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INTRODUCTION

P-GgrLycorroTEIN 1s 2 1280 amino acid surface ATPase which
can transport a wide range of cytotoxic drugs out of tumour
cells, including, doxorubicin, vincristine, vinblastine, etopo-
side, actinomycin D, paclitaxel [1], vinorelbine [2], topotecan
and irrinotecan [3]. The tumour cells which express P-glyco-
protein have a decreased accumulation of substrate cytotoxics,
and thus are resistant. However, an equally wide range of
drugs, including verapamil, quinidine, cyclosporin A and
tamoxifen, have been described as able to block transport of
cytotoxic drugs out of cells [1, 4], and so can re-sensitise
resistant cells to cytotoxics [5].

In cytotoxic cancer drug development, once active drugs
have been identified in cell screens, xenograft studies follow
[6]. One major problem with xenograft studies is that there is
no guarantee that animal pharmacokinetics will be similar to
those in humans. For trials of P-glycoprotein inhibitors, there
is the additional problem that the pharmacokinetic interac-
tions between inhibitor and cytotoxic need to be taken into
account, and there is even less chance that animal pharmaco-
kinetics will be predictive of those in humans.

P-glycoprotein expression is not the only mechanism in
cancer cells which can confer drug resistance to chemotherapy
[7]. However, because it is potentially surmountable by P-
glycoprotein inhibitors, it remains a possible avenue for
improving therapy. As more tumours are probed for P-glyco-
protein expression, especially after chemotherapy [8], it is
becoming clear just how widespread the clinical problem may
be (Table 1). Other biological mechanisms of resistance to
cytotoxics which are not surmountable by available techno-
logies, such as mutation of 7P53 or BCL-2 block of apoptosis,
clearly do not currently offer any realistic prospect of improv-
ing patient treatment.

This review presents an analysis of reversal trials performed
with P-glycoprotein inhibitors in solid tumours with the focus
on the pharmacology of the P-glycoprotein inhibitors. The
possibility of performing clinical trials utilising pharmacoki-
netic information, pharmacodynamic tests of P-glycoprotein
inhibition and biopsy data of expression of P-glycoprotein are
also discussed.

Correspondence to D.R. Ferry.

IN VITRO ASSESSMENT OF P-GLYCOPROTEIN
INHIBITOR POTENCY

There are numerous cell lines which express P-glycoprotein,
and frequently these lines have been selected by exposure to
cytotoxic drugs [9]. One reason such lines have been relatively
easy to develop is the relatively high frequency with which P-
glycoprotein-expressing lines can be generated, of the order
1 x 10° per cell generation [10]. Once such lines became
available, it was possible to perform assays to quantify the
potency of P-glycoprotein inhibitors. One assay simply meas-
ures the increase in the amount of intracellular cytotoxic drug
substrate due to P-glycoprotein inhibitors, first reported for
verapamil in P388 cells [11]. A modification of this approach
is to utilise the fluorescent probe rhodamine, a method that
can be automated to allow large scale screening [12].

The second cellular method is to perform proliferation
assays (frequently MTT based) on P-glycoprotein-expressing
cells in the presence and absence of P-glycoprotein inhibitors.
This approach can even be semiquantified so ECs, values are
derived [13].

The potency of P-glycoprotein inhibitors can be assessed in
cell-free systems using inside-out vesicles (IOVs) from P-
glycoprotein expressing cells [14]. By measuring the effects of
inhibitors on the initial rate of ATP-dependent cytotoxic drug
transport, clearly more potent drugs can be identified [14].
The most exact method of measuring potency of a drug to
associate with a given target is to perform an equilibrium
ligand binding assay in membrane particles. In the absence of
transport against a concentration gradient, this assay allows K|
values to be accurately determined [15]. Table 2 lists all the
drugs discussed in the following sections, giving their K| values
for the inhibition of [*H]vinblastine binding to P-glycoprotein,
and serum levels attainable. Ultimately, as for all drugs, in
vitro potency and biophysical constants to bind to targets will
relate to the potency of inhibitors in patients.

FIRST GENERATION P-GLYCOPROTEIN
INHIBITORS
These clinical trials were performed with what was at hand
at the time (see Figure 1 for structures). The rate of discovery
of drugs which reversed MDR in vitro was rapid. Much was
learned in these early ground-breaking trials; however, as can
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Table 1. Detection of P-glycoprotein in solid tumours

Tumour type Method of detection  Number positive/total or % positive Reference
Adrenocortical SBA 7/9 [102]
Bladder HYB-241 Pretreatment 6/46 {103]
Post-treatment 6/11
Brain C219 0.3-15% cells 7/11 [104}
mRMA
Breast JSB-1 1/14 relapse patients before paclitaxel [8]
Cc219
C494 7/14 relapse patients after paclitaxel
Cholangiocarcinoma JSB-1 8/12 [105]
Colon mRNA 35/41 [102]
Head and neck UIC2 60% [106]
Hepatocellular carcinoma mRNA 12/12 [102]
Intermediate grade non- C219 Untreated 1/19 [107]
Hodgkin’s lymphoma Relapsed 11/23
Lung (NSCLC) IHC Smokers 42/72 [108]
Ceased smoking 2/22
QOesophagus JSB-1 Squamous 1/27 [109]
Adenocarcinoma 7/10
Adenocarcinoma after chemotherapy
10/10
Ovarian C219 5/20 untreated [101]
JSB-1
Renal HYB-241 5/6 [110]
Retinoblastoma C494 29% untreated {111}
Soft tissue sarcoma (adulr) MRK 16 12/22 [112)
Stomach RT-PCR 4/12 (33%) [113]
Testis C219 SGCT 2/17 (12%) [114]
NSGCT 20/38 (53%)
Thyroid (anaplastic) mRNA 20/20 (low level) [115]

SBA, slot blot analysis; SGCT, seminomatous germ cell tumour; NSGCT, non-seminomatous germ cell tumour;
NSCLC, non-small cell lung cancer; HYB-241, C219, JSB-1, C494, MRK16 and UIC2 are monoclonal antibodies.

Table 2. P-glycoprotein inhibitors
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Dose-limiting toxicity

Serum levels in phase I trial

K; to bind to P-glycoprotein

Inhibitor Dose and route of inhibitor [Ref.] (nM)
Amiodarone 1400 mg/day for 7 days Negative dromotropic 8.5 uM {116} 2000*
Bepredil 22 mg'kg/36 h CIV Not defined 5.3 uM[117] 800*
CGP 41251 Oral Not known Trial in progress 42 [94]
Cyclosporin A 2-7 mg/kg IV over 2 h then 5- Elevated bilirubin 0.28-5 uM [26] 17 [15]
21 kg/kg/day, 3 days
Dexniguldipine 5 mg/kg over 4 h IV Hypotension 0.5 pM [74] 37 [118]
Dexverapamil 225 mg/m? every 4 h orally Hypotension bradycardia Peak 6.2 uM [65] 600 [15]
GF 120918 Orally Not known Trial in progress 3t
Nifedipine 60 mg orally twice daily Headache, postural 0.6 pM [119] 5000 [15]
hypotension
Progesterone 4gIVover24h Deep sleep 5 M [96] 200 000*
PSC 833 2.5-5 mg/kg up to 4 days Elevated bilirubin 0.8 uM [90] 35%
S9788 40 mg/m? IV over 30 min MTD not defined 1.2 pM [80] 250*
Quinidine 250 mg wwice daily orally, 4 days QRS interval 6 uM [39] 274 [15]
prolongation
Quinine 24-30 mg/kg/day orally Tinnitus, vertigo 30 pM [43] 1912 [15]
Tamoxifen 480 or 720 mg/day for 6 days Cerebellar 4 pM [50] 800*
Verapamil 0.15-0.60 mg/kg/h, 4 days Hypotension, heart 0.9-2.3 puM [17] 600 [15]

block, fluid retention

*Ferry and Russell, unpublished observation; +Ferry and coworkers to be presented at the American Association for Cancer Research, 1996.
CIV, continuous intravenous infusion.
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Figure 1. First generation P-glycoprotein inhibitors. (a) Racemic verapamil; (b) cyclosporin A; (c) tamoxifen; (d) quinidine and
quinine, The asterisks designate chiral carbon atoms.
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be seen in Table 2, many of these first generation drugs have
only p.M affinity to bind to P-glycoprotein.

Verapamil

Verapamil is a phenylalkylamine, first developed as a use-
dependent blocker of voltage-dependent L-type calcium chan-
nels, which proved efficacious in angina, hypertension and
supraventricular tachyarrythmia. Verapamil has one chiral
centre and is a mixture of R-verapamil ((+)-, pD-verapamil or
dexverapamil) and S-verapamil ((—) or -verapamil). It was one
of the first agents described which inhibits P-glycoprotein-
mediated resistance to vincristine and vinblastine [11]. Not
surprisingly, because of its clinical availability, trials with
verapamil were initiated.

