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Multidrug resistance in cancer cells, in cell culture and in
the clinic, is often associated with a membrane protein
(the multidrug resistance pump or P-glycoprotein) that
pumps out anti-cancer drugs as fast as they enter the
cell. This pump is blocked by a range of well-known
pharmaceuticals that reverse drug resistance. We have
investigated whether effective reversal of drug resistance
could be achieved by using many reversers together,
each at a low dose relative to its maximal tolerated plas-
ma level. We measured in cell culture, using resistant
P388 cells in suspension, the extent of reversal of the
accumulation of two labeled cytotoxins (vinblastine and
daunomycin). We fitted the data to a modified Michaelis-
Menten equation and extracted the half-inhibition con-
stants for 18 reversers acting on the pump. We measured
also the reversal of resistance in a cell growth assay
using incorporation of labeled thymidine. We showed that
these drugs in groups of up to 18 together, each drug
being at a low dose, in many cases well-tolerated in
humans, had additive effects so that the combination
was as effective as any of the drugs present singly. This
was the case both for reversal of cell accumulation and
for the effects of cytotoxins on cell growth. Our data
show that a low-dose multidrug approach to saturation
reversal of the multidrug pump is feasible in cell culture
and provide the initial experimental basis for the devel-
opment of an effective regime of such combination re-
versal therapy.

Key words: Chemotherapy, drug accumulation, multidrug
resistance, reversal.

Introduction

Resistance to the cytotoxic action of cancer chemo-
therapeutic drugs is often associated with the man-
ifestation of the multidrug resistance (MDR) pump,
both in cells in culture and in patients in the clinic.'™
The MDR pump is a well-characterized membrane-
bound protein. with demonstrable action as an
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ATPase.” ' Its activity results in a marked reduction
in the intracellular concentration of a wide range of
compounds, these being the substrates of the pump.
Overcoming the action of this pump in a clinically
acceptable fashion would be an important addition
to our weapons against cancer. The action of the
MDR pump in reducing intracellular drug concen-
trations can be reversed by a large range of com-
pounds, many of them being well-studied
pharmaceuticals in clinical use for conditions other
than cancer.!' Some of these, such as verapamil,'?
quinidine'? and cyclosporin A,'* have already been
used in phase I and II clinical trials, in attempts to
reverse drug resistance, but the high plasma levels
of reversers that are needed have limited the use-
fulness of this approach. Structure—activity analysis
of MDR pump reversers has led to the development
of new drug candidates, with improved capacity to
reverse MDR.'> We have been developing another
approach, in which combinations of many known
reversers can be used in an attempt to use the low
specificity of the MDR pump to block it [Israel patent
108757 (24 February 1994) to WD Stein]. In this
paper we show that reversers of the MDR pump
have additive effects on one another, so that com-
binations of these reversers in sets of five, nine, 10
and 18, with each drug presentat 1/5,1/9,1/10 or 1/
18, respectively, of its effective concentration when
present alone are able to bring about reversal of the
pump. This result demonstrates that a low-dose
multidrug approach to saturation reversal of the
multidrug pump is, in principle, feasible
(although whether it will succeed in practice will
depend on rigorous testing, first in whole animals
and then in clinical situations).

Materials and methods

Chemicals and radiochemicals

Vinblastine. amiodarone. amitriptyline. chlorpro-
mazine. diltiazem. dipyridamole. fluphenazine. pro-
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gesterone, propafenone. f-propranolol, quinidine,
reserpine, spironolactone, terfenadine, trifluopera-
zine, and triflupromazine, verapamil were from Sig-
ma (Sigma, MO). Mefloquine, promethazine and
tamoxifen were kind gifts from Dr H Ginsburg. Tri-
tium-labeled compounds were: [G-*Hlvinblastine
(21 Ci/mmol) and [G-*Hithymidine (27 Ci/mmol)
from Amersham Life (Amersham, UK), [G-*H] dau-
nomycin (3.9 Ci/mmol) was from NEN-DuPont
(Boston, MA).

