@ Pergamon

Biochemical Pharmacology, Vol. 47, No. 2, pp. 257-266, 1994.
Copyright © 1994 Elsevier Science Ltd

Printed in Great Britain. All rights reserved

0006-2952/94 $6.00 + 0.00

IDENTIFICATION OF A MULTIDRUG RESISTANCE
MODULATOR WITH CLINICAL POTENTIAL BY ANALYSIS
OF SYNERGISTIC ACTIVITY IN VITRO, TOXICITY IN
VIVO AND GROWTH DELAY IN A SOLID HUMAN
TUMOUR XENOGRAFT

JANE A. PLUMB,* G. C. WISHART, A. SETANOIANS, J. G. MORRISON, T. HAMILTON,
S. R. BICKNELL and S. B. KAYE

CRC Department of Medical Oncology, University of Glasgow, Alexander Stone Building,
Garscube Estate, Bearsden, Glasgow G61 1BD, U.K.

(Received 8 June 1993; accepted 28 September 1993)

Abstract—Circumvention of multidrug resistance in vitro by resistance modulators is well documented
but their clinical use may be limited by effects on normal tissues. We have compared four resistance
modifiers, both in terms of modulation of doxorubicin sensitivity in vitro and toxicity in vivo, in order
to determine whether it is possible to select agents with clinical potential. Verapamil, D-verapamil and
quinidine are all maximally active in the multidrug resistant cell line at about 7 uM and are not cytotoxic
at this concentration. The tiapamil analogue Ro11-2933 is a highly potent resistance modulator such
that at only 2 uM sensitization is greater than is seen with the other modulators at 7 uM. Since the IDsy
concentration for Ro11-2933 is 17.7 uM (5-12-fold less than the other modifiers) we have used iso-
bologram analysis to demonstrate that the interaction with doxorubucin is supra-additive and cannot be
explained by additive toxicity. This method of analysis also revealed that when resistance modulation
is related to the cytotoxicity of the modulator itself, all four modulators show comparable activity. On
the other hand, measurement of the acute toxicity in mice of the modulators did reveal differences. The
LD, for verapamil (51 mg/kg) was about one third of that for quinidine (185 mg/kg) and this is consistent
with the known maximum tolerated plasma levels in patients. Furthermore, whilst epirubicin alone was
unable to reduce the growth rate of a multidrug resistant human tumour xenograft, the addition of
quinidine, but not verapamil, at the maximum tolerated dose did do so. b-Verapamil was only about
half as toxic as racemic verapamil and this too is consistent with clinical observations. The LD,, for Ro11-
2933 (152 mg/kg) was comparable with that for quinidine. In the human tumour xenograft model
maximal growth inhibition was observed with the combination of epirubicin and Ro11-2933 (45 mg/kg)
and this degree of growth inhibition was comparable to that obtained with epirubicin alone in the drug
sensitive xerografts. Ro11-2933 had no measurable effects on the plasma or tumour pharmacokinetics
of epirubicin. These results suggest that it is possible to predict the clinical potential of a resistance
modulator. Furthermore, Ro11-2933 is a promising agent for use in the clinic since maximal resistance

modulation in vivo is observed at about one third of the LD,y dose.
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Induction of drug resistance in vitro by chronic
exposure of cells to a cytotoxic drug has allowed the
identification of a number of potential resistance
mechanisms. Of these the multidrug resistance
phenotype and associated drug efflux pump, P-
glycoprotein (P170), has received most attention [1].
It is now well established that P170 is present in a
number of human tumour types [2] and in some
cases expression has been shown to correlate with
response to chemotherapy [3]. This evidence suggests
that it is a mechanism relevant to clinical drug
resistance that could be exploited in attempts to
improve chemotherapy of selected tumour types.
A number of non-cytotoxic agents have been
shown to reverse drug resistance in vitro, possibly
by inhibition of the drug efflux mechanism [4]. We
have shown that verapamil can sensitize a number
of multidrug resistant cell lines to doxorubicin [5].
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Although this effect was significant at a verapamil
concentration of 1 uM, activity was maximal at about
6-7 uM. However, whereas this concentration is
non-cytotoxic in vitro, comparable plasma levels are
toxic in vivo due to the cardioactive properties of
verapamil [6]. These properties are unrelated to its
activity as a resistance modulator and are not
observed in studies of multidrug resistant cells in
vitro [7].