Early clinical trials indicated that the maximum tolerated
dose (MTD) dose of verapamil was 480 mg/day orally, which
lead to blood levels of 1 uM [16]. Dose limiting toxicity
(DLT) was hypotension [16]. Dose escalation studies with
intravenous verapamil have also been peformed in patients
receiving concomitant 4 day infusions of doxorubicin, vincris-
tine and dexamethasone (VAD) [17]. These confirmed that,
at the dose range 0.15-0.6 mg/kg/h, cardiovascular toxicities
were dose limiting, but, for example, heart block could easily
be controlled by temporarily discontinuing the infusion [17].
Oedema and weight gain were also seen. The median verapa-
mil level achieved in 35 patients who received 71 courses was
397 ng/ml (0.9 uM) [17].

In a subsequent phase II clinical trial of intravenous verapa-
mil with VAD plus cyclophosphamide (CVAD) in non-Hodg-
kin’s lymphoma resistant to chemotherapy, the range of vera-
pamil concentrations achieved in 18 patients ranged between
0.68 and 4 pM, with a median of 2.3 wM [18]. Because of the
design of the CVAD trials, it was not possible to evaluate
the effects of verapamil on the pharmacokinetics of the co-
administered doxorubicin and vincristine.

Little is known about the pharmacokinetic interactions of
verapamil with cytotoxic drugs which are P-glycoprotein sub-
strates. Oral verapamil has been reported to increase the peak
levels, prolong the terminal half-life and increase volume of
distribution at steady state of doxorubicin [19]. Different
conclusions were reached with epirubicin in a clinical trial in
which two groups of patients were treated with (i) epirubicin
40 mg/m? for 3 days (ii) epirubicin 40 mg/m? for 3 days with
verapamil 480 mg per day for 4 days [20]. These authors
found that verapamil increased the AUC of seven deoxyagly-
cone metabolites of epirubicin.

Because verapamil undergoes extensive hepatic metab-
olism, it is subject to a marked first pass effect of 85%
after oral dosing [21]. Therefore, on theoretical grounds, if
verapamil is infused directly into the hepatic artery, high
hepatic exposure should occur. In a clinical trial of 14 patients,
verapamil was given as a 14h hepatic artery infusion and
the MTD was 1.2 mg/kg/h with hypotension being the dose
limiting toxicity (DLT) [22]. The estimated concentration of
verapamil delivered to hepatic tumours was 7.3 pM, approxi-
mately 3-fold higher than with maximally tolerated intra-
venous administration.

To our knowledge, there has been only one randomised
trial of verapamil added to chemotherapy, in small cell lung
cancer [23]. The trial accrued 226 patients who were treated
with cyclophosphamide, doxorubicin, vincristine and etopo-
side (CAVE) [23]. The dose of verapamil was 480 mg/day
orally for 5 days. The serum levels of verapamil were 0.8 M,

1073

which is 7.5-fold lower than needed to reverse P-glycoprotein
mediated resistance in vitro [23]. The other problem with this
clinical trial is its small size which could only reliably detect a
difference in median survival of approximately 30%.

The pharmacokinetic complexities of combining chemo-
therapy with verapamil have been appreciated for some time,
yet there are still no data concerning the pharmacokinetic
interaction of verapamil with vinca alkaloids, paclitaxel or
etoposide. The data we have with anthracyclines is contradic-
tory. Because P-glycoprotein inhibitors which are two orders
of magnitude more powerful than verapamil (vide infra) are
now available for clinical trials, it is, therefore, unlikely that
these questions will ever be systematically addressed.

Cyclosporin A

Cyclosporin A is a cyclic unadecapeptide which has immu-
nosuppressive activity, and its modulation of P-glycoprotein-
mediated drug resistance has been reviewed [24]. Cyclosporin
A inhibits the drug metabolising enzyme cytochrome P450,
especially the CYP3 isoform [25], suggesting it may cause
significant pharmacokinetic interactions. Detailed studies
combining cyclosporin A and etoposide [25], doxorubicin
[26] and paclitaxel [27] have been published documenting
such interactions.

There is very little animal data on the modulation by
cyclosporin A of doxorubicin pharmacokinetics, but that
which is published should encourage clinical investigators.
The studies have been conducted in male mice and rats given
a single i.p. injection of cyclosporin A and 30 min later given
i.v. doxorubicin at 5 mg/kg [28]. Although serum levels of
doxorubicin were not altered by cyclosporin A, the AUC of
liver, kidney and adrenals increased 2—-3-fold [28]. Thus, even
in the absence of significant increases in serum levels of a
cytotoxic drug, tissue and hopefully tumour content could be
significantly altered. This suggests that, in clinical trials of
solid tumours, a non-invasive method of measuring tumour
levels of cytotoxic drugs would be valuable to determine
tumour drug AUCs, as well as serum level measurements.

In the etoposide/cyclosporin A trial, patients first received
IV etoposide at doses of 150200 mg/m? for 3 days and, if they
progressed, were then switched to the etoposide/cyclosporin A
combination. Cyclosporin A was given as a loading dose of
between 2 and 7 mg/kg as a 2 h infusion, followed by a 3 day
infusion of 5-21 mg/kg/day. Because of the variable cyclospo-
rin A doses, a range of steady state plasma levels between 297
and 5073 ng/ml (0.28-5 wM) were achieved. In patients with
higher cyclosporin A levels, greater increases in etoposide
AUC were seen, with a median of 50% for patients with levels
<2 uM and 80% for those > 2 pM [25]. Etoposide has
cycle-phase specific antiproliferative effects and it is therefore
important to note that when cyclosporin A levels were > 2 uM
the t,,, increased by 108%.

The first report of cyclosporin A modulation of doxorubicin
pharmacokinetics used a 10 min bolus injection of doxorub-
icin, and reported a 10-fold decrease in doxorubicin clearance
[29]. Because the design did not assess paired pharmacoki-
netic data versus doxorubicin given alone, this trial left con-
siderable doubt on the magnitude of the effects of cyclosporin
A. In a subsequent phase I clinical trial, the effects of cyclospo-
rin A were evaluated in a sequential design [30]. Cyclosporin
A was given i.v. as a loading dose of 6 mg/kg over 2 h, then as
an infusion at 18 mg/kg/day for 3 days. The dose of doxorub-
icin alone was at 60-75 mg/m? given as a 48 h infusion. When



1074

doxorubicin was combined with cyclosporin A, the starting
dose was reduced to 40%, escalating to 70%. Equivalent
myelosuppression for the combination was seen at 60%
doxorubicin doses, which correlated well with the increase in
doxorubicin AUC of 55%. Both renal and non-renal clearance
decreased accounting for the increased AUC. The AUC of
the metabolite doxorubicinol increased by 3.5-fold, probably
in part because doxorubicinol is metabolised by cytochrome
P450 demethylation [31], and cyclosporin A is known to
inhibit these enzymes [32].

Cyclosporin A has also been combined with VAD in myel-
oma [33]. This trial treated 21 refractory myeloma patients
with three doses of cyclosporin A, 5, 7.5 and 10 mg/kg/day. In
6/8 patients in whom MDR] was detected prior to therapy the
MDR! expressing clone became undetectable and overall 48%
of the treated patients responded. No systematic pharmacoki-
netic data for doxorubicin or vincristine were collected, but
the AUC ratio of doxorubicinol to doxorubicin was increased
as reported for infusional doxorubicin studies [26].

Attempts have been made to combine vinblastine given
0.1 mg/kg weekly with cyclosporin A given twice dailyasa 1l h
infusion at 3 mg/kg [34]. The median 18 h blood level of
cyclosporin A was 0.6 M and no vinblastine kinetics were
measured. The trial enrolled 15 patients and no responses
were seen. The reasons for treatment failure are unknown.
Certainly the schedule and levels of cyclosporin A were subop-
timal compared with more recent reports, but the absence
of vinblastine kinetics makes it impossible to come to any
firm conclusions.

There is clearly a need to define the pharmacokinetic inter-
actions of cyclosporin A with cytotoxic drugs more accurately
if hypothesis-testing trials comparing equi-AUC doses of P-
glycoprotein substrates (or combinations) are to be perfor-
med. In this context, it is worth considering the potential
complexities of combining P-glycoprotein inhibiting drugs, as
has been suggested on the basis of laboratory work [35] and
actually undertaken with tamoxifen [36]. Not only may both
the P-glycoprotein inhibitors modulate cytotoxic drug kin-
etics, but may also alter each others disposition making evalu-
ation difficult.

Quinidine

Quinidine is a naturally occurring alkaloid used since the
1950s as an anti-arrhythmic drug. It was one of the first drugs
to be shown to modulate P-glycoprotein transport of cytotoxic
drugs [37]. In a unique study, patients received quinidine
prior to undergoing breast cancer surgery [38]. Tumour tissue
levels of quinidine were comparable with those in plasma, i.e.
around 6 pM [39].