Cell culture and treatments

The P388 lymphoma cells used were a MDR strain,
initially selected for resistance to adriamycin, a kind
gift from Professor Avner Ramu of the Hadassah-
Hebrew University Hospital and have been fully
characterized.'¢"'® They were grown in RPMI
1640 medium (Biological Industries, Kibbutz Beit
Ha’emek, Israel) to which were added penicillin
(100 units/ml), streptomycin (100 pg/ml), ampho-
tericin (0.25 pg/mb), 10 uM B-mercaptoethanol and
0.2% (w/v) glucose, together with 10% fetal calf
serum (Biological Industries), the whole being here-
after termed complete RPMI medium, in 5% CO,/
humidified air at 37°C, in suspension culture, in 260
ml plastic bottles (Nunc, Denmark). Before an ex-
periment, cells were counted in an Analys Instru-
ment (Sweden), model 134 cell counter and the
cells resuspended in fresh medium at 1.5 x 10° cells
per 0.4 ml medium for the subsequent transport
assay. The cells were then held for at least 1 h at
37°C to regenerate their full MDR pump activity.

Measurement of drug uptake

An aliquot of 0.4 ml of a suspension of cells in
complete RPMI was transferred to a siliconized mi-
crofuge tube and 40 pl of the working solution of
H-labeled cytotoxin (with sufficient cytotoxin to
give a final concentration of vinblastine at 0.33 nM
or daunomycin at 2 nM) containing the required
concentration of reverser was added at zero time.
Preliminary experiments showed that the most re-
producible results were obtained at the plateaus of
the cytotoxin accumulation curves which were
reached by 40 min incubation at 25°C for vinblas-
tine, but required 60 min at 37°C for daunomycin.
Uptake of the cytotoxin was stopped by rapid cen-
trifugation in the Beckmann model 11 microfuge at
maximum speed for 1 min. The supernatant layer
was immediately quantitatively removed by aspira-
tion and the cell pellet resuspended in 0.5 ml 10%
Triton X-100. The cell suspension was then trans-
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ferred to vials for radioactivity counting as above. In
all cases, aliquots of cells were incubated for com-
parable times with no reverser present and zero
time uptakes performed by adding appropriate ali-
quots of pre-cooled labeled vinblastine solutions to
pre-cooled cell suspension. The latter determina-
tion served to measure the amount of label trapped
between the cells during centrifugation. It was gen-
erally some 5-10% of the maximum amount of label
that was taken up during incubation in the presence
of reverser. In all cases, aliquots of the loading so-
lutions were taken for scintillation counting to en-
able the conversion of the data from d.p.m. per
sample to fmol of cytotoxin accumulated per 10°
cells.

Cell growth assays

Resistant P388 cells were grown as described above
and regenerated by suspension in fresh complete
RPMI before transferring to 24-well plastic dishes
(Nunc) in equal aliquots of 0.9 ml containing
1.5 x 10° cells. To each well was added the desired
concentration of vinblastine with or without the de-
sired concentration of reverser. Dishes were incu-
bated for 22-24 h at 37°C and then, with the cells
still in the exponential growth phase, 0.5 uCi of
radio-labeled thymidine added, the cells being fur-
ther incubated for 1 h at 37°C. They were then wa-
shed once, immediately transferred to ice and four
aliquots taken from each well into a 96-well plate for
radioactivity counting using the Packard Matrix 96
Direct Beta counter. Data are obtained as c.p.m. per
one-fourth well.

