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Purpose. The effect of drugs on P-glycoprotein (P-gp) is normally
studied in transfected or overexpressing cell lines derived from tumor
cells or animal tissue. We wanted to develop an assay using normal
healthy human tissue to study and characterize the drug-transporter
interaction.

Methods. Lymphocytes were isolated from healthy human blood. The
effect of inhibitors of P-gp (cyclosporine, tacrolimus, verapamil, quin-
idine, vinblastine) and of other transporters (indomethacin, proben-
ecid, sulfinpyrazone) on intracellular accumulation of rhodamine 123
was evaluated by flow cytometry.

Results. The efflux of rhodamine 123 was inhibited by P-gp inhibitors
in a saturable, concentration-dependent manner. The potency of in-
hibition of P-gp was cyclosporine > tacrolimus > quinidine > vera-
pamil > vinblastine. Vinblastine inhibited P-gp at lower concentra-
tions, whereas at high concentrations, there was an activation of rho-
damine 123 efflux from lymphocytes. The multidrug resistance
associated protein (MRP) inhibitors, sulfinpyrazone and probenecid,
did not have any significant effect on intracellular accumulation of
rhodamine 123, but indomethacin caused a concentration-dependent
increase in retention of rhodamine 123, indicating the involvement of
other uncharacterized transporters.

Conclusions. Lymphocytes can serve as a model tissue for studying
modulation of P-gp activity by drugs. Both inhibitors and inducers of
P-gp activity can be evaluated.

KEY WORDS: P-glycoprotein (P-gp); multidrug resistance associ-
ated protein (MRP); rhodamine 123; flow cytometer; cyclosporine;
tacrolimus; vinblastine; verapamil; quinidine.

INTRODUCTION

Transporters that are similar in structure and function
are present in diverse organisms such as yeast, bacteria, and
humans. ATP-binding cassette (ABC) transporters are one
such class of energy dependent transporters (1). The multi-
drug resistance (MDR) and multidrug resistance associated
protein (MRP) groups of transporters belong to this class
(2,3). The MDR genes encode P-glycoprotein (P-gp) that
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has a wide tissue distribution in humans (4). P-gp transporters
are also present in human pathogens such as Plasmodium
falciparum, Leishmania donovani, and Candida albicans (5).
In humans, P-gp is predominantly involved in xenobiotic ef-
flux, thereby protecting host tissue from toxic side effects.

Most P-gp substrates are hydrophobic molecules with a
basic nitrogen atom and two planar aromatic rings, but there
are exceptions (6). The substrates include such structurally
dissimilar drugs as peptides, alkaloids, steroids, immunosup-
pressive drugs, and calcium channel blockers (7,8). The mo-
lecular weights of most substrates range from 300 to 2000 Da
(8).

P-gp is widely expressed in several tissues (4) and is over-
expressed in several tumors, making them refractory to drug
therapy. In tissues such as the intestines, P-gp limits the bio-
availability of orally delivered drugs such as paclitaxel, by
pumping the drugs back into the gut lumen (9). The wide-
spread expression of P-gp, not only in malignant cells but
normal human tissues, has important implications in drug
therapy. The drugs can be substrates of P-gp where their
intracellular concentrations could be altered because of ef-
flux; the drugs could themselves modulate the expression and/
or function of P-gp, thereby altering not only their intracel-
lular concentrations but also those of other drugs that may be
substrates of P-gp. This could result in drug-drug interactions.
Defining the specific P-gp modulators and their kinetics is
thus essential in order to fully characterize and understand
pharmacokinetic and pharmacodynamic interactions of these
drugs.

Most substrates and inhibitors of P-gp have been char-
acterized in vitro using tumor-derived cell lines such as Caco-
2, or transfected animal tissue-derived cell lines such as
MDCK-MDRI1, which overexpress P-gp following expo-
sure to chemotherapeutic drugs (10-12). In vivo experiments
have been performed in normal and knockout mice (13). The
information generated by both methods is extremely valu-
able, but it is possible that there may be biochemical differ-
ences in the expressed P-gp in both kinds of models (14).
Thus, it is of interest to study P-gp function in normal human
tissues.

