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Received April 17, 2003

The development of pharmacological agents able to
counteract the mechanisms of drug resistance in oncol-
ogy has remained a major goal for the past 10 years.
When the mechanisms of multidrug resistance have
been identified, the hope of identifying molecules able
to reverse simultaneously the resistance to a number
of unrelated drugs has stimulated research in this field.
In particular, the discovery of efflux pumps that could
be inhibited with high or low selectivity by small
interfering molecules was of major importance. Hun-
dreds of compounds were selected by different ap-
proaches, with the properties of inhibiting P-glycopro-
tein, the most studied among these efflux pumps, at
least in vitro. It is acknowledged that the promise of
this field of investigations was not fulfilled; there are
currently no reversal agents clinically available. In this
Perspective, we will attempt to unravel the reasons
underlying this failure and suggest new tracks that
could be followed for a successful development of the
approach of multidrug resistance reversal. Recent re-
views of the mechanisms are available and will not be
reproduced here.1-5 A comprehensive listing of the
molecules tested and developed to 1990 has been
published.6 Only those compounds still under explora-
tion at the clinical level will be mentioned in this article.

1. Reasons for the Lack of Clinical Success of
Multidrug Resistant (MDR) Inhibitors

The clinical activity of multidrug resistance reversal
agents is dependent on several conditions that should

be borne in mind when a translation from in vitro
identification to clinical trials is considered: (1) The
tumors to be treated must be resistant to chemotherapy,
at least in a significant part, through the MDR mech-
anism that is targeted. (2) The inhibition of P-glycopro-
tein (or another pump) should be feasible in tumor cells
in vivo without deleterious effects in normal tissues
expressing the pump. (3) The compounds used as MDR
reversal agents should not have toxicity preventing a
safe usage; it should be within the limits of the toxicities
acceptable for anticancer treatments.

The failures that have been encountered during the
development of MDR reverters have arisen mostly
because one or several of these conditions were not met,
as can be elaborated as follows.

1.a. Tumors treated were not truly resistant to
chemotherapy or were not resistant through the
mechanism targeted. At the beginning of the clinical
development of MDR reverters, many drugs were tested
in “refractory patients”, generally in patients who had
received a successful treatment 6 months earlier and
who had relapsed afterward. The proof of clinical
resistance was therefore not definitively provided in
these trials. It is well-known that resuming a treatment
after a delay of several months after its failure may
recruit new responses to this treatment. The clinical
trials should be performed on patients who have a
documented situation of resistance to a given protocol
of chemotherapy in the recent weeks before the intro-
duction of the reversing agent, to determine whether
this adjunct therapy modifies tumor response.

At the time when the first clinical trials with MDR
reversal agents were implemented, the diagnosis of
MDR was quite difficult and there existed large inter-
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laboratory differences that prevented any consistent
view of the effect of these drugs on the MDR phenotype.
This dramatic situation was claimed by reversal groups,
including ours, working at the definition of standardized
and agreed-upon techniques allowing homogeneous
interpretations of MDR phenotyping of tumors.7-10

Under these conditions, it appears impossible to inter-
pret correctly the data from the clinical trials in the
absence of a credible determination of the MDR phe-
notype of the tumor treated.

When it is clear that an MDR reversal agent is being
tested on a truly drug-resistant cancer expressing the
target mechanism (most often P-glycoprotein), the ques-
tion arises as to whether this mechanism is unique and
responsible for the drug resistance of the tumor. This
may not be always the case. Let us consider, for
instance, the fact that anthracyclines and taxanes,
which share a common P-glycoprotein-mediated efflux
mechanism, have almost additive effects in eliciting
tumor responses in metastatic breast cancer.11 It is not
likely that P-glycoprotein-mediated multidrug resis-
tance plays a significant role in breast cancer resistance
to treatment. Under these conditions, drug resistance
reversing agents should not be tried for this cancer but
rather for cancers for which resistance is actually
mediated by P-glycoprotein. Any situation of clinical
cross-resistance between anthracyclines and taxanes
would, in contrast, be a good one to explore the MDR
reverters. This might be the case for ovarian cancers12

or for hematological malignancies.13 Defining the tumor
type for drug development should be, therefore, the most
important step for this type of approach. Non-Hodgkin’s
lymphomas appear paradigmatic in this type of ap-
proach because MDR is early on the major cause of drug
resistance in this disease.12,13 In the case of acute
myeloid leukemia, it is clear that the expression of
P-glycoprotein is at the origin of drug resistance. Studies
by the Southwest Oncology Group have shown that
MDR1 expression was accompanied by a markedly
reduced response rate14 and that only MDR activity was
predictive of response to chemotherapy.15

