere of 5%
CO, and 95% air in minimal essential medium (MEM) supplemented
with 10% FCS and 2 mM glutamine. In order to maintain the MDR
characteristics; cell culture media for MDR sublines MV522/Q6 and
KB-8-5 were supplemented with 40 ng/ml of vinblastine and 10
ng/ml of colchicine, respectively.

Intracellular accumulation of R123. Parent or MDR variants of
MV522 and KB cells were seeded in 48-well plates at 1 x 10°
cells/well in vinblastine-free or colchicine-free MEM one day before
experiments. Prior to experiments, cells were washed twice with
serum-free MEM. Subsequently, cells were exposed to 0.25 ml
serum-free MEM alone or 0.25 ml serum-free MEM containing 4 uM
of R123 in the presence or absence of various concentrations of
verapamil or PSC 833 for 60 min at 37°C. After incubation, cellular
accumulation studies were terminated by removing the assay solu-
tions and washing the cells three times with 1.0 ml of ice-cold
phosphate buffered saline (PBS) solution. The cells were then solu-
bilized by incubation with 1 ml of 0.2 N NaOH overnight. Aliquots
(500 pl and 50 wl) of the cell lysate solution were removed for
analysis of R123 and protein content, respectively. The amount of
protein in each sample was determined by the Pierce BCA method
(Pierce Chemical, Rockford, IL). The concentration of R123 in each
sample was determined quantitatively by fluorescence spectropho-
tometry (Shimadzu RF 1501; A, = 492 nm, A, = 535 nm) as
described previously (20) and standardized by the protein content of
each sample. All experiments were carried out in triplicate.

Intracellular accumulation of *H-verapamil. MV522 and KB-3-1
cells were seeded in 48-well plates at 1 X 10° cells/well in MEM one
day before experiments. Prior to experiments, cells were washed
twice with serum-free MEM. Subsequently, cells were exposed to
0.25 ml serum-free MEM alone or 0.25 ml serum-free MEM contain-
ing 0.1 uCi (5 nM) *H-verapamil in the presence or absence of various
concentrations of R123 for 60 min at 37°C. After incubation, cellular
accumulation studies were terminated by removing the assay solu-
tions and washing the cells three times with 1.0 ml of ice-cold
phosphate buffered saline (PBS) solution. The cells were then solu-
bilized by incubation with 1 ml of 0.2 N NaOH overnight. Aliquots
(500 pl and 50 pl) of the cell lysate solution were removed for
analysis of *H-verapamil and protein content, respectively. The level
of radioactivity taken up into MV522 and KB-3-1 cells was deter-
mined using a Beckman LS6000 IC liquid scintillation counter and
standardized with the amount of protein in each sample. The amount
of protein in each sample was determined as described above.

Cellular efflux of R123. P-gp expressing cells (MV522/Q6 or KB-
8-5) were seeded in 48-well plates at 1 X 10° cells/well in vinblastine-
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free or colchicine-free MEM one day before experiments. Prior to the
experiments, cells were washed twice with serum-free MEM. Subse-
quently, the cells were incubated with 0.25 ml serum-free MEM
alone or serum-free MEM containing 4 uM R123 for 60 min at 37°C.
After incubation was complete, the culture media was aspirated
gently, and cells were washed three times with 1 ml of ice-cold
serum-free MEM to remove any extracellular R123. After the wash-
ing was complete, cells were restored to either fresh serum-free
MEM or serum-free MEM containing no additional drugs, 10 uM
verapamil or 1 uM PSC 833 at 37°C. Sixty minutes thereafter,
culture medium was removed and cells were washed three times
with 1.0 ml of ice-cold PBS. The cells were then solubilized and
assayed for R123 and protein contents as described above.

Evaluation of drug effects on cell viability. Parent cells (MV522
or KB-3-1) were seeded at 2 X 10* cells/well in 96-well plates one day
before experiments. Prior to experiments, cells were washed twice
with serum-free MEM. Subsequently, cells were exposed to 0.25 ml
serum-free MEM alone or 0.25 ml serum-free MEM containing 4 uM
R123 in the presence or absence of various concentrations of verap-
amil or PSC 833 for 60 min at 37°C.