There have been a number of clinical trials of
verapamil in addition to chemotherapy in cancer
patients and in these the maximum plasma levels
achieved without toxicity were around 0.5-2 uM
[6, 8, 9]. Although plasma levels do not necessarily
reflect tumour levels it is probable that the activity
of verapamil in the clinic is limited by toxicity.
Previously, we demonstrated that the D-isomer of
verapamil alone was as effective as the racemic
mixture in terms of resistance modulation in vitro
[5]. Since the D-isomer was reported to be less
cardiotoxic that the L-isomer [10-12] we suggested
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that use of D-verapamil in patients could increase
the maximum tolerated dose and hence plasma
levels. Clearly, a comparison of resistance modulators
in vitro would not be able to discriminate between
the clinical potential of racemic verapamil and D-
verapamil.

Further clinical studies of resistance modulators
depend on the identification of agents which are
active at concentrations that are non-toxicin patients.
Although there is a wide range of agents capable of
reversing multidrug resistance in vitro [13] very few
studies have attempted to show activity of these
agents in vivo. This is due partly to the difficulty of
establishing suitable animal models [14]. Transgenic
mice, which express the human mdr-1 gene in their
bone marrow, have been used to demonstrated that
the gene confers resistance to the bone marrow
which can be circumvented by resistance modulators
{15]. Of those studies that have used tumour bearing
mice the vast majority have used ascites models
where the tumour is grown in the peritoneal cavity
and drugs are administered intraperitoneally. These
tumour models are inappropriate since they take no
account of the problems of delivery of the agent via
the vasculature to a tumour at a site distant from
the site of drug administration.

Here we describe a comparison of four resistance
modulators in terms of both their synergistic activity
in vitro and their toxicity and growth delay in vivo.
Two of these, verapamil and quinidine, are already
in use in clinical trials. D-Verapamil has been used
in humans but no information was available with
regard to the maximum tolerated dose. The fourth
compound, Ro11-2933, has never been used in the
clinic but has previously been shown to be an
effective modulator in vitro [16]. The results of a
human tumour xenograft experiment illustrate
the value of combining isobologram analysis of
modulation in vitro with an estimate of toxicity in
vivo as a means of predicting activity in vivo.
Furthermore, Ro11-2933 has extremely promising
clinical potential.

MATERIALS AND METHODS

Materials. Verapamil, quinidine sulphate and
MTT+ were obtained from the Sigma Chemical Co.
(Poole, U.K.). Doxorubicin and epirubicin were
obtained from Farmatalia (St Albans, U.K.). The
tiapamil analogue Ro011-2933 was a gift from
Hoffman-LaRoche AG (Basel, Switzerland) and D-
verapamil was a gift from Knoll AG (Ludwigshafen,
Germany).

Cell lines. The human ovarian carcinoma cell line
A2780 and a drug resistant subline, 2780AD, were
obtained from Dr R. F. Ozols (Fox Chase
Cancer Centre, Pennsylvania, U.S.A.). They were
maintained in Roswell Park Memorial Institute 1640
medium (Northumbria Biologicals, Cramlington,
U.K.) containing glutamine (2mM), foetal calf
serum (10%) and insulin (0.25 mL). The resistant
line was grown in the presence of doxorubicin

+ Abbreviations: MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; PBS, phosphate-buffered
saline.

(2 uM) and is known to express P-glycoprotein [17]
It was grown in the absence of drug for 5 days before
experiments.

Cytotoxicity assay. Drugsensitivity was determined
by a tetrazolium based chemosensitivity assay as
described previously [18]. Briefly, cells were plated
out at a density of 8x 10?2 (A2780) or 2 x 10°
(2780AD) per well in 96-well flat bottomed plates
(Linbro from ICN Biomedicals Ltd, Rickmansworth,
U.K.) and allowed to attach and grow for 2-3 days.
They were exposed to drug for 24 hr and then fed
with fresh medium daily for 3 days. On the fourth
day, cells were fed with medium containing HEPES
buffer (10mM) and MTT (50 uL, 5 mg/mL) was
added to each well. Plates were incubated in the
dark at 37° for 4 hr, medium and MTT removed and
the MTT-formazan crystals dissolved in dimethyl
sulphoxide (200 uL/well). Glycine buffer (25 uL/
well, 0.1 M, pH 10.5) was added and the absorbance
measured at 570 nm in a multi-well plate reader
(Model 2550 EIA reader, Bio-Rad, Hemel
Hempstead, U.K.).