Our goal was to develop and characterize an assay
method using normal human tissue to study the effect of
drugs on P-gp-mediated transport of a model substrate. Lym-
phocytes represent such a tissue because they inherently ex-
press P-gp (15) and are relatively easy to procure. The func-
tional activity of P-gp can be investigated by measuring rho-
damine 123 (Rh 123) retention/efflux in the presence of P-gp
modulators. Rhodamine 123 is a cationic, fluorescent dye that
is readily taken up by cells and actively pumped out of the
cells by P-gp (16). The ability of lymphocytes to efflux Rh 123
in the presence of a P-gp inhibitor is decreased (15,17,18),
leading to increased intracellular accumulation of Rh 123.
This increase in intracellular retention of Rh 123 is reflected
in increased intensity of Rh 123 fluorescence. By measuring
the intensity of Rh 123 in the presence and absence of inhibi-
tors, the inhibition constants for different drugs can be deter-
mined. In a clinical study, Robey and co-workers (19) used
Rh 123 to study the effects of in vivo inhibition of P-gp in
patients dosed with PSC 833 along with vinblastine or pacli-
taxel. We investigated the effect of known P-gp inhibitors (7):
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cyclosporine, tacrolimus (FK506), quinidine, verapamil, and
vinblastine. We also studied the effect of drugs that are not
inhibitors of P-gp but of other drug efflux transporters
(10,20), such as MRP. These drugs included probenecid, sul-
finpyrazone, and indomethacin.

MATERIALS AND METHODS

Chemicals and Specimens

Cyclosporine, quinidine, verapamil HCI, vinblastine sul-
fate, indomethacin, sulfinpyrazone, probenecid, sodium
azide, and rhodamine 123 were purchased from Sigma
Chemical Co. (St. Louis, MO). Fujisawa Pharmaceutical
Company (Deerfield, IL) kindly provided Tacrolimus (FK
506). Mycophenolate Mofetil (MMF) was a kind gift from
Roche Biosciences (Palo Alto, CA). Optilyse C was pur-
chased from Immunotech (Marseille, France). Dye-free Ca®*/
Mg**-free Hanks BaLanced Salt Solution (BSS), RPMI 1640
with 25 mM N-(2-hydroxyethyl)piperazine-N'-ethanesulfonic
acid (HEPES), fetal calf serum (FCS), phosphate buffered
saline (PBS), bovine serum albumin (BSA), and cell preser-
vation medium (10% FCS, 10% dimethylsulfoxide [DMSO]
in minimum Eagle’s essential medium [MEM] EarLe’s BSS
(EBSS), pH 7.2) were all obtained from the UCSF cell culture
facility (San Francisco, CA). Acridine orange, ethidium bro-
mide, and propidium iodide were procured from Molecular
Probes Inc. (Eugene, OR). Ficoll-Paque® was obtained from
Pharmacia Biotech AB (Uppsala, Sweden). Flow-Check ™
fluorospheres were purchased from Coulter Corporation (Mi-
ami, FL). Custom-ordered unconjugated P-gp antibody,
15D3, second-step goat anti-mouse Ig fluorescein isothiocya-
nate (FITC) and mouse Ig fluorescence control antibodies
were purchased from Becton-Dickinson (San Jose, CA). All
other solvents were obtained from Sigma Chemical Co. (St.
Louis, MO).

Isolation of Peripheral Blood Mononuclear Cells (PBMCs)

PBMCs were isolated by density centrifugation from
buffy coats purchased from the UCSF blood bank (San Fran-
cisco, CA). Briefly, blood was diluted with dye-free Ca*'/
Mg** free Hanks BSS at the ratio of 1:2 (buffy coat/Hanks).
The diluted blood was layered according to manufacturer’s
instructions on top of Ficoll-Hypaque (Ficoll-Paque) and cen-
trifuged at 1500 rpm for 30 min. The PBMC-rich layer was
withdrawn and washed twice with Hanks BSS (dye-free, Ca®*/
Mg?*-free). Cells were resuspendend in cell preservation me-
dium at 40 million cells/ml in each vial and cryo-frozen in
liquid nitrogen for later use.

Rhodamine 123 A ccumulation/Efflux

PBMC:s were thawed by rapid increase in temperature to
37°C. The cells were washed twice with RPMI 1640 (with
10% FCS). Cells were allowed to equilibrate in RPMI 1640
(with 10% FCS) for 1 h at 37°C. After 1 h, cell viability and
cell count was assessed by ethidium bromide/acridine orange
uptake. If greater than 10% cells took up ethidium bromide,
the dead cells were removed from the viable by Ficoll-
Hypaque density centrifugation as described above. RPMI
1640 was washed off and cells were resuspended in Hanks
BSS (dye-free, Ca**/Mg**-free) at 1 million cells/ml. Cells