Following exposure of the cells to R123 alone or in combination
with various concentrations of verapamil or PSC 833, cell viability
was measured by MTS assay (Promega, Madison, WI).

Statistical analysis. All data are presented as mean = SD. Mean
values were calculated from at least three experiments. Treatment
groups were compared with control for significance by Student un-
paired t tests. P < 0.05 was considered significant.

RESULTS

We first examined the effects of verapamil and PSC
833 on R123 accumulation in the parent (MV522 and
KB-3-1) cell lines. In both lines, incubation with verap-
amil resulted in a dose-dependent decrease in R123
accumulation (Fig. 1). In contrast, PSC 833 exerted no
effect on R123 accumulation in MV522 cells, but it
caused a dose-dependent decrease in R123 accumula-
tion in KB-3-1 cells (Fig. 1). R123 primarily binds to
intact mitochondria and, accordingly, processes that
influence cell viability may affect R123 retention by
mitochondria and, hence, cellular accumulation of
R123. To examine if the concentration-dependent re-
duction in R123 accumulation was related to cytotoxic
actions of either verapamil or PSC 833, we measured
their effects on cell viability using MTS assay. Both
verapamil and PSC 833 had no effect on MV522 cells,
whereas they exerted a concentration-dependent cyto-
toxicity to KB-3-1 cells (Fig. 2). These observations
imply that KB-3-1 cells are more sensitive to the cyto-
toxic effects of these drugs than MV522 cells and that
the probable cause for concentration-dependent reduc-
tion in R123 accumulation in KB-3-1 cells is most likely
related to drug-induced cytotoxicity.

Inhibition of R123 accumulation by verapamil but
not by PSC 833 may be explained by a carrier system
being present in MV522 cells for R123 and verapamil
competes for this carrier. To examine this possibility,
we determined cellular uptake of radiolabeled verap-
amil in the presence of increasing concentrations of
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FIG. 1. Effect of verapamil or PSC 833 on cellular accumulation

of R123 by the parent MV522 and KB-3-1 cells. R123 accumulation
normalized to protein content was expressed as accumulation factor.
Accumulation factor for control or untreated cells is defined as equal
to 1. Accumulation factor for treated cells is defined as ratio of
cellular R123 accumulation in the presence of P-gp modulators to
cellular R123 accumulation in the absence of P-gp modulators.

R123. The notion is that if verapamil uses the same
uptake mechanism as R123, then R123 should inhibit
verapamil uptake in a concentration-dependent man-
ner. As proposed, cellular uptake of radiolabeled verap-
amil in MV522 cells was inhibited in a concentration-
dependent fashion by R123 (Fig. 3). These results
confirm our notion that a carrier system is present in
MV522 cells for uptake of both R123 and verapamil. To
eliminate the possibility that the same mechanism
might be responsible for decrease in R123 accumula-
tion in KB-3-1 cells, we studied cellular uptake of ra-
diolabeled verapamil in the presence of increasing con-
centrations of R123 in KB-3-1 cells. Addition of
increasing amounts of R123 did not inhibit uptake of
radiolabeled verapamil (Fig. 3). These results are con-

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

sistent with the reduction in R123 accumulation in
KB-3-1 cells being primarily related to concentration-
related cytotoxicity.

Together, our data point to the presence of a carrier
system for cellular uptake of R123 and verapamil in
MV522 cells but not in KB-3-1 cells. These observa-
tions imply that the modulatory effects of verapamil on
R123 accumulation in the MDR MV522/Q6 and KB-8-5
cells may be quite different from those associated with
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FIG. 2. Effect of verapamil or PSC 833 on the cellular viability of
the parent cells. MV522 and KB-3-1 cells were incubated for 60 min
in MEM alone (control) or MEM containing 4 uM R123 plus various
concentrations of verapamil or 4 uM R123 plus various concentra-
tions of PSC 833 (treatment groups). After incubation, MTS assay
was used to quantitate viable cells. Data are expressed as % cellular
viability calculated by the following formula: % cellular viability =
(optical absorbance of cells treated with various combinations of
R123 and P-gp modulators)/optical absorbance of control or un-
treated cells) X 100. % cellular viability for control cells is defined as
equal to 100.
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FIG. 3. Effect of R123 on cellular accumulation of [*H]verapamil
by parent MV522 or KB cells.