For drug addition a serial dilution of eight
concentrations of doxorubicin was prepared at twice
the final concentration. These were then diluted
50:50 with either drug free medium or medium
containing modifier, at twice the final concentration,
before addition to the wells. Four wells were used
foreach drug concentration. Verapamil and quinidine
were dissolved in phosphate-buffered saline. Ro11-
2933 was solubilized in dimethyl sulphoxide before
addition to culture medium. The final dimethyl
sulphoxide concentration when added to cells was
less than 1%.

Results are expressed in terms of the drug
concentration required to kill 50% of the cells (IDsp)
estimated as the absorbance value equal to 50% of
that of the control untreated wells.

Isobologram analysis. Drug interactions were
analysed by the isobologram method [19]. For
construction of the isobolograms a relative drug
concentration of 1 was defined as the IDs
concentration of the drug or modulator alone. Since
doxorubicin produced near linear dose-response
curves after transformation it was used as the first
drug for estimation of the envelope of addivitity
[20].

Drug accumulation. Cells were grown in 6-well
plates (Nuclon from Life Technologies, Paisley,
U.K.) for 3 days to give a final density of about
10° cells/well. The medium was removed, 4 mL of
fresh medium added to each well and the plates
allowed to equilibrate for 1 hr at 37°in an atmosphere
of 2% CO, in air. [“C]Doxorubicin and doxorubicin
were added in 1mL of medium to give a final
concentration of 1 uM and 0.01 ¢Ci/mL. Atspecified
times, plates were placed on ice and the medium
removed. Cells were washed twice with ice cold PBS
(Dulbecco’s A) and incubated for 5 min at 37° with
0.5 mL trypsin/EDTA (0.25%/1 mM). The contents
of the well were transferred to scintillation vials, the
wells washed with 0.5mL of PBS and the wash
added to the vials. Scintillation fluid (10 mL, Ecoscint
from National Diagnostics, Somerville, NJ, U.S.A.)
was added to each vial and the radioactivity
determined in a Packard liquid scintillation counter
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(Canberra Packard, Pangbourne, U.K.). Three wells
were used for each time point and cell counts were
determined from an additional 3 wells.

Human tumour xenograft. Cell lines A2780 and
2780AD were established as xenografts in athymic
female nude (MF1 nu/nu) mice. Monolayer cultures
were harvested with trypsin/EDTA and resuspended
in PBS. About 107 cells were injected into the right
flank of four mice. After 3 weeks the tumours were
aseptically dissected and 1-mm? pieces transplanted
subcutaneously into 80 mice. Animals were used for
experiments after about 2 weeks when the tumours
were about 0.7 cm®. Tumour doubling time was
about 2 days for both A2780 and 2780AD.

Animal toxicity studies. A dose ranging experiment
was carried out in tumour bearing mice for each
modulator (four mice/group). The dose intervals
used were 10 mg/kg for verapamil (range 50-100 mg/
kg), 25 mg/kg for quinidine (range 150-250 mg/kg)
and 20 mg/kg for Ro11-2933 (range 140-250 mg/
kg). LDsg and LDy, values were derived from probit
analysis of the data.

Tumour growth delay in vivo. Tumour bearing
mice were randomized into groups of six and tumour
volume and body weight recorded. Mice were
injected i.p. with the modulator at 10:00 and again
at 14:00. Verapamil and quinidine were use at the
maximum tolerated dose, 40 mg/kg and 150 mg/kg,
respectively, and Ro11-2933 was used at various
doses as specified. Epirubicin (10 mg/kg) was
administered i.v. by a tail vein at 12:00. Tumour
volumes were estimated by caliper measurements
assuming spherical geometry (volume = 7/6 X d°,
where d is the mean diameter). Both tumour volumes
and body weights were recorded daily at 10:00. All
experiments were terminated once tumours reached
a diameter of 3 cm.

At the end of the experiment a tumour was
removed from an animal in the control group and a
cell line re-established in vitro. The tumour was
minced finely with scalpels and incubated overnight
with collagenase (200 U/mL; Boehringer Mannheim,
Lewes, U.K.) in complete culture medium. Cells
were pelleted by centrifugation at 200 g for 5 min
and resuspended in culture medium and plated out
at a density of about 10*/em? in 25-cm? culture flasks
(Nunclon). Cells were used for detection of P-
glycoprotein and cytotoxicity assays after 2 weeks.

Pharmacokinetic studies. Plasma and tumour levels
of Ro11-2933 were determined at various times after
asinglei.p. injection (45 mg/kg) in tumour (2780AD)
bearing mice. Blood was removed by cardiac
puncture and centrifuged immediately. Plasma was
stored at —70° until analysis and samples from four
mice were pooled for each time point. Tumours
were removed intact and frozen immediately in
liquid nitrogen.