1.b. Inhibition of P-glycoprotein in tumor cells
should be feasible in vivo without deleterious
effect on normal tissues expressing the pump. The
efficacy of reversal agents has been generally well
documented on in vitro models (direct interference with
P-glycoprotein, restoration of drug accumulation, etc.),
but the in vitro conditions do not correctly mimic the in
vivo requirements. For instance, cell cultures most often
grow in the presence of 10% fetal calf serum, which
represents a 10% protein content in their environment
compared to the in vivo conditions. As a consequence,
protein binding is quite different and the fraction of
unbound drug is not the same in in vitro and in vivo
situations. It is not known whether protein binding is
a key factor for MDR reversal agents activity, but if it
is, then the behavior of these compounds in vivo cannot
be predicted by in vitro experiments alone. It is obvious
that we lack in vivo models of multidrug resistance. For
many years, human tumor xenografts have been the
ideal tool for anticancer drug development, but MDR
cells, which are so easy to obtain and maintain in vitro,
often lose their tumorogenic properties and cannot be
easily transplanted in laboratory animals. However, a

number of MDR tumors have been developed for growth
in vivo16-18 and have allowed the demonstration that
only a small number of the MDR reverters that work
in vitro can significantly reverse MDR in vivo. Such a
demonstration is relatively difficult to accomplish for
large-scale screening of potential reverters because of
the delays in tumor growth and in establishing sched-
ules for treatment in the absence and presence of the
reversing agent. However, this step is necessarily
required between the in vitro screening steps and the
introduction of the MDR reverter in the clinical setting.
It is emphasized that a clear demonstration of an in vivo
MDR reversal activity was not made for the first
molecules, such as verapamil, that were tested for MDR
reversal in clinical trials.

Another useful in vivo model suitable for large-scale
screening has been proposed by the group of Gottesman
in the 1990s. Galski et al.19 had produced a strain of
transgenic mice overexpressing the human MDR1 gene
in their bone marrow. The advantage of such a model
is the possibility of restoring the hematological toxicity
of an MDR drug (vinblastine, doxorubicin) by combina-
tion with a reverter, thus eliminating the requirement
of a tumor model and maintaining the advantages of
an in vivo exploration.20-22 However, this invaluable tool
progressively lost transgene expression and has never
allowed the identification of new reverters active in vivo.
A second unsuccessful inititative was published in 1998
by Evans23 and a similar failure occurred in our labora-
tory (Laurand et al., unpublished results). It is likely,
therefore, that such a mouse strain will be very difficult
to obtain and maintain as a pharmacological tool.

An absence of deleterious effects of the reversal agent
on normal tissues expressing P-glycoprotein should also
be shown. It is clear that the physiological function of
P-glycoprotein is to detoxify the organism from poten-
tially toxic components present in our environment. The
presence of P-glycoprotein in the liver, kidney, and gut
is a good indication of this function. However, P-
glycoprotein is also present in the endothelial cells of
vessels present in the central nervous system and the
testis, with a clear role of protection of these organs from
the compounds present in the blood stream.24 It has
been shown that compounds normally devoid of neuro-
toxicity such as ivermectin become highly neurotoxic in
mouse in which both mdr genes have been knocked
out.25 Under these conditions, it may seem dangerous
to administer a potentially neurotoxic drug combined
with a strong inhibitor of P-glycoprotein. In addition,
such an inhibition of hepatic P-glycoprotein may lead
to a major alteration of drug disposition, with gross
pharmacokinetic changes that may increase the general
toxicity of the anticancer treatment. There is, therefore,
a relatively narrow window for the use of MDR reversal
agents, the most active ones on tumor cells being also
those that increase most of the general toxicity of the
anticancer agent.