Results

We performed a large series of measurements of the
values of the effectiveness of many reversers, all of
them being well-known pharmaceuticals, widely-
used in various clinical situations, using the
well-characterised line of MDR P388 lymphoma
cells.'®"'® For each reverser we determined the ex-
tent of vinblastine accumulation (at 0.33 nM in the
external medium, during 40 min at 25°C) or of dau-
nomycin accumulation (at 2 nM in the external med-
jum, during 60 min at 37°C) as a function of reverser
concentration, using a conventional drug accumu-
lation assay. We fitted the data to an easily-derived
equation that describes the effect of the inhibition of
the MDR pump’s activity (the equation being a mod-
ified form of the classical Michaelis~Menten equa-
tion), written as U= U, + U,, x (R/K+R), where U
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Figure 1. Effect of the reversers quinidine, terfenadine, amiodarone and amitriptyline on vinblastine accumulation (at 0.33
nM at 25°C) by MDR P388 lymphoma cells, and of verapamil and spironolactone on daunomycin accumulation (at 2 nM at
37°C) by these cells. Experiments were performed as in Methods. The lines are best-fits to the equation describing pump
inhibition (see text). For the six curves shown, the values of K; (that concentration of reverser that gives one-half the
maximal degree of reversal) are 2.5+ 1.0, 3.7+ 0.8, 4.0 + 1.4 and 30 + 8 for quinidine, terfenadine, amiodarone and ami-
triptyline on vinblastine accumulation, and 2.6 + 0.4 and 29 + 9 for verapamil and spironolactone on daunomycin accumu-

lation, respectively.

is the uptake of cytotoxin at concentration R of the
reverser in the medium, U, is the uptake in the
absence, U, is the increment in uptake in the pre-
sence of maximal concentrations, of the reverser,
and K is the reverser concentration that gives one-
half of the maximal increment in cytotoxin accumu-
lation. (To check this equation. put R equal to zero
when U = [, or let R become very large. when
L' = [, or put R =K, when the increment in ac-
cumulation will be half-maximal). Plotted in this
form, each reverser gives a more-or-less compar-
able reversal profile. Figure 1 depicts six represen-
tative accumulation profiles of the many that we

have determined. In a separate study (Lan et al,
submitted for publication) we have shown that the
kinetic parameters that we obtain for such reversers
are not different whether we measure their effects in
our assays on vinblastine or on daunomycin accu-
mulation). Table 1 records the calculated values of
K;, the concentration of reverser that gives one-half
the maximal degree of reversal, for 18 reversers of
various classes.

The data are reported in terms of the mean value
of K; £ SE for the number of determinations recor-
ded in Table 1. Clearly. the various reversers vary
widely in their effectiveness. K] values ranging from
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Table 1. Kinetic parameters for reversers acting on the
MDR pump of drug-resistant P388 cells

Reverser K + SE Maximal clinical
{(and pharma- (uM)® plasma level (uM)
cological effect)"’ and reference
Amiodarone 3.26 + 0.52 (4) 3.6%
(anti-arrhythmic)

Amitriptyline 428 + 7.3 (3) 2.2%
(anti-depressant)

Chlorpromazine 17.0 + 3.7 (4) 0.32%3
(sedative)

Diltiazem 191 + 4.4 (4) 1.43
(vasodilator)

Dipyridamole® 2.27 + 0.22 (3) 4.6%
(anti-coagulant)

Fluphenazine 20.0 + 556 (9) 0.00643¢
(tranquilizer)

Mefloquine 2.07 + 0.57 (5) 5.4%
(anti-malarial)

Progesterone 21.2 £ 10.7 (4) 4125
(hormone)

Promethazine 12.2 + 2.6 (10) 0.22°%8
(anti-histamine)

B-Propranolol 15.2 + 3.3 (3) 0.50%°
(adrenergic

blocker)

Quinidine 5.47 + 0.66 (4) 5.46'3
(anti-arrhythmic)

Reserpine 0.62 + 0.44 (3) 0.005%°
(anti-hyperten-

sive)

Spironolactone® 18.4 + 4.9 (4) 1.3%
(diuretic)

Tamoxifen 4.33 + 0.60 (4) 3.7%6
(anti-estrogen)

Terfenadine 2.37 + 0.45(3) 2.642
(anti-histaminic)

Trifluoperazine® 11.8 + 0.5 (3) 0.27%7
(tranquilizer)

Triflupromazine 20.6 + 3.8 (5) _
(tranquilizer)

Verapamil 2.4 + 0.5 (4) 3.8"2

(anti-arrhythmic)