Ro11-2933 was determined by HPLC with a C18
uBondapack column and a mobile phase consisting
of acetonitrile/H,O/HCl/ammonia solution (45:54:
0.5:0.5v/v) buffered to pHS5 with formic acid.
The flow rate was 2mL/min and Ro11-2933 was
detected at 229 nm with a retention time of 9 min.

Plasma was extracted with an equal volume of
ice cold acetonitrile. Samples were mixed and
centrifuged in an Eppendorf centrifuge for 5 min.
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Table 1. Cytotoxicity of doxorubicin and the resistance
modulators in cell lines A2780 and 2780AD

IDg, (M)
Agent A2780 2780AD
Doxorubicin 0.004 = 0.011 5.0+0.1
Verapamil 91.7x24 213.0+ 7.8
D-Verapamil 84329 87315
Quinidine 74.4+5.5 152.0x2.0
Ro11-2933 13.0x0.7 17704

Cells were exposed to drug for 24 hr. Results are the
means = SEM of three experiments.

Injection volume was 25-100 yL. Tumours were
homogenized in mobile phase (1 mL per gram of
tissue) and centrifuged at 400g for Smin. The
supernatant was mixed with an equal volume of ice
cold acetonitrile and centrifuged in an Eppendorf
centrifuge for 5 min. Injection volume was 100 uL.

Plasma and tumour levels of epirubicin were
determined at various times after a single i.v.
injection (10 mg/kg) via a tail vein. One group of
mice was treated with a single i.p. injection of Ro11-
2933 2 hr before administration of epirubicin.

Plasma (0.2mL) was extracted with 5mL of
chloroform:propanol (2:1). Tumours were hom-
ogenized in PBS (1 g to 9 mL). Silver nitrate (33%
w/v) was added to 1mL of the homogenate to
precipitate the proteins and epirubicin was recovered
from the mixture by vortexing with S5mL of
chloroform:propanol (2:1) for 20 min on a Buchler
evaporator. Samples were centrifuged at 400 g for
15 min at 4° and the lower organic phase transferred
to clean tubes and dried in a Buchler evaporator.
The residue was resuspended in methanol (100 uL).
Daunorubicin was added to all samples before
extraction as an internal control.

Epirubicin was determined by HPLC with a C18
u-Bondapak column and a mobile phase consisting
of water:acetonitrile (70:30) adjusted to pH 4.0 with
formic acid. The flow rate was 2.5mL/min and
epirubicin was detected by fluorescence at 560 nm
with an excitation wavelength of 480 nm. Sample
volume was 50 ulL.

Detection of P-glycoprotein. P-glycoprotein
expression was assessed by immunocytochemistry
with the monoclonal antibody MRK16 as described
previously [21].

Statistical analysis. Statistically significant dif-
ferences were identified either by Student’s #test or
by analysis of variance as appropriate.

RESULTS
Cytotoxicity of the drugs

The cytotoxicity of doxorubicin and each of the
resistance modulators is shown in Table 1. Cell line
2780AD is about 1000-fold resistant to doxorubicin
but shows only a 2-fold cross resistance to verapamil
and quinidine. Interestingly, no difference is
observed in the sensitivity to D-verapamil. Both cell
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concentrations of quinidine (open bars), verapamil (hatched bars) or Ro11-2933 (hatched bars). The

1D, is the drug concentration required to kill 50% of the cells and results are the means + SE of three
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Fig. 2. Total cellular doxorubicin accumulation following incubation of cell lines (A) 2780AD and (B)

A2780 in doxorubicin in the absence (@) and in the presence (O) of Ro11-2933 (6.6 uM). Also shown

is the drug accumulation when 2780AD was incubated with drug in the presence of quinidine {O0) and

verapamil (M), both 6.6 uM, or Ro11-2933 (A, 1 uM; A, 2 uM). Points are the means + SE of three
observations.

lines are about 10-fold more sensitive to Ro11-2933
than to verapamil or quinidine.

Effects of resistance modulators on drug sensitivity

Figure 1 shows the sensitivity of 2780AD to
doxorubicin alone and in the presence of various
concentrations of verapamil, quinidine or Roll-
2933. All three modulators sensitize the cells
to doxorubicin and this effect is concentration
dependent. For verapamil and quinidine the effect
is just significant at 1 uM (P < 0.02) and is significant
at all higher concentrations (P < 0.001). Ro11-2933
has a highly significant effect on drug sensitivity at
all concentrations used (P < 0.001), However, Ro11-
2933 at only 1 uM increased the drug sensitivity to
the same extent as achieved by either verapamil or

quinidine at 6.6 uyM. Furthermore, Ro11-2933 at 2
uM sensitized the cells to a much greater extent
than could be achieved with verapamil or quinidine
at concentrations as high as 10 uM.