1.c. Compounds used for MDR reversal should
not have an intrinsic toxicity preventing safe
usage. This important condition was put at the first
level by pharmaceutical companies developing MDR
reversal agents. This explains the successive steps that
were followed and the three generations of compounds
that were developed. The first step was the use of
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compounds already used clinically for other specific
therapeutic applications. Obviously, these compounds
had an intrinsic toxicity because they were pharmaco-
logically active, and this hindered the use of effective
MDR reversal doses of these compounds. This was the
case for verapamil, cyclosporin A, and quinidine, which
cannot be used safely at the dosages required for MDR
reversal. The second step was to identify analogues of
those compounds that were devoid of the pharmacologi-
cal properties of the original molecule. This approach
was quite interesting and should have led to the
identification of clinically useful compounds. However,
because no toxicity was accepted for these compounds
in the clinical trials, the stringent conditions followed
have prevented the complete development of such drugs.
For instance, dextroverapamil (one of the two enanti-
omers of racemic verapamil with a 200-fold lower effect
on calcium channels) was withdrawn from the clinical
trial despite quite conclusive results as an MDR re-
verter.26 Another compound, valspodar, a nonimmuno-
suppressive analogue of cyclosporin, has been followed
further, up to phase III studies (see below).

The third generation of MDR reversing compounds
constitutes novel molecules first selected on the basis
of structural features (lipophilicity, positive charge at
neutral pH, presence of aromatic rings) and then
submitted to in vitro screening. There again, the chal-
lenge of a complete absence of proper toxicity has
prevented the full evaluation of compounds presenting
major MDR reversal properties. This is the case for
S9788, a triazine piperidinyl compound that was with-
drawn from the trials because of cardiac toxicity occur-
ring at the highest dosage utilized (see below).

The difficulties in clinical development of combina-
tions of an active drug with a modulator of its activity
have somewhat discouraged the pharmaceutical indus-
try from fully analyzing the efficacy of compounds such
as GF120918, an acridone carboxamide derivative,
active on both MDR1 and BCRP gene products,27 and
MS-209, another bifunctional compound active on both
MDR1 and MRP1 gene products.28 The requirements
of high efficacy and total lack of toxicity may have been
set at too high a level for a positive identification of
clinically useful compounds. Dealing with a disease for
which the positive effect of a drug or a combination is
evaluated in months of survival should have led to the
acceptance of some toxicity balanced against the gain
in survival. As a consequence, despite the fact that the
“proof of principle” has been given in several instances
at the phase II level for several drugs, very few phase
III trials have been conducted and not a single com-
pound has been approved for routine use or is close to
such an approval. This is unfortunate because it appears
that it would have been possible to bring valuable
compounds to the clinics if a better understanding
among clinicians, pharmacologists, and the pharmaceu-
tical industry had existed.

2. P-glycoprotein Drug-Binding Sites for
Transport and Modulation

One of the key issues for the design and/or discovery
of modulators of multidrug resistance is the identifica-
tion of the target sites on P-glycoprotein. This has been
a relatively difficult task because P-glycoprotein does

not offer a simple and well-defined active site that could
be easily modeled. Three major difficulties arise when
considering the study of P-glycoprotein drug-binding
sites: (1) P-glycoprotein is a membrane protein strongly
embedded in the lipid phase of plasma membranes and
cannot be purified at a sufficient level for crystallization
studies. (2) P-glycoprotein has a very wide specificity
for the substrates transported, and it was not clear
whether the modulators were also substrates for trans-
port. (3) P-glycoprotein is also an ATPase, and the
molecules interfering with ATP binding and cleavage
can also present modulating properties. We will discuss
in this section the present knowledge of the P-glycopro-
tein-modulator interaction(s) and the clues that may
exist for the discovery of novel modulators. Two different
approaches have been developed: those starting from
the structure of P-glycoprotein to define the drug-
binding sites and those starting from the structure-
activity relationships existing among the wide variety
of P-glycoprotein-interfering drugs, substrates, or modu-
lators.

2.a. P-glycoprotein Drug-Binding Sites. Drug-
binding and photoaffinity labeling studies have estab-
lished well a direct interaction between P-glycoprotein
and its substrates.29-34 From these studies and from the
sequencing of P-glycoprotein from cells with altered
resistance profiles, it became clear that the predicted
transmembrane domains (TM) played a critical role in
the recognition and transport of substrates. These
domains even appear to be sufficient to mediate drug
binding in deletion mutants lacking the nucleotide-
binding domains.35 Mutational studies in transmem-
brane domains have clearly shown that amino acid
substitutions at precise sites lead to alterations in
substrate specificity of P-glycoprotein (for review, see
ref 36). In particular, Loo and Clarke have developed a
series of studies aimed at the “molecular dissection” of
P-glycoprotein37 by combining molecular biology with
protein chemistry. The drug binding site or sites appear
to be effectively located in transmembrane domains,
especially but not exclusively TM6 and TM12, and
systematic mutational studies have allowed the iden-
tification of the amino acids of these domains that were
involved in drug transport. The corresponding amino
acids in TM6 and TM12 play a symmetrical role, and
the interface between them constitutes a drug-binding
pocket. This result has been confirmed by cross-linking
experiments,38,39 which have shown that these TM
segments are close to each other and undergo confor-
mational changes during the reaction cycle.