This work led to a trial of 223 patients who were randomised
to receive epirubicin at 100 mg/m? and prednisolone as a
bolus dose, or epirubicin/prednisolone plus quinidine orally
250 mg twice daily for 4 days [38]. One biological factor to
consider is the recognised effect of corticosteroids in increas-
ing expression of P-glycoprotein in vitro [40]. If these effects
are operative in vivo, the use of prednisolone may have
increased the expression of P-glycoprotein, blunting any
activity of quinidine.

The trial did not assess epirubicin pharmacokinetics, but
quinidine levels were 5.5 pM directly before epirubicin
administration. No differences in survival or toxicity were
seen. Furthermore, no tumour biopsies were assessed for P-
glycoprotein expression, but other work suggests that only 10—
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20% of breast cancers express P-glycoprotein at diagnosis
[41]. This means that, in each arm of the quinidine/epirubicin
versus epirubicin trial of 223 patients, only approximately 22
patients would be P-glycoprotein positive. This randomised
trial was small and only able to detect reliably an increase in
response rate from approximately 40 to 60%. The fact that
the majority of patients are likely to have been P-glycoprotein
negative means its true power to detect a difference may well
have been substantially less than the initial power calculations
predicted. Quinidine is a relatively weak inhibitor of P-glyco-
protein transport (Table 2) and it would seem to be an
unlikely candidate for further development.

Quinine

Quinine is the S-diastereoisomer of quinidine. In functional
assays of P-glycoprotein transport of rhodamine, it is weaker
than quinidine [42], and has a 7-fold lower affinity for
inhibiting equilibrium binding of [*H]vinblastine [15]. Quin-
ine is used clinically to relieve nocturnal leg cramps and
treat malaria.

In an ex vivo assay of quinine activity, serum was taken from
patients who received 24-30 mg/kg/day orally, and serum
levels of quinine ranged from 4.8 to 10 pg/ml (15-31 uM).
This serum was able to increase the epidoxorubicin content of
DHD/K12 rat colon cells, suggesting that the serum levels
achieved were sufficient to inhibit P-glycoprotein function.
This ex wivo activity has been confirmed with patient serum in
resistant K562/ADM cells [43]. The reason why quinine is
weak in virro is because most of the activity from serum is
attributable to the metabolite quinine-10,11-epoxide, which
is 8-fold more active than quinine in a rhodamine efflux
assay [42].

Quinine has been combined with the P-glycoprotein substr-
ate mitoxantrone and arabinose C in acute leukaemia [44].
Quinine at 30 mg/kg was given by continuous i.v. infusion for
5 days. The quinine related toxicity was tinnitus and vertigo
in 10 of 15 patients. Of 3 patients assessed, 5 cases were P-
glycoprotein positive and they all responded. Surprisingly,
little is known about the pharmacokinetic interactions of
quinine and cytotoxic drugs. There may be a possible decrease
in epirubicin AUC [45].

Some data with quinine are encouraging, but it seems likely
that the epoxide metabolite is responsible for any biological
effects. This adds an unwanted level of complexity. How
variable is the metabolism of quinine? Why not use the more
active metabolite? Furthermore, previously it has been sug-
gested that verapamil and quinine acted synergistically to
reverse P-glycoprotein mediated resistance in vitro [46]. Apart
from the added complications dual inhibitor studies impart to
interactions with cytotoxics, there is the question of whether
the quinine/verapamil synergy applies to the quinine-
epoxide/verapamil  combination, especially as  the
quinidine/verapamil combination was antagonistic [46].

Tamoxifen

Tamoxifen is an oestrogen receptor antagonist, first
reported in 1991 to be active in breast cancer at doses of
20 mg per day [47]. The pharmacokinetics of tamoxifen are
complex, with a terminal half-life of excretion of 5-7 days,
primarily due to very tight plasma binding (approximately
98%), an enterohepatic circulation and accumulation in fatty
tissue as expected from a highly hydrophobic drug.

Tamoxifen binds weakly to P-glycoprotein, with K value of
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0.8 uM (Table 2), and binding to P-glycoprotein increases
ATPase activity [48). Because modulation of P-glycoprotein-
mediated resistance in cell lines is effected only at > 1 pM
[49], clinical trials have focused on increasing the dose of
tamoxifen above that used for endocrine therapy of breast
cancer.

In a phase I dose-escalation trial in combination with vinbla-
stine, the MTD of tamoxifen was a loading dose of 680 mg/m?
followed by 260 mg/m? twice daily for 13 days [50]. The dose
limiting toxicities were tremor, unsteady gait, dizziness, and
one patient had a grand mal seizure. At the MTD, plasma
tamoxifen (and major metabolite N-desmethyltamoxifen) lev-
els were in the range 4-8 pM. In this trial, two tumour
biopsies were performed and tissue levels were approximately
6-fold higher than in plasma. This trial accrued 53 patients, 1
partial response was seen in renal cell cancer, and two in
breast cancer. No pharmacokinetic analysis of the effects of
tamoxifen on vinblastine were presented, but the nadir white
cell and platelet counts were no worse between the lowest
dose of tamoxifen and the 6.5-fold highest dose [50].

A clinical trial of similar design combined ‘high-dose’
tamoxifen, 480 or 720 mg per day for 6 days, with oral
etoposide [49]. The CNS toxicities were similar to those
reported when tamoxifen is combined with vinblastine [50].
The tamoxifen levels achieved, approximately 4 pM, were
ineffective in modulating etoposide resistance in P-glyco-
protein expressing cell lines [49].

In a randomised phase II trial in renal cell cancer, patients
received infusional vinblastine for two courses, and if they
progressed or had stable disease, were randomised to receive
either vinblastine plus tamoxifen (400 mg loading, then
150 mg twice daily for 13 days) or cyclosporin A
12.5 mg/kg/day for 5 days. In 64 patients no responses were
seen with vinblastine alone. With addition of tamoxifen, 7 of
16 progressing patients stabilised compared with 4 of 12 given
cyclosporin A [51]. This trial with sequential design has the
possibility of isolaring the effect of the added modulator,
provided alterations in vinblastine pharmacokinetics do not
confound interpretation.

Tamoxifen, at 150 mg/m? twice daily, has been given to
patients receiving combination chemotherapy with cyclophos-
phamide, doxorubicin, vincristine, prednisolone and etopo-
side (CHOPE) [52]. The authors suspected worsening myelo-
suppression due to addition of tamoxifen, but because the trial
was not of sequential design, the reasons for this could not be
rigorously assessed.

Laboratory findings of synergy between tamoxifen and
cyclosporin A in reversing MDR have been reported [36]. At
the highest dose of tamoxifen, 300 mg/m? twice daily, cerebel-
lar ataxia was observed. The main toxicity of cyclosporin A
was mild hyperbilirubinaemia, which correlated with serum
cyclosporin A levels [36].

Thus far, no clinical trials have assessed the effect of tamox-
ifen on pharmacokinetics of cytotoxic drugs. Furthermore,
even if activity is seen, tamoxifen is also known to inhibit
protein kinase C (PKC) at high pM concentrations [53]. P-
glycoprotein is known to have PKC phosphorylation sites in
the linker region, but key experiments comparing transport of
wild type with the non-phosphorylatable mutant have not yet
been reported. However, it should also be borne in mind that
tamoxifen could circumvent P-glycoprotein-mediated resist-
ance by decreasing MDRI mRNA, as has been reported for
other kinase inhibitors [54]. In addition, phosphatidylethanol-
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amine may be involved in transport of drugs by P-glyco-
protein, and the inhibitory effects of tamoxifen on synthesis of
this phospholipid may be important [55].

Because of its protein biological activities at high doses
tamoxifen is not a promising candidate to test the hypothesis
that P-glycoprotein mediates clinical drug resistance. Further-
more, if rational trials are to be performed with tamoxifen in
the future, then fundamental pharmacokinetic work needs to
be undertaken first.

SECOND GENERATION P-GLYCOPROTEIN
INHIBITORS
These drugs were thought likely to have less toxicity than
the first generation of inhibitors. Their structures are shown
in Figure 2.

Dexverapamil (R-verapamil)

Dexverapamil is 7-fold less potent than 1-verapamil at
inhibiting the contractile force of isolated human myocar-
dium, with an EC,; of 3 pM [56]. However, the enantiomers
of verapamil are equipotent at reversing uptake-deficit of
cytotoxic drug [57,58] and reversing P-glycoprotein-
mediated resistance [59].

In a phase I clinical trial, dexverapamil was administered
orally with doxorubicin given as a bolus every 3 weeks at
70 mg/m? [60]. Dexverapamil was given in divided doses four
times daily, but at a total daily dose of 1200 mg, 5 of 6 patients
had symptomatic hypotension with systolic blood pressures of
< 100 mmHg. This trial recommended a daily dose of 800 mg
daily for phase II trials, but the plasma levels of 1.9 pM plus
those of the equiactive metabolite norverapamil of 1.8 uM
were probably too low to inhibit P-glycoprotein function.