Drug accumulation

Total cellular doxorubicin content of 2780AD
incubation in doxorubicin (1 uM) for various times
in the presence or absence of the resistance
modulators is shown in Fig. 2a. For the parental cell
line, A2780, drug accumulation increased linearly
with time (Fig. 2b). However, for the resistant cell
line accumulation reached a plateau by about 3 hr.
After 5 hr A2780 had accumulated about four times
as much drug as the resistant cell line.

The drug content of 2780AD was doubled in the
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Fig. 3. Isobolograms for the interaction between doxorubicin and verapamil (A}, quinidine (B), Ro11-

2933 (C) and D-verapamil (E) in cell line 2780AD. Also shown is the isobologram for the interaction

between doxorubicin and Ro11-2933 in cell line A2780 (D). The area between the dotted lines defines

the envelope of additivity. The IDs, was used to define a relative drug concentration of 1 and for the

modulators the actual concentration is shown on the x axis. The concentration (uM) of modulator used
in each drug combination is shown adjacent to the point.

presence of verapamil (6.6 uM) and increased by
about 70% in the presence of quinidine (6.6 uM).
In contrast, drug accumulation did not show a
plateau in the presence of Rol11-2933. After
incubation for 5hr with Ro11-2933 (1 uM) the
cellular doxorubicin content was increased to 80%
of that of A2780. It was increased to greater than
that of A2780, 113% (2 uM) and 136% (6.6 uM),
at higher concentrations.

Isobolograms

Isobolograms were constructed for doxorubicin in
combination with each of the modulators (Fig. 3). For

cell line 2780AD the isobolograms are similar and all
points lie to the left of the envelope of additivity. This
area is indicative of a supra-additive interaction, that
isaninteraction thatis greater than would be expected
based on the individual dose-response curves of the
twodrugs. Incontrast, whencellline A2780is exposed
to doxorubicin and Ro11-2933 in combination the
points lie either within the envelope of additivity or to
the right of the envelope. Points to the right of the
envelope indicate a sub-additive interaction.

Animal toxicity
The acute toxicity in tumour bearing mice of three
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Table 2. Acute toxicity of the modulators in tumour
bearing mice

Modifier LDy (mg/kg) LDy, (mg/kg)
Verapamil 51 (32-81) 75 (62-92)

Quinidine 185 (164-207) 204 (191-219)
Ro11-2933 152 (129-180) 180 (160-203)

Drugs were administered i.p. and four mice were used
at each dose. Confidence limits of 95% are shown in
parentheses.

41

Relative tumour volume

=]
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Time (days)

Fig. 4. Growth of the multidrug resistant human ovarian
cell line 2780AD as a subcutaneous xenograft in nude mice.
Groups of six mice received a single i.v. injection of
epirubicin alone (——O--, 10 mg/kg) or were treated i.p.
with verapamil (—x—, 40 mg/kg), quinidine (—-O—-,
150 mg/kg) or Ro11-2933 (—A—, 30 mg/kg) 2 hr before
and again 2 hr after injection of epirubicin. Mice were
treated when tumours reached a mean diameter of about
0.5cm and control groups were treated with PBS

—@—).

of the modulators in shown in Table 2. For verapamil
and quinidine deaths were observed within the first
hour after administration of the drug. In contrast,
no immediate toxicity was observed with Ro11-2933
and all deaths occurred between 3 and 24 hr after
drug administration.

For D-verapamil, lethal seizures were observed in
all mice at a dose of 200 mg/kg and in one of four
mice at a dose of 150 mg/kg. At a dose of 120 mg/
kg non-lethal seizures were observed in all mice. No
such toxicity was observed at a dose of 100 mg/kg.