The existence of one or several drug-binding sites is
still controversial. Shapiro and Ling40 described a
cooperative interaction between the transport of two
dyes, Hoechst 33342 and rhodamine 123, and concluded
the existence of two drug-binding sites, H and R,
characterized by specific recognition of each of the two
dyes. A third drug-binding site was even hypothesized
by the same group.41 The group of Orlowski42 also
characterized two binding sites on P-glycoprotein, the
first one able to bind verapamil, cyclosporin A, and
actinomycin D, whereas the second one binds vinblas-
tine. Molecular modeling has allowed the recognition
of structural similarities between the drugs binding
each site.43 However, the binding sites of P-glycoprotein
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are clearly overlapping; mutual exclusion (competitive
binding between modulators) would result from steric
constraints caused by this overlapping. In other words,
size-related interactions between drugs able to bind at
different sites may occur, the larger molecules compet-
ing with most other molecules and two molecules being
able to bind simultaneously to P-glycoprotein if they are
small enough.43

This view of the drug-binding sites on P-glycoprotein
is not contradictory with the model presently defended
by Loo and Clarke, who describe P-glycoprotein-drug
interactions at the level of only one binding site. In this
model, according to their precise sizes and structures,
the various substrates would interfere with different
portions of the transmembrane pore delimited by the
transmembrane domains.44,45 Figure 1 shows the as-
sembly of the transmembrane domains to form a drug-
binding site, as viewed from the mutational studies
performed by Loo and Clarke. In fact, the substrates
would even “create” their own binding site by using a
combination of residues from different transmembrane
domains to form a particular drug-binding site. This
would be possible because of the mobility of transmem-
brane domains within the lipid bilayer, which has been
shown to occur by Loo and Clarke.46,47 Different com-
binations of residues would be possible, explaining why
P-glycoprotein can bind such a wide variety of molecules
and why a different affinity for each substrate can be
measured. The mutations in the residues present in the
transmembrane domains would change the interactions
of the drug-binding site with definite substrates. The
shape and size of the drug-binding domain can be

estimated from cross-linking studies using thiol-specific
methane thiosulfonate cross-linkers containing spacer
arms of 2-17 atoms as “molecular rulers”.48 According
to this approach, the drug-binding domain would be
funnel-shaped, narrow at the cytoplasmic site, larger
in the middle (0.9-2.5 nm), and wider at the extracel-
lular surface.

The precise knowledge of the drug-binding site or sites
on P-glycoprotein allow a fair understanding of drug-
protein interactions and may be used for the design of
new modulators. In addition, the ATP-binding sites
should not be ignored, even if the MDR modulators
identified today interfere with the hydrophobic drug-
binding site(s) rather than with the hydrophilic nucle-
otide-binding sites. There is a good proportionality
between the ability of P-glycoprotein to bind and
transport its substrates and the stimulation of ATPase
activity,49 suggesting an interaction between the two
types of active domains on P-glycoprotein. However,
until now, only little attention has been paid to the
means of interfering with ATP binding in order to
modulate P-glycoprotein activity.

2.b. Structure-Activity Relationships among
P-glycoprotein Modulators. The structural diversity
of the molecules recognized and eventually transported
by P-glycoprotein has been of interest for many years
and has stimulated considerable effort in the identifica-
tion of any common characteristics on these molecules.
Some obvious features were rapidly recognized, such as
the amphiphilic character of the molecules, the presence
of aromatic rings, and the positive charge at neutral
pH.50 A number of studies establishing structure-
activity relationships among single structural classes
of MDR modulators have been published (reviewed in
ref 5), but only a few studies tried to extend such
approaches across different chemical families.51 As
previously noted by Pajeva and Wiese,5 little is known
about the 3D structure of P-glycoprotein and other
transport proteins involved in MDR. Therefore, indirect
methods have to be used by the MDR (Q)SAR investiga-
tors.