Ki, the reverser concentrations needed to block 50% of pump
rate. Vinblastine uptakes at 25°C or daunomycin at 37°C®.
PNumbers in parentheses indicate observations.

some 0.5 uM for reserpine through close to 50 uM
for amitriptyline. The values of K that we report are
in terms of the concentration of reverser in the med-
ium that gives half-maximal reversal of the pump’s
action. They are thus merely operational descriptors
of the effectiveness of the various modulators and
do not bear on their site of action, i.e. within the cell
or outside of it."” The maximal increment in accu-
mulation, U, differs little between reversers but
shows some day-to-day variance, perhaps depen-
dent on the state of the cells.
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Using this data base, we chose reverser concen-
trations that, for each drug in isolation, would give
an approximately 2.5-fold increase (ie. large but
not maximal) in the amount of accumulation of our
chosen chemotherapeutic drug, vinblastine. Figure
2 shows the data on the reversal of vinblastine ac-
cumulation in the resistant P388 cells for 10 of these
reversers, taken separately and together, in two
groups of five and in the full group of 10. The data
arc depicted as the means of three to 12 determi-
nations in the various cases, with the calculated
standard errors. The left-most column (labeled
‘NO") depicts the uptake of vinblastine in the ab-
sence of reverser; columns 2-6, the uptake in the
presence of five reversers (see legend for the mean-
ing of the labels TE, MF, etc) in concentrations listed
in the legend. The hatched column 7 (labeled X5) is
the uptake in the presence of these five drugs taken
together, but with each present at a concentration
1/5 of that used for columns 2-6. Columns 9-13
depict the uptake in the presence of five more drugs
as listed, while the hatched column 14 (again la-
beled X5) shows the uptake for these five drugs,
present together, each at a concentration 1/5 of that
for columns 9-13. Finally, the solid column 8 (la-
beled 210) is the uptake in the presence of all 10
drugs, each now present at a concentration which is
1/10 of that used separately in columns 2-6 and 9-
13. Clearly, these drugs are effective in additive
fashion, taken five at a time or 10 at a time.

To test the applicability of this finding to another
cytotoxic drug, we took 18 of the reversers in Table
1 and studied their action, separtely and together (in
groups of nine and 18), in reversing the MDR
pump’s action on the cytotoxin daunomycin (at 2
nM at 37°C at 60 min). Figure 3 depicts the result of
this experiment. The experiments in Figure 3(A and
B) were done in parallel by two investigators, that in
Figure 3(C) on the following day, by one of these
investigators. Again, these 18 drugs taken together
in nines and 18s act additively in blocking the MDR
pump’s action against daunomycin. Their effect,
when present together, each at a concentration
1/9 or 1/18 of that used in the separate tests of their
action (Figure 3, lowest panel), was as great as
when each was present separately at the full con-
centration (Figure 3, upper two panels).

We considered it necessary to extend these find-
ings also to the study of the effect of the reversers on
the cytotoxins action on cell growth, rather than
merely on the uptake of the cytotoxins. We there-
fore studied the effect of a range of these reversers,
separately and together (in groups of five and 10),
on the reduction of growth of resistant P388 lym-
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Figure 2. Effect of 10 reversers, separately and together, on the uptake of vinblastine by MDR P388 cells. Uptakes were
measured as in Methods in the absence (column labeled NO) or in the presence separately of the reversers terfenadine
(TE, 8.2 uM), mefloquine (MF, 6.4 uM), amiodarone (AM, 8.2 uM), chlorpromazine (CH, 22.7 uM), triflupromazine (TR, 16.4
uM), verapamil (VE, 10 zM), quinidine (QU, 50 M), promethazine (PR, 61.7 uM), fluphenazine (FL, 12.5 uM) and tamox-
ifen (TX, 25.5 uM), or with five reversers present together (hatched columns, each referring to the five reversers to the left
of that column) at 1/5 or with all 10 reversers present together (solid column) at 1/10 of the above concentrations of

reversers.