Parasrampuria, Lantz, and Benet

were incubated with or without inhibitors for 15 min at 37°C.
After incubation with inhibitors, without washing, PBMCs
were incubated with 20 ng/ml rhodamine 123 for 30 min at
37°C. After this incubation period, cells were placed on ice
and incubated with 300 wl Optilyse C for 5 min to lyse con-
taminating erythrocytes. Following incubation, the PBMCs
were washed twice with ice-cold Hanks BSS (dye-free, Ca®*/
Mg?>*-free) and resuspended in ice-cold PBS (with 0.5% BSA
and 0.1% sodium azide). An EPICS XL flow cytometer
(Coulter) with a 488-nm argon laser was used to analyze the
samples. Rhodamine 123 fluorescence was collected after a
525-nm bandpass filter and propidium iodide fluorescence
was collected after a 575-nm bandpass filter. Data were col-
lected for a minimum of 5000 events per sample, and the
samples were gated on forward scatter versus side scatter to
exclude nonlymphocyte populations, clumps, and debris.
Propidium iodide staining was used for excluding dead cells
from the analysis. The instrument was calibrated each time
before analysis using Flow-Check fluorospheres for day-to-
day and within-day stability, sensitivity, and resolution.

Data Analysis

The data were collected as mean intensity for all samples.
The intensity of rhodamine fluorescence was plotted against
increasing concentration of inhibitor. Data from net intensity
versus inhibitor concentration were fitted to the Michaelis-
Menten equation using Kaliedagraph™ 3.0.2 (Abelbeck Soft-
ware) to derive inhibition constants and maximum effect.
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Fig. 1. Representative flow chromatogram for rhodamine 123 up-
take. Frame 1: Gate E consists of all cells sampled from the tube.
Gate A is based on size and shape and represents mostly lympho-
cytes. Frame 2: Cells in gate A from frame 1 are further subdivided
into live (gate G,quadrant B4) and dead (gate I, quadrants B1 and 2)
based on propidium iodide uptake by dead cells. Frame 3: Represents
all cells in gate A from frame 1 which take up rhodamine 123 and
segregate into two populations based on intensity at channel FL1
(505-545 nm). Frame 4: Live cells in gate A due to rhodamine 123
uptake (FL1).
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RESULTS

Figure 1 shows the flow chromatogram for rhodamine
123 accumulation by lymphocytes. In these experiments, the
cells were gated (selected for analysis) on the basis of shape
and size determined from initial experiments using specific
antibodies for T-cells. Live cells as well as apoptosing cells
took up rhodamine 123. For accurate analysis of functional
P-gp, it is essential to exclude the dead and apoptosing cells
from the live cell population using propidium iodide (PI)
staining. The live cells did not stain with PI and appeared as
a distinct population in gate G, frame 2 (Fig. 1). The intensity
of this peak represents true accumulation of Rh 123 by viable
cells and was quantified in the presence and absence of an
inhibitor to represent the functional characteristics of P-gp. In
the presence of an inhibitor such as tacrolimus, the peak in-
tensity of Rh 123 increases (Fig. 2).

P-glycoprotein is an energy-dependent efflux pump with
maximum activity at physiological temperature (37°C). To
determine if Rh 123 efflux was an active process, the accu-
mulation/efflux was studied at two different temperatures, 4
and 37°C, in the presence and absence of tacrolimus (Fig. 3).
The accumulation of Rh 123 as measured by mean intensity
was significantly higher at 37°C both with and without the
inhibitor. The mean intensity of Rh 123 was sevenfold higher
at 37°C than at 4°C without the inhibitor. In the presence of
tacrolimus (P-gp inhibitor), there was a 13-fold increase in
intensity of Rh 123 at 37°C compared to 4°C. At 4°C, there
was no difference in the accumulation of rhodamine when an
inhibitor (tacrolimus) was present.

Lymphocytes were incubated with different escalating
concentrations of cyclosporine, tacrolimus, quinidine, or ve-
rapamil, resulting in a corresponding increase in Rh 123
intensity of viable cells with respect to the Rh123 intensity
in the presence of solvent alone (Figs. 2 and 4). These analy-
ses were performed over a wide concentration range deter-
mined by the boundary conditions of “no effect” to “ex-
tensive cell death” due to toxicity of test compound in vitro.
On the basis of these studies, the net increase in intensity
of Rh 123 was determined and plotted against concentra-
tion of inhibitor to determine the inhibition constants and
maximum inhibitory effect (Table 1). When lymphocytes
were incubated with increasing concentrations of MMF,
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Fig. 2. Representative chromatogram for rhodamine 123 uptake in
the presence (right) and absence (left) of an inhibitor (tacrolimus) of
P-glycoprotein.
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Fig. 3. Effect of temperature on uptake and efflux of rhodamine 123
in the presence and absence of an inhibitor (tacrolimus). N = 3
(mean + SD).

there was no significant effect on efflux of Rh 123 (data not
shown).