Studying the structural features shared by P-glyco-
protein modulators, Seelig52 was able to distinguish, in
a wide variety of P-glycoprotein-interfering drugs, the
presence of specific recognition patterns consisting of
hydrogen bond acceptor (or electron donor) groups (e.g.,
carbonyl, ether, hydroxy, or halide groups) with precise
spatial separation. Two types of patterns were defined
according to the spatial separation of two electron donor
groups able to accept hydrogen bonding, i.e., 0.25 ( 0.03
nm (type I) and 0.46 ( 0.06 nm (type II). In addition,
the presence of a larger number of these “functional
units” increases P-glycoprotein binding. As a conse-
quence, this author suggested that P-glycoprotein modu-
lation was based on the number and strength of electron
donor groups separated by fixed distances of 0.25 or 0.46
nm in relation to the formation of hydrogen bonds.
Indeed, the transmembrane domains on P-glycoprotein
contain several amino acids with hydrogen bonding
donor side chains, especially TM4-6 and TM11-12.53

Most of these transmembrane groups are precisely those
already shown to be responsible for drug binding and
transport by studies on P-glycoprotein structure,
and mutations in these domains are followed by impor-

Figure 1. Topography of the transmembrane domains of
P-glycoprotein delimiting the drug-binding site, as represented
from the studies of Loo and Clarke.44,45 P-glycoprotein residues
within the predicted transmembrane domains (TM1-12),
arranged as R-helical wheels, are shown and viewed from the
cytoplasmic side of the membrane. Reprinted with permission
from Journal of Biological Chemistry.45 Copyright 2002 The
American Society for Biochemistry and Molecular Biology.
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tant modifications of substrate recognition and trans-
port.38,39,44,45

The functions of transport and modulation can hardly
be separated for most compounds interacting with
P-glycoprotein. It was recognized by the group of Bates54

that one could discriminate between the two properties,
the best transported molecules being poor inhibitors and
vice versa. The approach developed by Seelig52,53 may
explain this phenomenon, taking into account the fact
that the number of P-glycoprotein-interacting groups on
a molecule determines the strength of the binding; a
high potential to form hydrogen bonds would correspond
to a high P-glycoprotein inhibitory property, while a low
potential to form these bonds would correspond to a
weaker inhibitory property associated with easier trans-
port of the molecules through the channel formed
between transmembrane domains.

A quite different approach was developed by Klopman
et al.55 and Bakken and Jurs56 to analyze the chemical
features involved in P-glycoprotein-modulating proper-
ties. After determining the potency of compounds for
P-glycoprotein modulation with a model of doxorubicin-
resistant cells, they defined a series of “topological
descriptors” such as the number of oxygen or nitrogen
atoms, the number of aromatic bonds, the electrotopo-
logical character, etc. Using linear discriminant analysis
of these features, these authors were able to predict with
acceptable accuracy the activity of untested compounds
for P-glycoprotein modulation. In this type of approach,
no precise mechanistic conclusions on protein-ligand
interaction can be drawn from the definition of the
molecular features characterizing MDR reversal, but
they may prove to be very useful for the design and/or
the selection of compounds to be tested in the clinical
setting.

Using in vitro data and the Catalyst software, Ekins
et al.57 built three-dimensional quantitative structure-
activity relationship (3D-QSAR) models that rank and
predict IC50 values for P-glycoprotein inhibitors. These
models were obtained with data derived from several
biological tests of P-glycoprotein modulation (inhibition
of digoxin transport in Caco-2 cells, inhibition of vin-
blastine accumulation, and binding to plasma-membrane-
enriched vesicles, etc.). It was thus possible to generate
a pharmacophore that consisted of one hydrogen bond
acceptor, one aromatic ring feature, and two hydropho-
bic residues. These models overlap only partially, sug-
gesting again the presence of several drug-binding sites
on P-glycoprotein, a problem discussed in the previous
section. Using these statistical approaches does not
allow the determination of the molecular structure of
these sites, but they may be of great value for selecting
new compounds for MDR reversal.

Finally, a general pharmacophore model was recently
proposed by Pajeva and Wiese.58 It is based on the study
of the molecular characteristics of 19 compounds be-
longing to different structural classes, some studied in
their enantiomeric forms. This was achieved using the
GASP software (genetic algorithm similarity program).
The structure proposed for the pattern of recognition
by P-glycoprotein is much more complex than the simple
hydrogen bond donor model proposed by Seelig52 and,
as a consequence, much more informative for the design
of new modulators. It involves two hydrophobic planes,

three hydrogen bond acceptors, and one hydrogen bond
donor, with distances and angles evaluated with good
accuracy. Figure 2 presents the molecular organization
of this pharmacophore. The conclusions drawn from this
modeling study of P-glycoprotein modulators are not
different from those drawn from the modeling study of
P-glycoprotein itself: the drug-binding site of P-glyco-
protein has several points that can participate in
hydrophobic and hydrogen bond interactions, and dif-
ferent drugs can interact with different receptor points
in different binding domains.