In a more recent phase I clinical trial, oral dexverapamil was
combined with infusional etoposide, doxorubicin, vincristine,
oral prednisolone and bolus cyclophosphamide (EPOCH)
[61]. This trial recommended somewhat higher doses of
dexverapamil of 900 mg/m?/day for 6 days, at which 3 of 26
patients had dose reductions because of cardiovascular tox-
icity [61]. The peak levels of dexverapamil achieved was
1.7 uM, and the sum of dexverapamil and norverapamil con-
centrations was 3.24 pM. In this trial, the important issue of
effect on cytotoxic drug pharmacokinetics was assessed by
comparing steady state concentrations of etoposide and
doxorubicin for EPOCH with dexverapamil plus EPOCH.
There was no effect on etoposide Cgg, but that of doxorubicin
doubled [61]. Vincristine pharmacokinetics could not be
evaluated because the levels would be at the limit of assay
sensitivity. No elevation of serum bilirubin was noted, but
adding dexverapamil to EPOCH decreased platelet and neu-
trophil nadir counts. Despite the low plasma levels of dexvera-
pamil achieved in a phase II trial in refractory lymphoma, 5 of
41 patients progressing on EPOCH responded when dexvera-
pamil was added, and this correlated with MDR! mRNA
tumour biopsy expression [62].

Dexverapamil has been combined with vinblastine in clini-
cal trials in renal cell carcinoma. In one report, oral doses of
180 mg/m? four times daily led to hypotension in only 1 of 11
patients [63], but in another trial dexverapamil doses as high
as 3000 mg/day were tolerated by 8 of 11 patients, with 1
patient responding to the addition of dexverapamil [64]. The
effects of dexverapamil on vinblastine pharmacokinetics are
unknown.

Dexverapamil has also been given with paclitaxel in breast
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Figure 2. Second generation P-glycoprotein inhibitors.

cancer patients [65]. Dose-limiting bradycardia and hypoten-
sion were seen at a dexverapamil dose of 250 mg/m? every 4 h;
but 225 mg/m? every 4 h with paclitaxel at 200 mg/m? was
well tolerated. Peak and trough levels of verapamil were high,
6.2 and 3.6 wuM. Dexverapamil worsened paclitaxe]l myelo-
suppression. Of 7 patients, 3 had minor responses when
dexverapamil was added to paclitaxel. However, because
dexverapamil increased the paclitaxel AUC 2-fold, by decreas-
ing clearance [65], it is possible the increased tissue exposure
to paclitaxel caused the observed antitumour effects.

The doses of dexverapamil which have caused cardiac tox-
icity have not been as high as previously anticipated. This
may be because dexverapamil undergoes selective metabolism
relative to l-verapamil, and the bioavailability of dexverapamil
is twice that of l-verapamil [66]. Therefore, as 25% of the
cardiodepressant effect of racemic verapamil is due to dexvera-
pamil [56], it is not surprising that the dose escalation achi-
eved by using this enantiomer has mostly been modest.

Dexniguldipine
Dexniguldipine (B8509-035) is the (—)-isomer of the anti-
hypertensive agent (+)-niguldipine [67]. Dexniguldipine binds

with high affinity to P-glycoprotein with a K, of approximately
10 nM [68]. The binding site for dexniguldipine on P-glyco-
protein is located on an intracellular domain [69]. Niguldipine
is also a blocker of L-type calcium channels, alpha adrenergic
receptors [67] and protein kinase C at > 3 pM, by interacting
with the regulatory domain [70]. Dexniguldipine has been
reported to have antitumour effects in neurcendocrine tumour
xenografts, and to inhibit RNA synthesis at 5 uM [71]. In
functional assays of P-glycoprotein transport of rhodamine,
1 wM dexniguldipine is maximally effective [72].

Because of the xenograft data with deniguldipine, a phase I
dose escalation trial was undertaken in cancer patients. Up to
doses of 2500 mg/day, only grade 2 nausea was reported, only
2 patients had hypotension, no responses were seen, and 1
patient, with a tumour of the maxillary sinus, remained on
therapy for 23 months with stable disease [73].

In phase I trials, intravenous dexniguldipine has been com-
bined with vinblastine [74]. Dexniguldipine was givenasa4h
infusion on 4 consecutive days, and the dose-limiting toxicities
were hypotension and cardiac conductance disturbances at
the end of the infusions, the MTD was 5 mg/kg/day. Peak
plasma levels were 2 uM, with steady state levels around
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0.5 wM. In combination with vinblastine, one partial response
was seen in a patient with retroperitoneal mesothelioma.
Although dexniguldipine is 40-fold less potent than niguldi-
pine at blocking L-type calcium channels, cardiovascular tox-
icity prevented dose escalation to levels which would be
required to reverse MDR. Dexniguldipine is a highly hydro-
phobic drug which undergoes hepatic metabolism. It may
therefore still find a niche use in regional chemotherapy of P-
glycoprotein-expressing liver tumours.

59788

This triazionoaminopiperdine derivative was chosen from a
programme to develop potent P-glycoprotein inhibitors [75].
S9788 is approximately 5-fold more potent than verapamil at
increasing accumulation of doxorubicin in P-glycoprotein-
expressing cell lines {76]. S9788 blocks photoaffinity labelling
of P-glycoprotein by [*H]azidopine at 100 pM. In a compara-
tive study, S9788 caused complete sensitisation of P-glyco-
protein-expressing cell lines at 10 wM, values for other revers-
ing agents being: cyclosporin A 3 uM, verapamil 6 pM,
amiodarone 20 pM, tamozxifen 40pM and quinidine
> 100 M [77]. Derailed work using laser confocal
microscopy has demonstrated that S9788 can cause THP-
doxorubicin to accumulate in the nuclei of resistant K562R
cells, and after brief exposure to 5 pM S9788, increased the
half-life of THP-doxorubicin in the nucleus to 90 min, versus
20 min for 5 wM cyclosporin A [78].

S9788 has been found to have activity in reversing resistance
P-glycoprotein-expressing small cell lung cancer xenografts
treated with etoposide/cisplatin at a dose of 50 mg/kg twice
per day for 3 days with etoposide [79].

In a phase I clinical trial, S9788 was combined with doxoru-
bicin in a sequential design to allow treatment with doxorub-
icin alone, S9788 (IV over 30 min) alone and then both drugs
combined. The starting dose of $9788 was 8 mg/m? and
was reported to be escalated to 96 mg/m> [80]. No serious
toxicities were found and the combined treatment did not
seem to worsen haematological toxicity of doxorubicin. Very
little pharmacokinetic data were reported, but at 40 mg/m?
the peak serum level of S9788 was 1.2 uM [80]. Further
clinical trial data are awaited.

THIRD GENERATION P-GLYCOPROTEIN
INHIBITORS
This class of inhibitor is characterised by low nM potency
for reversing P-glycoprotein activity i vitro (Figure 3), these
compounds and those which follow in the future are likely to
be the product of specific drug discovery programmes.

PSC 833

PSC 833 is a non-immunosuppressive analogue of cyclos-
porin D. In comparative in vizro studies in P-glycoprotein-
expressing cell lines, it is reported to be equipotent {81] to 20-
fold more potent than cyclosporin A [82, 83]. In witro,
PSC 833 competes for [?H}-vinblastine binding to P-glyco-
protein with a K value of 35 nM (Table 2) and also potently
inhibits P-glycoprotein photoaffinity labelling. PSC 833 has a
K; value of 300 nM for inhibiting transport of daunomycin in
in vitro transport assays, but also inhibits the taurocholate
transporter with a K, of 600 nM and the leukotriene trans-
porter (encoded by the MRP gene) with a K; of 30 pM [84].

In xenograft studies of the 11210 P-glycoprotein-trans-
fected cells, PSC 833 was effective together with doxorubicin
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at prolonging survival and some cures were observed [85].
However, PSC 833 strongly interacted with the pharmacoki-
netics of doxorubicin, lowering the MTD of doxorubicin 3-
fold [85].

Phase I clinical trials have been undertaken with PSC 833
and cytotoxic drugs, including single agent etoposide [86],
doxorubicin [87, 88} and paclitaxel as well as with the VAD
combination [89]. As for cyclosporin A, the AUCs of etopo-
side, doxorubicin and paclitaxel are increased, increasing mye-
losuppression. To allow increases in PSC 833 doses above
5 mg/kg twice daily, doxorubicin doses have been decreased
[87, 88]. Despite the early nature of the clinical trials
underway, bioassays on serum from PSC 833 treated patients
have shown samples have sufficient PSC 833 (in the range
0.4-0.8 uM) to reverse partially the resistance of the MDR
cell line MAES-SA/Dx5 [90].