PSC 833. In the case of PSC 833, its expected compe-
tition with R123 for P-gp mediated efflux process would
be expected to increase R123 accumulation in both
MV522/Q6 and KB-8-5 cells. However, because of
the presence of a carrier system in the MV522 cells,
the effects of verapamil on R123 accumulation in
MV522/Q6 cells should be different from that in the
KB-8-5 cells. In KB-8-5 cells that lack the carrier sys-
tem, verapamil would be expected to increase R123
accumulation through its P-gp modulating effects. By
contrast, in MV522/Q6 cells, verapamil can increase,
decrease or cause no change to R123 accumulation
depending on how R123 and verapamil interact with
the two transporter proteins, i.e., the inward carrier
and the P-gp. To examine these possibilities, we stud-
ied the effects of verapamil and PSC 833 on cellular
accumulation of R123 in MV522/Q6 and KB-8-5 cells.
PSC 833 caused a dose-dependent increase in R123
accumulation in both MDR cell lines (Fig. 4). In con-
trast, verapamil failed to cause any change in R123
accumulation in the MV522/Q6 cells, but did increase
R123 accumulation in KB-8-5 cells. However, it is in-
teresting to note that while all concentrations of verap-
amil increased R123 accumulation relative to control
in KB-8-5 cells, the relative effects of verapamil for
modulating P-gp activity decreased as its concentra-
tion was increased. It is possible that at high concen-
tration, verapamil might have reached cytotoxic levels
in KB-8-5 cells, thereby, nullifying its supposedly P-gp
modulating effect. When verapamil and PSC 833 were
later examined for their ability to increase R123 accu-
mulation in the R123 retention study, a very different
result was observed in that both verapamil and PSC
833 were effective in increasing R123 accumulation in
the two MDR cell lines (Fig. 5).
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DISCUSSION

Rhodamine 123 (R123) is a lipophilic cationic fluo-
rescent dye that has often been used for studying the
functional activity of P-glycoprotein (P-gp). When used
as a molecular probe for study of P-gp activity, it is
customary to either follow the accumulation (21-24) or
release (23, 25, 26) of R123 in the presence or absence
of P-gp modulators. If the P-gp modulators were to
increase R123 accumulation, a conclusion for the pres-
ence of P-gp activity is usually drawn. Conversely, by
comparing the activity of different P-gp modulators in
increasing R123 accumulation, information on the po-
tency of these modulators in reversing P-gp activity
can also be obtained.

In the present communication, the effects of two
widely used P-gp modulators, verapamil and PSC 833
(27), on R123 accumulation in two cancer cell culture
systems were presented. Both verapamil and PSC 833
were able to increase R123 accumulation in the MDR
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FIG. 4. Effects of verapamil or PSC 833 on cellular accumulation
of R123 by the MDR MV522/Q6 and KB-8-5 cells. R123 accumulation
normalized to protein content was expressed as accumulation factor.
Accumulation factor for control cells is defined as equal to 1. Accu-
mulation factor for treated cells is defined as ratio of cellular R123
accumulation in the presence of P-gp modulators to cellular R123
accumulation in the absence of P-gp modulators.
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FIG. 5. Effects of verapamil or PSC 833 on cellular retention of
R123 in the MDR MV522/Q6 cells and KB-8-5 cells. For these stud-
ies, cells were incubated with R123 for 60 min. After washing, cells
were then incubated for another 60 min in R123-free MEM with and
without 1 uM of PSC 833 or 10 uM verapamil. Thereafter, cells were
measured for R123 contents. R123 retention normalized to protein
content was expressed as retention factor. Retention factor for con-
trol cells is defined as equal to 1, whereas retention factor for treated
cells is defined as ratio of cellular R123 retention in the presence of
P-gp modulators to cellular R123 retention in the absence of P-gp
modulators.