Tumour growth delay

The effect of epirubicin alone and in combination
with resistance modulators on the growth rate of the
multidrug resistant human tumour xenograft 2780AD
is shown in Fig. 4. Epirubicin (10 mg/kg) alone had
no effect on the growth rate of the xenograft.
Furthermore, administration of verapamil at the
maximum tolerated dose (40 mg/kg) 2 hr before and
again 2 hr after treatment with epirubicin had no
effect onthe growthrate. Incontrast, the combination

8-

Relative tumour volume

Time (days)

Fig. 5. Growth of the multidrug resistant human ovarian
cell line 2780AD as a subcutaneous xenograft in nude mice.
Groups of six mice received a single i.v. injection of
epirubicin alone (—@—, 10 mg/kg) or were treated i.p.
with Ro11-2933 at 30 (—l—), 45 (——-O--), 60 (—A—)
or 75 (--- X ---) mg/kg 2hr before and again 2 hr after
injection of epirubicin. Mice were treated when tumours
reached a mean diameter of about 0.5 cm and the control
group (——0O--) were treated with PBS.
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Fig. 6. Lack of effect of Ro11-2933 alone on the growth of

the multidrug resistant xenograft. Mice received two i.p.

injections, separated by 4 hr, of Ro11-2933 (~—O--, 45 mg/

kg). Control mice (—@—) were treated with PBS
containing DMSO (10%).

of epirubicin with either quinidine at the maximum
tolerated dose (150 mg/kg) or Ro11-2933 at about a
fifth of the LD, dose caused a significant (P < 0.01)
reduction in the growth rate. Maximal growth delay
was obtained with a combination of epirubicin and
Ro11-2933 at a dose of 45 mg/kg (P < 0.001; Fig.
5). This concentration of Ro11-2933 .alone had no
effect on the growth rate of the xenograft (Fig. 6)
nor did the higher concentrations. None of the
treatments caused a significant loss of body weight.

Cells from a tumour taken from one of the control,
untreated group were re-established in culture. Both
the tumour and these cultured cells retained
expression of P-glycoprotein (results not shown) but
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Table 3. Effect of resistance modulators on the doxorubicin sensitivity of the
multidrug resistant cell line established from a xenografted tumour of cell line

2780AD
Modulator D5y (nM) Modulator factor
None 295+29 —
Verapamil (6.6 uM) 27.0x1.5 10.9
Quinidine (6.6 uM) 70.0 £ 3.5 4.2
Ro11-2933 (2 uM) 153+09 19.3

Cells were exposed to doxorubicin for 24 hr either alone or in the presence
of verapamil (6.6 uM), quinidine (6.6 uM) or Ro11-2933 (2 uM). Values are
the mean = SEM of three estimations and the modulation factor is the Dy, for
doxorubicin alone divided by the IDg, for doxorubicin in the presence of the

modulator.

Relative tumour volume

Time (days)

Fig. 7. Inhibition by epirubicin of the growth of the drug
sensitive human ovarian cell line A2780 as a subcutaneous
xenograft in nude mice. Groups of six mice received a
single i.v. injection of epirubicin alone (—O—, 10 mg/kg)
or were treated i.p. with verapamil (---O-- -, 40 mg/kg),
quinidine (-~ A--, 150 mg/kg) or Ro11-2933 (--@--,
45mg/kg) 2 hr before and again 2hr after injection of
epirubicin. Mice were treated when tumours reached a
mean diameter of about 0.5cm and the control group
(—m—) were treated with PBS.

were about 17-fold more sensitive to doxorubicin
than cell line 2780AD. However, the cells stiil
showed enhanced sensitivity to doxorubicin when
exposed in the presence of the resistance modulators
(Table 3).

Epirubicin alone caused a significant (P < 0.001)
reduction in the growth rate of the drug sensitive
xenograft A2780 (Fig. 7). Addition of the modulators
at the concentration which caused maximal growth
delay in the drug resistant xenograft did not enhance
the effects of epirubicin.

Pharmacokinetics of Ro11-2933 and epirubicin

Plasma and tumour levels of Ro11-2933 measured
in samples taken at various times from mice treated
i.p. with a single injection of Ro11-2933 at a dose

Rol1-2933

(ig/ml plasma; pg/g tumour)

..’g Tumour

Plasma

09 v T
0 100

¥ T L}
200 300 400
Time (min)
Fig. 8. Plasma (—@—) and tumour (---O---) levels of
Ro011-2933 in mice bearing the 2780AD xenocraft. Mice
were injected i.p. with Ro11-2933 (45 mg/kg) and samples
were taken at various times. Values for plasma were
obtained from pooled plasma from four mice and for the
tumours, the values are the means * SEM of tumours from

four mice.

of 45 mg/kg are shown in Fig. 8. In the growth delay
experiments epirubicin was administered 2 hr after
the modulator. At this time plasma levels of Rol1-
2933 were 0.7ug/mL (1.3uM) and significant
amounts were present in the tumours (2.9 ug/mg).