phoma cells, as brought about by vinblastine. Figure
4 shows the effect of 10 drugs, separately and to-
gether, on increasing the measured cell growth in
the presence of 30 nM vinblastine. (Figure 4 is re-
presentative of six such studies.) For each drug, we
show cell growth (measured as the accumulation of
labeled thymidine — see Methods) at the drug con-
centration listed in the legend. in the absence (total
height of open bars) and in the presence of vinblas-
tine (hatched area). Column 1 depicts residual cell
growth measured in parallel in the absence of re-
versers, without (open area) and with 30 nM vin-
blastine (hatched area). We show also measured cell
growth in the presence of a mixture of these 10
reversers (column 12). each reverser being present
at 1 10 of the concentration that was used separate-
lv. cell survival being determined again in the ab-
sence (open area) and presence (hatched area) of

30 nM vinblastine. Once again, the effects of these
10 reversers are strictly additive. Taken together,
each at 1/10 of an effective dose, they combine to
bring about effective blocking of the MDR pump
and hence an enhanced reduction in the ability of
the cells to grow.

Discussion

Our data appear to be fully consistent with an ap-
proximately additive effect of these MDR pump-re-
versing drugs with each other. an effect seen in the
case of the reversers taken in groups of five, nine. 10
or 18 together, using two cytotoxins and two modes
of demonstrating drug resistance. The data do not
suggest any clear super-additive effect of the drug
mixtures, as might have been predicted from some
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Figure 3. Effect of 18 drugs, separately and together, on
the uptake of daunomycin by MDR P388 lymphoma cells.
Uptakes were measured as in Figure 1 but incubation was
at 37°C for 60 min and the microfuge tubes were not sili-
conized. Daunomycin at 2 nM. (A) Nine drugs as follows
(column numbers followed by reverser and its concentra-
tion): 1, no reverser; 2, spironolactone 50 uM; 3, reserpine
1 uM; 4, diltiazem 20 uM; 5, progesterone 100 uM; 6, ter-
fenadine 9 uM; 7, mefloquine 7 uM; 8, amiodarone 9 uM; 9,
chlorpromazine 40 uM; 10, triflupromazine 40 uM; 11, ta-
moxifen 30 uM; 12, nine (i.e. all except tamoxifen) together
at 1/9 the aforementioned concentrations. (B) Nine addi-
tional drugs as follows (column numbers followed by rever-
ser and its concentration): 1, no reverser; 2, verapamil 10
¢M; 3, quinidine 30 uM; 4, promethazine 62 uM; 5, fluphe-
nazine 12.5 uM; 6, tamoxifen 25.5 uM; 7, amitriptyline 147
uM; 8, B-propranolol 75 uM; 9, dipyridamole 27 uM; 10,
trifluoperazine 6 uM; 11, nine together at 1/9 the aforemen-
tioned concentrations. (C) Drugs in sets of nine and 18:
column 1, no reversers; 2, verapamil at 10 uM; 3, drugs
of (A) nine together at 1/9 concentration; 4, nine drugs of
(B) together at 1/9 concentration; 5, all 18 drugs of (A) and
(B) together at 1/18 concentration.
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. are 20222
reports of synergism between reversers, but are

consistent rather with the reports of the denial of
such synergy **%!

The data presented in this paper show that all of
the 18 reversers used in Figures 2—4 are, at least,
additive in their effects on the MDR pump. Thus, in
principle, we might expect that at least some of
them might be able to be used in combination che-
motherapy in the clinic. What are the arguments for
and against such use? Each of the reversers used in
this study and listed in Table 1 is a well-studied
pharmaceutical agent, with a well-characterized
pharmacological effect, known dosage regime and
known contra-indications.'! They act, however, on
a wide range of bodily processes (Table 1). Each
interacts with its own primary receptor, but all (from
the data reported here and from those of many pre-
vious investigators'~®) share the ability to block the
MDR pump. Thus they bring about an increased
cellular concentration of cytotoxic drugs and hence
aid in cell killing. Figure 4 shows that, in the absence
of vinblastine, each drug separately is marginally
toxic to the cells at the concentration used and the
combination of 10 drugs, each at 1/10 concentra-
tion, is equally toxic. Whether such an effect would
be found in vivo (where each modulator will have
an effect on a different pharmacological receptor)
cannot be evaluated except in direct in vivo tests.