As for cyclosporin A, transient hyperbilirubinaemia has
been seen when PSC 833 is combined with cytotoxic chemo-
therapy, possibly due to inhibition of transporters other than
P-glycoprotein in the bile canalicular membrane [84]. Clinical
trial results with PSC 833 are awaited with considerable
interest.
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CGP 41251

Human P-glycoprotein has potential PKC phosphorylation
sites at serine 661, 671, 667, 675 and 683 [91]. CGP 41251
is the N-benzyl derivative of staurosporine (Figure 3). Ithas a
degree of selectivity for PKC and in xenografts antitumour
activity [92]. In P-glycoprotein expressing CCRF-VCR1000
cells, CGP 41251 has antiproliferative activity (IC5, 420 nM)
and strongly potentiates the effects of doxorubicin and vinbla-
stine [93]. In the same cells, the IC;, for increasing accumu-
lation of rhodamine is 50 nM, close to the K, value of CGP
41251 for inhibiting binding of [*H]vinblastine to P-glyco-
protein [94]. Unlike the effect of staurosporine, CGP 41251
does not decrease expression of P-glycoprotein [93].

Thus, CGP 41251 seems to bind with high affinity to P-
glycoprotein to block drug transport [94], but the role of
PKC inhibition is unclear, although it is likely to involve
antiproliferative effects.

CGP 41251 is currently in phase I clinical trial as an MDR
reversing agent in the United Kingdom. These clinical trials
will be extremely challenging, as CGP 41251 is unique
amongst potent P-glycoprotein inhibitors in having potent
antitumour activity. This may mean it is not the ideal P-
glycoprotein inhibitor to test if this particular mode of resist-
ance is clinically significant.

GF 120918 (GG918)

This acridonecarboxamide was developed by Glaxo
(France) and is the most potent P-glycoprotein inhibitor
described, having an EC,, for reversing P-glycoprotein-
mediated drug resistance of 20 nM n vitro {95]. Furthermore,
in xenograft experiments, 5 mg/kg G(G918 restores sensitivity
of P388/Dox tumours to doxorubicin without altering pharm-
acokinetics of doxorubicin [95]. Results of ongoing phase I
clinical trials in North America and Europe should become
available in 1997.

CONCLUSION

It is curious that the dose limiting toxicities (DLTs) of
clinically tested P-glycoprotein inhibitors have varied (Table
2). For first generation drugs, DLTs were related to primary
pharmacological activities, cardiovascular for verapamil, tin-
nitus for quinine. However, tamoxifen and progesterone
caused unusual DLTSs, cerebellar ataxia [50] and solmonel-
ence [96], respectively. Cyclosporin A and its analogue
PSC 833 both cause elevation of serum bilirubin, but is not
clear if this effect is due to P-glycoprotein inhibition, as
cyclosporins are potent inhibitors of other biliary tract trans-
porters [84].

As mdrla knock-out mice with a disrupted blood-brain
barrier are highly susceptible to neurotoxins [97], perhaps
CNS toxicity could be expected with potent P-glycoprotein
inhibitors. However, for the knock-out mice, all was well until
they were exposed to pesticide ivermethacin [97] and thus,
unless the chemotherapy drugs are neurotoxic, perhaps this
will not occur. Trials with highly potent P-glycoprotein inhibi-
tors may throw light on this area of speculation. Furthermore,
the knock-out mice had decreased clearance of vinblastine
[97], so it may be inevitable that highly effective inhibitors of
P-glycoprotein will alter natural product cytotoxic pharmaco-
kinetics.

The possibility of modulating P-glycoprotein-mediated
drug resistance illustrates the complexities of applying promis-
ing laboratory findings in the clinical setting. In the early
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years, pragmatism determined which drugs (such as tamox-
ifen, quinidine and verapamil) entered clinical trial. Although
there were some early clinical successes in lymphoma with
verapamil [18], the multitude of apparently negative data in
solid tumours led to pessimism [98].

However, the realisation of the fundamental importance of
utilising the information from pharmacokinetics [99] com-
bined with the development of drugs, such as PSC 833,
CGP 41251 and GG918, offer opportunities to improve the
treatment of solid tumours. The clinical development of the
most recently discovered and potent P-glycoprotein inhibitors
has benefited greatly from the knowledge gleaned from early
modulation trials. Current preclinical and subsequent clinical
development is depicted in an idealised scheme in Figure 4.

The other factor which will drive this is the activity of new
cytotoxic drugs, such as paclitaxel in ovarian cancer [100], a
tumour which frequently expresses P-glycoprotein in relapse
[101].

The largest clinical benefit from P-glycoprotein modulation
is unlikely to be seen in advanced relapsed cancers after
multiple regimens of chemotherapy. This is because these
tumours are likely to be clonally heterogeneous and express
more than one mechanism of resistance. However, as exper-
imental work using the tool of fluctuation analysis tells us,
mutations which give rise to P-glycoprotein MDR are rela-
tively common [10]. It, therefore, seems likely that a neoadju-
vant modulation strategy is worth clinical exploration, and
more likely to be the defining test of the value of P-glyco-
protein inhibition. Such randomised phase III trials need
extensive preparation to ensure that the chosen modulators
do not confound the trial interpretation by altering the AUC
of a key cytotoxic drug. Furthermore, it will be essential to

Identify new P-glycoprotein inhibitor

in vitro, MTT assay. ligand binding assays 1-3 years
Toxicity testing 6 months
In vivo xenograft studies .
with pharmacokinetics year
Phase [ trial in humans. Sequential design:
modulator alone, cytotoxic alone, combination. 2 years
Define MTD of modulator and PK effects
Phase 11 trials of efficacy in P-glycoprotein positive
tumours. Sequential design: cytotoxic alone, if PD then 2-3 years
add modulator to cytotoxic
Randomised neoadjuvant resistance
modulation phase III trial in tumours which
are P-glycoprotein positive in relapse (breast, 5 years +
ovary, lymphoma, sarcoma)

Figure 4. Outline development of P-glycoprotein inhibitors.

PK, pharmacokinetics; PD, progressive disease; MTD,

maximum tolerated dose; MTT, 3-(4,5-dimethylthiazol-2-
y1)2,5-diphenyltetrazolium bromide.
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attempt to tissue type the relapse cases and determine whether
this strategy can eliminate P-glycoprotein expressing clones.

The story of P-glycoprotein illustrates the difficulty of trans-
lating exciting laboratory findings into meaningful clinical
trials. Indeed, we may have reached a point where modulation
trials can progress meaningfully into the phase II setting with
potent P-glycoprotein inhibitors in the next few years. Beyond
that lies many years of conducting randomised trials in various
diseases with neoadjuvant modulation with pharmacokinet-
ically adjusted chemotherapy doses. This will allow the true
effect of P-glycoprotein inhibition to be isolated and quant-
ified.

10.

11.

12,

13.

14.

15.

16.

17.

18.

. Gottesman MM, Pastan P. Biochemistry of multidrug resistance

mediated by the multidrug transporter. Ann Rev Biochem 1993,
62, 385-427.

. Adams DJ, Knick VC. MDR and non-MDR forms of cellular

resistance to 5'-noranhydrovinblastine (navelbine). Proc Annu
Meet Am Assoc Cancer Res 1992, 33, A2760.

. Mattern MR, Hofmann GA, Polsky RM, Funk LR, McCabe

FL, Johnson RK. In witro and in wivo effects of clinically
important camptothecin analogues on multidrug-resistant cells.
Oncol Res 1993, 5, 467-474.

. Pearce HL, Safa AR, Bach NJ, Winter MA, Cirtain MC, Beck

WT. Essential features of the P-glycoprotein pharmacophore as
defined by a series of reserpine analogues that modulate multid-
rug resistance. Proc Natl Acad Sci USA 1989, 86, 5128-5132.

. Endicott JA, Ling V. The biochemistry of multidrug resistance.

Ann Rev Biochem 1989, 58, 137-171.

. Grindley GB. Current status of cancer drug development. Can-

cer Cells 1990, 2, 163-171.

. Woodhouse JR, Ferry DR. The genetic basis of resistance to

cancer chemotherapy: opening potential therapeutic avenues.
Ann Int Med 1994, 27, 157-167.

. Tolcher AW, Cowan KH, Solomon D, ez al. A phase I study of

paclitaxel (T) with r-verapamil (RV) in metastatic breast cancer
(MBC). Proc Ann Mtg Am Soc Clin Oncol 1994, 13, A349.

. Biedler JL, Riehm H. Cellular resistance to actinomycin D in

Chinese Hamster cells in vitro: cross resistance, radioautographic
and cytogenetic studies. Cancer Res 1970, 30, 1174-1184.