The effects of Ro11-2933 on the pharmacokinetics
of epirubicin in mice bearing the multidrug resistant
xenograft (2780AD) are shown in Fig. 9. There was
no difference between either plasma (Fig. 9A) or
tumour (Fig. 9B) levels of epirubicin in mice treated
with epirubicin alone and those treated with
epirubicin 2 hr after a single i.p. injection of Rol1-
2933 (45 mg/kg).

DISCUSSION

These results demonstrate clearly that when
compared in vitro at equimolar concentrations,
Ro11-2933 is a more potent resistance modulator
than verapamil or quinidine. However, when
modulatory activity is related to the toxicity of the
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Fig. 9. Plasma (A) and tumour (B) levels of epirubicin in mice bearing the 2780AD xenograft treated
i.v. with epirubicin (10 mg/kg) alone (—@—) or with epirubicin given 2 hr after a single i.p. injection
of Ro11-2933 (---O- -, 45 mg/kg). Values are the means + SEM of samples from four mice.

agent per se by isobologram analysis then all four
modulators appear similarly potent. The multidrug
resistant human tumour xenograft 2780AD is
resistant to epirubicin and when administered at the
maximum tolerated dose verapamil does not sensitize
the tumour to epirubicin. In contrast, quinidine and
Ro011-2933 both sensitize the tumour to epirubicin
and for Ro11-2933 this is achieved at only one third
of the maximum tolerated dose.

Both verapamil and quinidine (6.6 uM) sensitize
the multidrug resistant cell line 2780AD to
doxorubicin by about 10-fold and no further increase
in sensitization is observed at 10uM (Fig. 1).
A similar degree of sensitization was reported
previously for D-verapamil [5]. Since the IDg
concentrations of verapamil, D-verapamil and
quinidine alone in this cell line are 213, 87 and
152 uM, respectively, it is probable that these
compounds are not cytotoxic in their own right at
6.6 uM and that the sensitization seen is due to a
synergistic interaction with doxorubicin. Certainly
there is no detectable growth inhibition when cells
are exposed to verapamil, D-verapamil or quinidine
at this concentration for 24 hr. Although these
modulators have similar effects on drug sensitivity,
accumulation of doxorubicin is doubled in the
presence of verapamil (6.6 uM) or D-verapamil [5]
but is increased by only 75% in the presence of
quinidine (6.6 uM; Figs 2A). This disparity between
effects on drug sensitivity and drug accumulation is
often observed [22-24] and is further demonstrated
by the activity of Ro11-2933. At a concentration of
1uM, drug sensitivity is increased by about 5-fold
and drug accumulation by about 3-fold; a much
greater increase than is seen with verapamil or
quinidine (6.6 uM). When cell line 2780AD was
incubated with Ro11-2933 (6.6 uM) drug sensitivity
increased by about 100-fold, drug accumulation was
greater than observed for the parental cell line
A2780, yet the sensitivity of 2780AD was still 10-
fold less than that of A2780. This increase in drug
accumulation to greater than that for the parental
cell line does not appear to be due to a general
cytotoxic action of Ro11-2933 since the same
concentration had no effect on drug accumulation
in cell line A2780 (Fig. 2B).

One problem encountered with the use of Roll-
2933 in vitro was that at a concentration of 6.6 uM
a small growth inhibition was observed. This is
confirmed by the observation that the 1Ds of Rol1-
2933 for A2780 and 2780AD was only 12 and 18 uM,
respectively. Thus, part or all of the apparent
modulatory activity might be explained simply
by additive toxicity between Ro011-2933 and
doxorubicin. A previous study reported that at a
concentration of 2 uM, Ro11-2933 could sensitize
cells to doxorubicin [25]. The authors reported that
at this concentration exposure of cells to Ro11-2933
alone for 2 hr resulted in a 6% growth inhibition
and for a 72 hr exposure a 26% growth inhibition
was observed. They suggested that the longer
exposure time was required for complete reversal of
resistance in highly resistant cell lines. Clearly, this
could have been explained by a combination of
resistance modulation properties and of cytotoxicity
of Ro11-2933. Therefore, we carried out a detailed
isobologram analysis of the drug interactions (Fig.
3). This method of analysis allows the distinction
between supra-additive and sub-additive drug
interactions and clearly the interactions between the
modulators and doxorubicin are supra-additive (i.e.
synergistic). However, what is also apparent is that
all four modulators are highly effective in terms of
supra-additive activity in vitro.