At least five of the modulators that we used in
these combinations (verapamil,’? quinidine,'? pro-
gesterone,”® tamoxifen®® and trifluoperazine?’)
have been used in clinical trials of their effective-
ness as reversers of the MDR pump and hence as
reversers of cytotoxic drug resistance. It has been
determined what levels of these reversers can be
safely tolerated in the patient. These levels are also
listed in Table 1 (together with the maximum tol-
erated plasma levels of most of the other drugs, as
found by a literature search). When each of these
five reversers is present on its own, the drug is ef-
fective only when it is at a concentration above (or,
for quinidine, at) the tolerated level. However,
when used in combination within our set of 10 or
18 reversers, four of the five drugs are effective at
concentrations well below the tolerated level. A
consideration of Table 1 shows that for eight of
these reversers (amiodarone, dipyridamole, meflo-
quine, progesterone, quinidine, tamoxifen, terfena-
dine and verapamil), the tolerated plasma drug
concentration is more than 10% of the value of K,
the half-inhibition constant listed in Table 1. This
means that at the tolerated level, the pump is at least
10% inhibited. However, we have shown that these
drugs act together, at least additively. This means
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Figure 4. Effect of 10 reversers, separately and together, on inhibition of cell growth by vinblastine. MDR P388 lymphoma
cells were incubated for 22 h at 37°C with (hatched bars) or without (open bars) 30 nM vinblastine, containing no reverser
or the following concentrations of reversers, and then labeled with (3H]thymidine and its incorporation measured. Column 1
is without any reverser; columns 2-11 are for the following reversers (concentration in parentheses in uM): 2, verapamil (6);
3, quinidine (12); 4, amiodarone (3); 5, terfenadaine (6); 6, promethazine (28); 7, reserpine (3); 8, chlorpromazine (12); 9,
triflupromazine (8); 10, mefloquine (7); 11, fluphenazine (7); column 12 is for all 10 reversers together, each at 1/10 the

concentration just listed.

that if all are present together, each at their tolerated
plasma level, the pump will be nearly 90% inhibited.
This reasoning depends on the various modulators
all having competitive effects against one another
and, indeed, this is what our data show. There have
been reports of non-competitive interaction be-
tween inhibitors of the P-glycoprotein, as measured
by effects on the isolated protein®®*’ and also of
competitive interactions,”® but our data refer to
many modulators acting together in the whole cell
system where we have not been able to demonstrate
any non-competitive effects (but see S Ayesh et al..
manuscript submitted).

Conclusions

Our conclusion is. therefore. that we can expect to
find. in future work along these lines. combinations
of a number of such drugs that. together. will re-

verse drug resistance as brought about by the MDR
pump, vet will be tolerated by the patient. We are
well aware of the fact that such drugs may interact
with one another in the organism to give an unwan-
ted response, that each has its own side-effects and
that using them in combination may aggravate such
a situation. Our data show, however, that these
drugs act in an additive fashion so that, with enough
of them used in well-chosen combination, each may
be present at a very low concentration, insufficient
to evoke any side-effects or any unwanted drug-
drug interactions. Qur data suggest that a low-dose
multidrug approach to saturation reversal of the
multidrug pump is. in principle, feasible, but the
development of an effective regime of such com-
bination reversal therapy will require detailed test-
ing in a whole organism situation. The development
of specifically designed. high effectivity. second
generation modulators, such as PSC 833 (Sandoz)
or GG 918 (Glaxo). will probably turn out to be
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E Lyubimov et al.

more successful but our low-dose combination ap-
proach establishes a principle that might yet be
found to have clinical application. for instance.
using these second generation reversers themselves
in combination.
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