cells (MV522/Q6 and KB-8-5) in the release study.
These confirm what others have previously shown re-
garding the action of these drugs in reversing P-gp
activity. However, the effects of these two modulators
on R123 accumulation in the MDR cell lines are quite
different during accumulation study. Specifically, incu-
bation with PSC 833 resulted in an increase in R123
accumulation in both MV522/Q6 and KB-8-5 cells. In
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contrast, incubation with verapamil did not result in
any change in R123 accumulation in MV522/Q6 cells,
but it caused an increase in R123 accumulation in the
KB-8-5 cells. This discrepancy between the effects of
these two drugs on R123 accumulation in MV522/Q6
cells can be explained if R123 uptake into MV522 cells
is assumed to be a carrier-mediated event, and that
verapamil, but not PSC 833, competes for the carrier.
While there is no direct evidence that this carrier ex-
ists, the findings that R123 can inhibit *H-verapamil
accumulation in MV522 cells in a concentration-
dependent fashion provide strong evidence for such a
carrier. In light of this information, it is interesting to
comment on the significance of this carrier as it relates
to P-gp in the MDR studies. It is expected that when
both the drugs (in this case R123) and P-gp modulators
are substrates of the inward carrier and P-gp, incubat-
ing cells with P-gp modulators might not necessarily
lead to increase of drug uptake. This is because the
affinity and/or capacity of these transporters for the
substrates might vary. Therefore, depending on the
specificity for the substrates and the overall capacity of
these transporters, there might either be uptake or no
net cellular uptake of these substrates. Based on our
findings that verapamil neither increases nor de-
creases R123 accumulation in MV522/Q6 cells, it
seems that these two transporters in MV522/Q6 cells
might possess similar affinity and capacity for the two
substrates. Currently, work is being undertaken to
identify and characterize this carrier. Our preliminary
data so far indicate that other lipophilic cationic drugs,
such as imipramine and fentanyl, are also effective
inhibitors for R123 uptake into MV522/Q6 cells (un-
published observations).

Our observations that verapamil causes a decrease
in R123 accumulation in MV522 cells during accumu-
lation study are in agreement with studies performed
in human lymphoblastoid cells (22) and suggest that a
similar carrier system might be present in other cancer
cells for cellular uptake of R123 and verapamil. How-
ever, since R123 uptake has always been assumed to
occur via a passive diffusion process (12, 16), the exis-
tence of a carrier system for R123 uptake into cells has
not received much experimental attention. Given the
significant role of R123 in P-gp studies and the current
effort to develop new classes of P-gp modulators, many
of which are considered derivatives of verapamil (27),
our findings have important implications on the use of
R123 in P-gp related studies. It is expected that carry-
ing out R123 accumulation study without first deter-
mining whether a carrier system for cellular uptake of
R123 exists and, if it is affected by P-gp modulator
under investigation, might lead one to underestimate
P-gp modulatory activity. For example, the failure of a
P-gp modulator to increase R123 accumulation will
often be interpreted as either (i) the cells do not express

128



Vol. 279, No. 1, 2000

P-gp proteins, or (ii) the modulators are not effective in
reversing P-gp activity. Based on the results of the
present study, this negative result might be the direct
consequence of competition between R123 and P-gp
modulator for uptake into the cells. These issues, how-
ever, will not be a concern if one follows R123 accumu-
lation in the format of a release study. This is because,
under this scenario, one evaluates the P-gp modulator
by its ability to reduce cellular release of R123 previ-
ously loaded inside cells.

In conclusion, when information such as whether a
P-gp modulator might compete with R123 for uptake
into cells is not readily available, R123 release studies
should be conducted rather than R123 accumulation
studies. Furthermore, administration of drugs that are
known to inhibit P-gp, such as verapamil, may unex-
pectedly reduce, rather than increase the uptake of
some P-gp substrates in some tissues if inhibition of an
inward transporter overshadows inhibition of the P-gp
transporter.
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