Neither the simplistic comparison of equimolar
concentrations of modulators nor the detailed
isobologram analysis gives any indication of their
clinical potential. It has already been demonstrated
that the clinical potential of verapamil is probably
limited by its cardioactive properties since the
maximum tolerated dose in patients produces plasma
levels of only 1-2 uM [6, 8, 9]. In contrast, at the
maximum tolerated dose of quinidine (250 mg b.d.),
plasma levels of 6 uM can be achieved in the clinic
[26]. Clearly, the toxicity in patients is not reflected
by the cytotoxicity of the compounds in vitro since
quinidine is more cytotoxic than verapamil.

We have determined the acute toxicity of the
modulators in tumour bearing mice. Although this
is not a direct measure of the maximum tolerated
dose even in mice it is possible that such a
measurement can give an indication of the expected
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maximum tolerated dose in humans. Verapamil is
about 3-fold more toxic than quinidine and this
agrees with the clinical observation that higher
plasma levels of quinidine can be tolerated.
Furthermore, although the acute toxicity of D-
verapamil was about half that of racemic verapamil
it was apparent that even in mice the maximum
tolerated dose was limited by non-lethal toxicity.
This result did not reflect the expected 10-fold
decrease in cardiotoxicity reported for the D-isomer
[27]. However, in a Phase 1 trial of D-verapamil in
addition to doxorubicin in cancer patients the
maximum tolerated dose of D-verapamil was only
600 mg/kg compared with 480 mg/kg for racemic
verapamil. At this dose peak plasma levels of only
1.6 uM were achieved [28]. Hence, for the three
modulators for which clinical information is available,
the mouse toxicity results are a fair indication of the
maximum tolerated dose in patients. It is, therefore,
encouraging that the LDy for Ro11-2933 in mice is
152mg/kg. In a previous study plasma levels of
Ro11-2933 of 2 uM were achieved in mice with a
fifth (30mg/kg) of this dose [29]. At this
concentration Ro11-2933 was more active as a
resistance modulator in vitro than verapamil or
quinidine at 10 uM.

These results predicted that both quinidine and
Ro11-2933 should sensitize multidrug resistant
tumours to anthracyclines in vivo and our obser-
vations with the human tumour xenografts confirmed
these predictions. For these studies epirubicin was
used since it is less cardiotoxic than doxorubicin
[30]. Xenografts of the multidrug resistant cell line
2780AD were resistant to epirubicin and verapamil
was unable to sensitize the tumour even at the
maximum tolerated dose (Fig. 4). In contrast,
quinidine was able to sensitize the tumours to
epirubicin. We have shown previously that at the
dose of quinidine used (150 mg/kg) plasma levels of
about 2 ug/mL (5 uM) and tumour levels of about
6ug/g are achieved at the time of epirubicin
administration [31]. The combination of Ro11-2933
(30mg/kg) and epirubicin produced a growth
inhibition comparable to that achieved with quinidine
(Fig. 4) but maximal growth inhibition was achieved
with Ro11-2933 at a dose of 45 mg/kg (Fig. 5). The
mice tolerated Ro11-2933 at doses of 60 and 75 mg/
kg but at these concentrations no further increase
in growth inhibition was observed. Ro11-2933 alone
was inactive (Fig. 6) and none of the modulators
enhance the activity of epirubicin in the drug sensitive
xenograft A2780 (Fig. 7). These observations suggest
that the effects of the resistance modulators are
related to the multidrug resistant phenotype of the
xenograft and we have shown that a cell line derived
from the xenograft retains this phenotype (Table 3).
Furthermore, the maximum growth inhibition
obtained in the multidrug resistant xenograft is
comparable to that obtained by epirubicin alone in
the drug sensitive xenograft (Fig. 5 cf Fig. 7) which
suggests that the effectiveness of the combination of
Ro11-2933 and epirubicin is limited by the activity
of epirubicin. We have also demonstrated that the
effect of Ro11-2933 could not be explained by an
effect on the pharmacokinetics of the cytotoxic drug
as has been suggested for verapamil [8].

Use of the isobologram analysis allowed the
identification of Ro11-2933 as a potent resistance
modulator in vitro. This method of analysis was
particularly useful for this compound since Roll-
2933 is itself cytotoxic. Whilst such observations are
important they do not give any indication of clinical
value of the modulators. Our observations suggest
that the inclusion of an estimate of the maximum
tolerated dose in mice provides valuable information
with regard to the clinical potential of the modulator.
Furthermore, our results with the human tumour
xenograft suggest that Ro11-2933 is a particularly
promising agent for clinical studies of resistance
modulation.
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