Chen G, Jaffrezou J, Fleming WH, Duran GE, Sikic BI. Preva-
lence of multidrug resistance related to activation of the mdrl
gene in human sarcoma mutants derived by single-step doxorub-
icin selection. Cancer Res 1994, 54, 4980—4987.

Tsuruo T, Tsukagoshi S, Sakurai Y. Overcoming vincristine
resistance in P388 leukaemia in wivo and in witro through
enhanced cytotoxicity of vincristine and vinblastine by verapa-
mil. Cancer Res 1981, 41, 1967-1972.

Lee JS, Paull K, Alvarez M, er al. Rhodamine efflux patterns
predict P-glycoprotein substrates in the National Cancer Insti-
tute drug screen. Mol Pharmacol 1994, 46, 627-638.

Tang WD, Kajiji S, Di Capua F, de Graaf D, Roninson IB,
Gros P. Human (MDR1) and mouse (mdrl, mdr3) P-glyco-
proteins can be distinguished by their respective drug resistance
profiles and sensitivity to modulators. Biochemistry 1995, 34,
32-39.

Horio M, Gottesman MM, Pastan I. ATP-dependent transport
of vinblastine in vesicles from multidrug resistant cells. Proc Nazl
Acad Sci USA 1988, 85, 3580-3584.

Ferry DR, Russell MA, Cullen MH. P-glycoprotein possesses a
1,4-dihydropyridine-selective drug acceptor site which is allos-
terically coupled to a vinca alkaloid-selective binding site.
Biochem Biophys Res Commun 1992, 188, 440-445.

Cantwell B, Buamah P, Harris AL. Phase I and II study of oral
verapamil and intravenous vindesine. Proc Am Soc Clin Oncol
1985, 42, 161.

Pennock GD, Dalton WS, Roeske WR, et al. Systemic toxic
effects associated with high dose verapamil infusion and chemo-
therapy administration. ¥ Natl Cancer Inst 1991, 83, 105-110.
Miller TP, Grogan TM, Dalton WS, Spier CM, Scheper RJ,
Salmon SE. P-glycoprotein expression in malignant lymphoma
and reversal of clinical drug resistance with chemotherapy plus
high dose verapamil. ¥ Clin Oncol 1991, 9, 17-24.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

1079

Kerr DJ, Graham J, Cummings ], ez al. The effects of verapamil
on the pharmacokinetics of adriamycin. Cancer Chemother Phar-
macol 1986, 18, 239-242.

Mross K, Hamm D, Hossfeld K. Effects of verapamil on pharm-
acokinetics and metabolism of epirubicin. Cancer Chemother
Pharmacol 1993, 31, 369-375.

Woodcock BG, Schultz WS, Kuber G. Direct determination of
hepatic extraction of verapamil in cardiac patients. Clin Pharma-
col Ther 1981, 30, 52-61.

Saltz L, Murphy B, Kemeny N, et al. A phase I trial of
intrahepatic verapamil and doxorubicin. Regional therapy to
overcome multidrug resistance. Cancer 1994, 74, 2757-2764.
Milroy R. A randomised clinical study of verapamil in addition
to combination chemotherapy in small cell lung cancer. West of
Scotland Lung Cancer Research Group, and the Aberdeen
Oncology Group. Br ¥ Cancer 1993, 68, 813-18.

Twentyman PR. Cyclosporins as drug resistance modifiers.
Biochem Pharmacol 1992, 43, 109-117.

Kronbach T, Fischer V, Meyer UA. Cyclosporin metabolism in
human liver: identification of a cytochrome P-450 gene family
as the major cyclosporin metabolising enzyme explains interac-
tions of cyclosporin with other drugs. Clin Pharmacol Ther 1988,
43, 630-635.

Bartlett NL, Lum BL, Fisher GA, et al. Phase I trial of doxorub-
icin with cyclosporine as a modulator of multidrug resistance. ¥
Clin Oncol 1994, 12, 835-842.

Fisher GA, Bartlett NL, Lum BL, ez al. Phase I trial of Taxol (T)
with high-dose cyclosporine (CsA) as a modulator of multidrug
resistance (MDR) (meeting abstract). Proc Ann Mtg Am Soc Clin
Oncol 1994 13, A369.

Columbo T, Zucchetti M, D’Incalci M. Cyclosporin A markedly
changes the distribution of doxorubicin in mice and rats. ¥
Pharmacol Ther 1994, 269, 22-26.

Ehrlichman C, Moore M, Theissen J], ez al. Phase I pharmacoki-
netic study of cyclosporin A combined with doxorubicin. Cancer
Res 1993, 35, 4837-4842.

List AF, Spier C, Greer J, ez al. Phase I/II trial of cyclosporin as
a chemotherapy-resistance modifier in acute leukaemia. ¥ Clin
Oncol 1993, 11, 1652-1660.

Bachaur NR. Adriamycin (NSC-123127) pharmacology. Cancer
Chemother Rep 1975, 6, 153-158.

Augustine JA, Zematis MA. The effects of cyclosporin A (CsA)
on hepatic microsomal drug metabolism in the rat. Drug Metab
Disp 1986, 14, 73-78.

Sonneveld P, Durie BGM, Lokhorst HM, et al. Modulation of
multidrug resistant myeloma by cyclosporin. Lancet 1992, 340,
255-258.

Rodenberg CJ, Nooter K, Herweijer H, Seynaeve R, Stoter G,
Verweij J. Phase II study combining vinblastine and cyclosporin
A to circumvent multidrug resistance in renal cell cancer. Ann
Oncol 1991, 2, 305-306.

Kim JH, Chung JB, Park IS, et a/. Combined use of tamoxifen,
cyclosporin A, and verapamil for modulating multidrug resist-
ance in human hepatocellular carcinoma cell lines. Yonse: Med ¥
1993, 34, 35-44.

Samuels BL, O’Brien SM, Vogelzang NJ, et al. Phase I trial
of double modulation of multidrug resistance (MDR) with
cyclosporin A (CSA) and tamoxifen (TAM) (meeting abstract).
Proc Ann Mtg Am Soc Clin Oncol 1994, 13, A450.

Tsuruo T, Lida H, Kitatani Y, Yokota K, Tsukagoshi S, Sakurai
Y. Effects of quinidine and related compounds on cytotoxicity
and cellular accumulation of vincristine and adriamycin in drug
resistant tumour cells. Cancer Res 1984, 44, 4303-4307.
Wishart GC, Plumb JA, Morrison JG, Hamilton TG, Kaye
SB. Adequate tumour quinidine levels for multidrug resistance
modulation can be achieved in vivo. Eur ¥ Cancer 1992, 28,
28-31.

Jones RD, Kerr DJ, Harnett AN, ez al. A pilot study of quinidine
and epirubicin in the treatment of advanced breast cancer. Br ¥
Cancer 1990, 62, 133-135.

Fardel O, Lecureur V, Guillouzo A. Regulation by dexame-
thasone of P-glycoprotein expression in cultured rat hepatocytes.
FEBS Lerr 1993, 327, 189-193.

Verrelle P, Meissonnier F, Fonk Y, et al. Clinical relevance
of immunohistochemical detection of multidrug resistance P-
glycoprotein in breast carcinoma. ¥ Natl Cancer Inst 1991, 83,
111-116.



1080

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Wigler PW, Patterson FK. Reversal agent inhibition of the
multidrug resistance pump in human leukemic lymphoblasts.
Biochim Biophys Acta 1994, 1189, 1-6.

Solary E, Velay I, Chauffert B, ez al. Sufficient levels of quinine
in the serum circumvent the multidrug resistance of the human
leukemic cell line K562/adm. Cancer 1991, 68, 1714-1719.
Solary E, Caillot D, Chauffert B, et al. Feasibility of using
quinine, a potential multidrug resistance-reversing agent, in
combination with mitoxantrone and cytarabine for the treatment
of acute leukemia. ¥ Clin Oncol 1992, 10, 1730-1736.

Schuller J, Czejka M, Bandak S, Micksche M. Epirubicin (E)
pharmacokinetics (PK) (1) in serum (S) and RBC and (2)
influenced by quinine (Q) (meeting abstract). Proc Ann Mig Am
Assoc Cancer Res 1993, 34, A1270.

Lehnert M, Dalton WS, Roe D, Emerson S, Salmon SE. Syner-
gistic inhibition by verapamil and quinine of P-glycoprotein-
mediated multidrug resistance in a human myeloma cell line
model. Blood 1991, 77, 348-354,

Cole MP, Jones CTA, Todd IDH. A new antioestrogenic agent
in late breast cancer. An early appraisal of ICI 46,474. Br ¥
Cancer 1971, 25, 270-275.

Rao US, Fine RL, Scarborough GA. Antiestrogens and steroid
hormones: substrates of the human P-glycoprotein. Biochem
Pharmacol 1994, 48, 287-292.