To investigate if the increase in Rh 123 intensity was due
to inhibition of P-gp or other transporters, we investigated
the effect of other compounds that are not P-gp inhibitors
such as indomethacin, probenecid, and sulfinpyrazone.
Draper and co-workers (19) showed that indomethacin does
not modulate P-gp-mediated efflux of Rh 123 in P-gp express-
ing murine and human cell lines (PC-V160 and HL60/Vinc).
Here, however, indomethacin resulted in a concentration-
dependent, saturable increase in Rh 123 accumulation (Fig.
5). Over the concentration range tested, probenecid and sul-
finpyrazone did not result in a significant increase in accumu-
lation of Rh 123 with respect to solvent control (data not
shown).

Vinblastine is a known P-gp inhibitor. To determine the
kinetics of P-gp inhibition, different concentrations of vin-
blastine were tested. With increasing concentrations of vin-
blastine, there was an increase in accumulation of Rh 123, but
at higher concentrations of vinblastine, there was a decrease
in intensity of Rh 123 (Fig. 6). This was a curious phenom-
enon because the lymphocytes are treated with vinblastine for
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Fig. 4. Representative plot for P-gp inhibition by test compounds
(tacrolimus). The fluorescence intensity due to Rh 123 uptake is plot-
ted in the presence of solvent control and in the presence of test
compound at two different times (immediately afterward and 2 h
later).



42

Table 1. Kinetic Parameters for Inhibition of Rhodamine 123 Efflux
by Lymphocytes

N (no. of n (data
blood points for E o
sample kinetic (arbitrary
Inhibitor sources)  parameters)  K; (uM) units)
Cyclosporine 3 8 03+02 39+1.1
Tacrolimus 3 5 8.8+42 15154
Quinidine 3 4 246 +17.4 38+1.6
Verapamil 3 8 40.1 +12.7 7.0+1.9
Vinblastine 1 3 82.4 21.9
Indomethacin® 1 3 199.2 30.1

“ Indomethacin is not a P-gp inhibitor; it inhibits the efflux of rhoda-
mine 123 from lymphocytes via an unknown mechanism.

less than an hour during the experiment, and no other refer-
ence has been found in the literature for a similar effect. To
investigate if this effect was due to increased expression of
P-gp, lymphocytes were incubated with vinblastine and anti-
P-gp antibody, 15D3, or appropriate isotype control. There
did not appear to be a significant change in the expression of
P-gp as detected by antibody binding.

There were some interesting observations in these ex-
periments. In experiments involving verapamil, quinidine,
and cyclosporine, there appear to be at least two different
transporters that are involved in Rh 123 efflux and are inhib-
ited by these compounds. One of these was a high-affinity
(P-gp) transporter (in the micromolar range) which was satu-
rated in the test inhibitor concentration range, and another
low-affinity transporter (probably in the millimolar range)
which could not be saturated at concentrations that could be
tested (because of decreased cell viability at higher concen-
trations). Tacrolimus does not appear to have any effect on
this other unknown transporter. The maximum effect for ac-
cumulation of Rh 123 was observed with tacrolimus, which
was at least twofold higher than the other P-gp inhibitors,
cyclosporine, quinidine, and verapamil. The other interesting
observation was with regard to cell viability in the presence of
an inhibitor. In general, increasing concentrations of drugs
and solvents (ethanol, acetonitrile, and DMSO) were toxic
to cells. Cyclosporine however, appeared to have a protec-
tive effect on cells at higher (above 10 wM) concentrations

(Fig. 7).
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Fig. 5. Effect of indomethacin on rhodamine 123 accumulation by
lymphoyctes. N = 3 (mean + SD).
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Fig. 6. Effect of vinblastine on rhodamine 123 accumulation by lym-
phocytes. N = 3 (mean + SD).

DISCUSSION

These results show that lymphocytes have functional
P-gp, which is inhibited by various drugs. The activity of P-gp
is temperature dependent both in the presence and absence of
an inhibitor. At 4°C, the P-gp was not functional and there
was no effect when inhibitor was added, whereas at 37°C, Rh
123 accumulation was higher (Fig. 3). The uptake of Rh 123 at
lower temperature was also markedly lower than at 37°C.
This implies that the uptake of Rh 123 may involve active or
facilitated transport processes.