Stuart NS, Philip P, Harris AL, et al. High-dose tamoxifen as an
enhancer of etoposide cytotoxicity. Clinical effects and i wvitro
assessment in P-glycoprotein expressing cell lines. Br § Cancer
1992, 66, 833-839.

Trump DL, Smith DC, Ellis PG, er al. High-dose oral tamox-
ifen, a potential multidrug-resistance-reversal agent: phase I trial
in combination with vinblastine. ¥ Natl Cancer Inst 1992, 84,
1811-1816.

Samuels BL, Trump DL, Rosner G, et al. Multidrug resistance
(MDR) modulation in renal cell carcinoma (RCC) using cyclos-
porine A (CSA) or tamoxifen (TAM) (CALGB 9163). Proc Ann
Mtg Am Soc Clin Oncol 1994, 13, A793.

Smith DC, Trump DL. A phase I trial of high-dose oral tamox-
ifen and CHOPE. Cancer Chemother Pharmacol 1995, 36, 65-68.
O’Brian CA, Liskamp RM, Solomon DH, Weinstein IB. Inhi-
bition of protein kinase C by tamoxifen. Cancer Res 1985, 45,
2462-2465.

Sampson E, Wolff CL, Abraham I. Staurosporine reduces P-
glycoprotein expression and modulates drug resistance. Cancer
Letz 1993, 68, 78-82.

Kiss Z, Crilly KS. Tamoxifen inhibits uptake and metabolism of
ethanolamine and choline in multidrug-resistant, but not in
drug-sensitive, MCF-7 human breast carcinoma cells. FEBS
Lert 1995, 360, 165-168.

Ferry DR, Glossmann H, Kauman AG. Relationship between
the stereoselective negative inotropic effects of verapamil enanti-
omers and their ability to bind to putative calcium channels in
the heart. Br ¥ Pharmacol 1985, 84, 811-824.

Tsuruo T, Iida H, Tsukagoshi S, Sakurai Y. Increased accumu-
lation of vincristine and adriamycin in drug resistant P388
tumour cells following incubation with calcium antagonists and
calmodulin inhibitors. Cancer Res 1982, 2, 4730-4735.
Haussermann K, Benz B, Gekeler V, Schumacher K, Eichel-
baum M. Effects of verapamil enantiomers and major metab-
olites on the cytotoxicity of vincristine and daunomycin in
human lymphoma cell lines. Eur § Clin Pharmacol 1991, 40,
53-59.

Plumb ], Milroy R, Kaye SB. The activity of verapamil as a
resistance modifier ¢ wvitro in drug resistant cell lines is not
stereo specific. Biochem Pharmacol 1990, 39, 787-791.

Bissett D, Kerr DJ, Cassidy J, Meredith P, Traugott U, Kaye
SB. Phase I and pharmacokinetic study of D-verapamil and
doxorubicin. Br ¥ Cancer 1991, 64, 1168-1171.

Wilson WH, Jamis-Dow C, Bryant G, er al. Phase I and pharma-
cokinetic study of the multidrug resistance modulator dexvera-
pamil with EPOCH chemotherapy. ¥ Chin Oncol 1995, 13,
1985-1994.

Wilson WH, Bates SE, Fojo A, et al. Controlled trial of dexvera-
pamil, a modulator of multidrug resistance in lymphomas refrac-
tory to EPOCH chemotherapy. ¥ Clin Oncol 1995, 13, 1995~
2004.

Lyn PA, Motzer RJ, O’Brien J, Murray LT, Fischer P, Ochoa
M]. Phase I/ trial of velban (VLB) + dexverapamil (DEX) for

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

717.

78.

79.

80.

81.

82.

83.

D.R. Ferry et al.

patients (pts) with advanced renal cell carcinoma (RCC). Proc
Ann Mig Am Soc Clin Oncol 1994, 13, A760.

Mickisch GH. Chemoresistance of renal cell carcinoma: 1986
1994. Worid ¥ Urol 1994, 12, 214-23.

Berg S, Tolcher A, O’Shaughnessy JA, et al. Effect of R-verapa-
mil on the pharmacokinetics of paclitaxel in women with breast
cancer. J Clin Oncol 1995, 13, 2039-2042.

Eichelbaum M, Mikus G, Vogelgesang B. Pharmacokinetics of
(-, (-)-, and (F)-verapamil after intravenous administration.
Br ¥ Clin Pharmacol 1984, 17, 453-458.

Boer R, Grassegger A, Schudt C, Glossmann H. (+)-Niguldipine
binds with very high affinity to Ca?* channels and to a sub-type
of alpha-1-adrenoceptors. Eur ¥ Pharmacol 1989, 172, 131-145.
Ferry DR, Malkhandi J, Russell MA, Kerr D]J. Dexniguldipine-
HCl is a potent allosteric modulator of [*H]-vinblastine binding
to P-glycoprotein of MCF-7 ADR breast cancer cell mem-
branes. Biochem Pharmacol 1995, 76, 112-119,

Malkhandi PJ, Ferry DR, Boer R, Kerr DJ. P-glycoprotein has
a drug acceptor site for 1,4-dihydropyridines which is localised
on an intracellular domain. Proc Am Assoc Cancer Res 1995,
36, A332.

Gekeler V, Beck J, Boer R, ez al. Modulation of P-gp and non-
P-gp MDR by the dihydropyridine dexniguldipine-HCl, and
GF 109203X, an bisindolylmaleimide exhibiting high selectivity
for PKC. Proc Ann Mtg Am Assoc Cancer Res 1994, 35, A2124.
Wilisch A, Haussermann K, Noller A, Probst H, Gekeler V.
MDR modulating and antineoplastic effects of B859-035, the
(-)isomer of niguldipine. ¥ Cancer Res Clin Oncol 1991, 117,
S110.

Hofmann J, Gekeler V, Ise W, et al. Mechanism of action of
dexniguldipine-HCI1 (B8509-035), a new potent modulator of
multidrug resistance. Biochem Pharmacol 1995, 49, 603-609.
Panella TJ, Costanzi JJ, Rathgeb F, Schuller H, Bunn PA. A
Phase I trial of oral dexniguldipine (B8509-035) (dNIG) in
patients with refractory solid tumors. Proc Ann Mig Am Soc Clin
Oncol 1993, 12, A404.

Scheulen M, Nussler V, Kriegmair M, et al. Phase I study of iv
dexniguldipine plus vinblastine. Proc Ann Mtg Am Soc Clin Oncol
1994, 13, A419.

Dhainaut A, Regnier G, Atassi G, ez al. New triazine derivatives
as potent modulators of multidrug resistance. ¥ Med Chem 1992,
35, 2481-2496.

Leonce S, Pierre A, Anstett M, ez al. Effects of a new triazinoami-
nopiperidine derivative on adriamycin accumulation and reten-
tion in cells displaying P-glycoprotein-mediated multidrug
resistance. Biochem Pharmacol 1992, 44, 1707-1715.

Huet S, Chapey C, Robert ]J. Reversal of multidrug resistance
by a new lipophilic cationic molecule, S9788. Comparison with
11 other MDR-modulating agents in a model of doxorubicin-
resistant rat glioblastoma cells. Eur ¥ Cancer 1993, 29A, 1377-
1388.

Sebille S, Morjani H, Poullain M, Manfait M. Effect of S9788,
cyclosporin A and verapamil on intracellular distribution of
THP-doxorubicin in multidrug-resistant K562 tumor cells, as
studied by laser confocal microspectrofluorometry. Anticancer
Res 1994, 14, 2389-2393.

Poupon MF, Berlion M, Atassi G, Dunn T, Bizzari JP. S9788,
a new resistance modulator, enhances the antitumoral activity
of vepesid/cis-platinum treatment on a P-glycoprotein-positive
small cell lung cancer xenograft. Proc Ann Mtg Am Assoc Cancer
Res 1992, 33, A2796.

Awada A, Pagani O, Piccart M, et al. Phase I clinical and
pharmacokinetic trials of S9788 alone and in combination with
adriamycin (ADM). Proc Ann Mg Am Assoc Cancer Res 1993,
34, A1274.

Glisson BG, Alpeter MA. Comparison of SDZ PSC 833 (PSC)
with cyclosporin a (CSA) as resistance modifiers in a multidrug-
resistant small cell lung cancer line (meeting abstract). Proc Ann
Mtg Am Assoc Cancer Res 1992, 33, A2908.

Twentyman PR, Bleehen NM. Resistance modification by PSC-
833, a novel non-immunosuppressive cyclosporin. Eur ¥ Cancer
1991, 27, 1639-1642.

te Boekhorst PA, van K], Schoester M, Sonneveld P. Reversal
of typical multidrug resistance by cyclosporin and its non-
immunosuppressive analogue SDZ PSC 833 in Chinese hamster
ovary cells expressing the mdrl phenotype. Cancer Chemother
Pharmacol 1992, 30, 238-342.



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Clinical Trials of P-glycoprotein Reversal in Solid Tumours

Bohme M, Jedlitschky G, Leier I, Buchler M, Keppler D. ATP-
dependent export pumps and their inhibition by cyclosporins.
Adv Enz Regul 1994, 34, 371-380.

Keller RP, Altermatt HJ, Nooter K, ez al. SDz PSC 833, a non-
immunosuppressive cyclosporine: its potency in overcoming P-
glycoprotein-mediated multidrug resistance of murine leukemia.
Int ¥ Cancer 1992, 50, 593-597.

Fisher GA, Hausdorff ], Lum BL, ez al. Phase I trial of etoposide
with the cyclosporin SDZ PSC 833, a modulator of multidrug
resistance (MDR). Proc Ann Mg Am Soc Clin Oncol 1994,
13, A368.

Giaccone G, Linn SC, Catimel G, et al. Phase I and pharmacoki-
netic study of SDZ PSC 833 po in combination with doxorub-
icin in patients with solid tumors. Proc Ann Mtg Am Soc Clin
Oncol 1994, 13, A364.

Ehrlichman C, Moore M, Thiessen J, De AC, Goodman P,
Manzo J. A phase I trial of doxorubicin (D) and PSC833: a
modulator of multidrug resistance (MDR). Proc Ann Mtg Am
Soc Clin Oncol 1994, 13, A326.

Sonneveld P, Marie JP, Laburte C, Schoester M. Phase I study
of SDZ PSC833, a multidrug resistance modulating agent, in
refractory multiple myeloma. Proc Ann Mtg Am Assoc Cancer Res
1994, 35, A2141.

Duran GE, Gosland MP, Ho AL, Sikic BI. In vitro modulation
of multidrug resistance (MDR) using human patient serum from
EP-1: a phase I clinical trial of etoposide (VP-16) and SDZ
PSC 833. Proc Ann Mig Am Assoc Cancer Res 1994, 35, A2093.
Chambers TC, Pohl J, Raynor RL, Kuo JF. Identification of
specific sites in human P-glycoprotein phosphorylated by protein
kinase C. ¥ Biol Chem 1993, 268, 4592-4595.

Meyer T, Regenass Y, Fabbro D, ez al. A derivative of staurospo-
rine (CGP 41251) shows selectivity for PKC inhibition and in
vitro antiproliferative as well as in vivo antitumour activity. Int ¥
Cancer 1989, 43, 851-856.

Utz I, Hofer S, Regenass U, ez al. The protein kinase C inhibitor
CGP 41251, a staurosporine derivative with antitumour activity,
reverses multidrug resistance. Int ¥ Cancer 1994, 57, 104-110.
Budworth J, Davies R, Malkhandi J, Gant TW, Ferry DR,
Gescher A. Comparison of staurosporine and four analogues:
their effects on growth, rhodamine 123 retention and binding to
P-glycoprotein in multidrug resistant MCF-7/Adr cells. Br ¥
Cancer, in press.

Hyafil F, Vergely C, Du VP, Grand PT. In wvitro and in vivo
reversal of multidrug resistance by GF120918, an acridonecar-
boxamide derivative. Cancer Res 1993, 53, 4595-4602.
Christen RD, McClay EF, Plaxe SC, et al. Phase
I/pharmacokinetic study of high-dose progesterone and doxoru-
bicin. ¥ Clin Oncol 1993, 11, 2417-2426.

Schinkel AH, Smit JJ, van TO, et al. Disruption of the mouse
mdrla P-glycoprotein gene leads to a deficiency in the blood-
brain barrier and to increased sensitivity to drugs. Cell 1994, 77,
491-502.

Kaye SB. P glycoprotein (P-gp) and drug resistance—time for
reappraisal? Br ¥ Cancer 1993, 67, 641-643.

Sikic BI. Modulation of multidrug resistance: at the threshold. ¥
Clin Oncol 1993, 11, 1629-1635.

McGuire WP, Hoskins W], Brady MF, et al. Cyclophosphamide
and cisplatin compared with paclitaxel and cisplatin in patients
with stage III and stage IV ovarian cancer. N Engl ¥ Med 1996,
334, 1-6.

Eck L, Pavich D, Fruehauf JP. MDR-1 expression by human
ovarian tumors is associated with taxol resistance. Proc Ann Mig
Am Assoc Cancer Res 1993, 34, A1388.

Goldstein L], Galski H, Fojo A, er al. Expression of multidrug

103.

104.

105.

106.

107.

108.

109.

110.

112.

113.

114.

115.

116.

117.

118.

119.

1081

resistance gene in human cancers. ¥ Natl Cancer Inst 1989, 81,
116-124.

Petrylak DP, Scher HI, Reuter V, O’Brien JP, Cordon CC. P-
glycoprotein expression in primary and metastatic transitional
cell carcinoma of the bladder. Ann Oncol 1994, 5, 835-840.
Becker I, Becker KF, Meyermann R, Hollt V. The multidrug-
resistance gene mdrl is expressed in human glial tumors. Acta
Neuropathol (Berl) 1991, 82,516-519.

Huang CC, Wu MC, Xu GW, et al. Overexpression of the mdrl
gene and P-glycoprotein in human hepatocellular carcinoma. ¥
Natl Cancer Inst 1992, 84, 262-264.

Kelley D], Pavelic ZP, Gapany M, et al. Detection of P-glyco-
protein in squamous cell carcinomas of the head and neck. Arck
Orolaryngol Head Neck Surg 1993, 119, 411-414.

Cheng AL, Su IJ, Chen YC, Lee TC, Wang CH. Expression of
P-glycoprotein and glutathione-S-transferase in recurrent lym-
phomas: the possible role of Epstein—Barr virus, immunopheno-
types, and other predisposing factors. ¥ Clin Oncol 1993, 11,
109-115.

Volm M, Mattern J, Samsel B. Overexpression of P-glycoprotein
and glutathione S-transferase-w in resistant non-small cell lung
carcinomas of smokers. Br J Cancer 1991, 64, 700-704.
Darnton SJ, Jenner K, Steyn RS, Ferry DR, Matthews HR.
Lack of correlation of P-glycoprotein expression with response
to MIC chemotherapy in oesophageal cancer. ¥ Clin Path 1995,
48, 1064-1066.

Motzer R], Lyn P, Fischer P, ez al. Phase I/II trial of dexverapa-
mil plus vinblastine for patients with advanced renal cell carci-
noma. ¥ Clin Oncol 1995, 13, 1958-1965.

. Chan HS, Koren G, Thorner PS, ez al. Reversal of multidrug

resistance (MDR) in retinoblastoma (RB) by cyclosporin A
(CsA). Proc Ann Mtg Am Soc Clin Oncol 1992, 11, A1296.
Vergier B, Cany L, Bonnet F, Robert J, de M. Coindre JM.
Expression of MDRI1/P glycoprotein in human sarcomas. Br ¥
Cancer 1993, 68, 1221-1226.

Pourquier P, Coindre JM, Becouarn Y, Robert J. Analysis of
MDRI1 (P-glycoprotein) gene expression in human gastric and
colorectal adenocarcinomas. Clinical Biology of Cancers, 8th
Symposium, April 1993, 55.

Bak M, Hanna E, Csokay B, Bodrogi I, Olah E. Multidrug
resistance of testicular cancers. Detection of P-glycoprotein and
MDRI1 gene expression and their clinical connection. Orv Heril
1995, 136, 19-25.

Watanabe M, Sugawara I, Yamashita T, Hasumi K, Masunaga
A, Itoyama S. P-glycoprotein expression and the degree of
malignancy in anaplastic thyroid carcinoma. Proc Ann Mig Am
Assoc Cancer Res 1993, 34, A1373.

Van der Graaf WT, Buter J, De VEG, Willemse PH, Sleijfer
DT, Mulder NH. The effect of Amiodarone on cytotoxicity of
Adriamycin and Vinca-alkaloids: i vitro data and results of a
Phase II study. Proc Ann Mig Am Assoc Cancer Res 1993,
34, A1267.

van Kalken CK, van der Hoven JM, de Jong J, er al. Bepredil
in combination with anthracyclines to reverse anthracycline
resistance in cancer patients. Eur ¥ Cancer 1991, 27, 739-744.
Malkhandi J, Ferry DR, Boer R, Gekeler W, Ise W, Kerr DJ.
Dexniguldipine-HCI is a potent allosteric inhibitor of [*H]vin-
blastine binding to P-glycoprotein of CCRF ADR 5000 cells.
Eur ¥ Pharmacol 1994, 288, 105-114.

Philip PA, Joel S, Monkman SC, ez al. A phase I study of
reversal of multidrug resistance (MDR) in vivo: nifedipine plus
etoposide. Br ¥ Cancer 1992, 65, 267-270.

Acknowledgements—The generous support of the Cancer Research
Campaign is acknowledged. HT is supported by a grant from the
Birmingham Children’s Hospital Trust.