Verapamil, quinidine, tacrolimus, and cyclosporine in-
hibit the P-gp-mediated efflux of Rh 123 in the following
order: cyclosporine>tacrolimus>quinidine>verapamil. The
maximum increase in Rh 123 accumulation did not corre-
spond to the inhibitory potential of these drugs. The maxi-
mum effect on rhodamine accumulation was in the order:
tacrolimus>verapamil>cyclosporine>quinidine. The differ-
ence in maximum activity and potency may indicate the pres-
ence of other transporters. The inhibitory effect of all these
drugs was observed up to 2 h 30 min after the inhibitor was
washed off. The high variability in the K; and E,_,, values
(Table 1) reflect in part the inherent variability in P-gp from
different blood sources. Similar results are obtained when
cytochrome P450 activity is compared in human liver micro-
some samples from different individuals. Inhibition constants
(K;) were somewhat higher at later time points, but the in-
crease was not significantly different. The maximum effect on
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Fig. 7. Effect of cyclosporine on cell viability in thodamine 123 ac-
cumulation/efflux studies.
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rhodamine accumulation was the same at different times. At
higher concentrations, verapamil, quinidine, and cyclosporine
appear to inhibit another low-affinity transporter. In Rh 123
uptake studies, it is important to measure Rh 123 intensity in
live cells because including data from apoptosing/dying cells
can skew the analysis.

The activation of Rh 123 transport by P-gp at high con-
centrations of vinblastine was an interesting observation
because it did not involve an increase in expression of P-gp.
Most studies reported in the literature have used lower
concentrations (usually lower than 50 pM) of vinblastine
where it shows inhibitory effects on P-gp (21,22). The mo-
lecular mechanism underlying this phenomenon is not yet
understood, but could involve allosteric conformational
changes in P-gp, thus affecting the transport of rhodamine
123.

In our experiments, known MRP inhibitors such as sul-
finpyrazone and probenecid did not result in an increase in
the accumulation of Rh 123 over a range of concentrations
tested. However, indomethacin, which is reported in the lit-
erature as an inhibitor of MRP but not of P-gp, resulted in an
increase in the accumulation of Rh 123 in lymphocytes from
different sources (inhibition curve presented in Fig. 5 is from
one source). We speculate that this increase probably results
from the effect of indomethacin on some other transporter
also capable of transporting Rh 123. These results are also
supported by other unpublished studies from our laboratory
in which indomethacin appears to inhibit an unknown trans-
porter distinct from MRP and P-gp. Hatse and co-workers
(23) also reported the existence of a highly specific indometh-
acin-sensitive efflux pump in an erythroleukemia cell-line.
They report that this indomethacin-sensitive pump is not sus-
ceptible to verapamil and cyclosporine or MRP inhibitors
such as genistein. It is involved in the transport of Rh 123.
Annaert and co-workers (24) reported that a distinct anion-
specific transporter that is inhibited by indomethacin is pres-
ent in Caco-2 monolayers.

Cyclosporine at micromolar concentrations appeared to
exert a protective effect on lymphocytes. This effect could be
due to mitochondrial protection by inhibition of P-gp or other
transporters, thereby protecting the cell from toxic effects of
solvent or rhodamine. The other drugs did not have any such
effects on cell viability. For lymphocyte-based rhodamine 123
uptake studies, dye-free Ca>”Mg>*-free Hanks BSS buffer
was the preferred medium as compared to PBS, which com-
promised cell viability.

The results suggest that lymphocytes can be used for
studying the effect of drugs on P-gp function and expres-
sion. The advantage of using lymphocytes instead of overex-
pressed cell-lines is that the lymphocytes are normal human
tissue and the parameters obtained using such a tissue are
likely to be a better representation of true effects of drugs.
This assay method is fast and can be used in high-through-
put screening of compounds. Lymphocytes can be used for
studying both induction and inhibition effects of drugs on
transporters. However, there are particular limitations.
The level of P-gp expression in lymphocytes is low and re-
quires the use of sensitive instruments such as a flow cy-
tometer for appropriate analysis. Compared to overexpressed
or transfected cell-lines, lymphocytes are fragile and diffi-
cult to use. Because of the presence of several transpor-
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ters, the results can be difficult to assign to a particular trans-
porter.
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