The absence of narrow specificity for P-glycoprotein
substrates now appears to be well understood because
of the complementary approaches targeted at both the
P-glycoprotein site structure and the modulator struc-
ture. We now have in hand the tools to screen known
drugs for their potential as P-glycoprotein inhibitors and
to design new drugs with the desired inhibitor proper-
ties.

3. Present Status of MDR Reversing Agents

It is not possible to gather in a single list all of the
compounds that have been tested in vitro and recog-
nized as potent MDR reversing agents. We have tried
in Table 1 to present the compounds that have been
tested in the clinical setting; the three-generation
classification has been used to distribute these com-
pounds, but this does not preclude a high interest for
molecules of the second generation. The reasons that
compounds have not been selected for routine use and
developed for approval are tentatively indicated in this
table when they have been identified. The structures
of verapamil and quinine, as well as those of the original
compounds that were developed for clinical use, are
presented in Figure 3. With the exception of cyclosporin
A and its analogues, the classical common structural
features are obvious; the presence of aromatic rings and
the presence of at least one protonatable nitrogen are
the most striking ones.

3.a. Verapamil and Dextroverapamil. As early as
1987, results from the first clinical trial of MDR reversal

Figure 2. General pharmacophore pattern of drugs interact-
ing with P-glycoprotein at the drug-binding site, as proposed
by Pajeva and Wiese.58 H1 and H2 are hydrophobic points
located around the centers of the aromatic rings. A1, A2, and
AD are hydrogen bond acceptor points, and DA is a hydrogen
bond donor point. The arrows show directions of the hydro-
phobic and hydrogen bond interactions. Reprinted with per-
mission from Journal of Medicinal Chemistry.58 Copyright
2002 The American Chemical Society.
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in ovarian cancer with verapamil in combination with
doxorubicin were published.59 Because of significant
cardiac toxicity, the study was discontinued. In myeloma
and non-Hodgkin’s lymphomas, verapamil was clearly
shown to be active in situations of resistance to standard
protocols with anthracyclines and/or Vinca alkaloids.60-63

However, patient survival was not increased in a phase
III study combining verapamil and cytotoxic drugs in
the treatment of multiple myeloma.64 In contrast to
hematological malignancies, refractory solid tumors
were never shown to respond to verapamil when this
reverter was added to classical chemotherapy, likely
because the doses administered were too low as a
consequence of the fear of cardiac toxicity.65-67 The
encouraging results obtained in no-small-cell lung can-
cer and pediatric cancers were not confirmed.68,69 An
interesting randomized study performed in anthra-
cycline-resistant metastatic breast cancer patients treated
by vindesine with or without verapamil revealed a
significant increase of survival of patients receiving
verapamil.70

Proof of activity of dextroverapamil was found in a
phase I study71 and in lymphoma26 and breast cancer72

patients in phase II studies but not in colorectal73 or
renal74 cancer patients. Despite its potential interest,
this drug has not been developed because its cardiac
toxicity was judged to be unacceptable.75

3.b. Cyclosporins. Cyclosporin A entered very early
into trials of reversal of multidrug resistance, despite
the fact that its pharmacological properties could lead
to unacceptable toxicity symptoms. It was rapidly clear
that cyclosporin A exerted a major pharmacokinetic
effect; there is an almost doubling of the area under the
concentration-time curve of the anticancer agent when
combined with cyclosporin A,76-78 preventing a clear
analysis of the effects seen. The proof of reversing
activity of cyclosporin A was found in phase II studies

with myeloma79 and acute leukemias,80 but no respond-
ers were recruited among colorectal81 or renal82 adeno-
carcinomas and no benefit was observed in non-
Hodgkin’s lymphoma.83 However, even in hematological
malignancies, when randomized phase III studies were
conducted, no effects of cyclosporin A on the overall
response rate, progression-free survival, and overall
survival were detected in advanced refractory myeloma
patients,84 whereas only one study85 out of four86-88

showed a positive effect of cyclosporin A in acute
myeloblastic leukemia.

Valspodar (PSC-833, Novartis) is certainly the com-
pound that has been the most extensively studied. This
is a cyclosporin analogue that has been selected among
others because of the absence of immunosuppressive
properties.89 In preclinical models, it shows a 10-fold
higher potency in MDR reversal together with lower
renal toxicity.90 During the phase I studies conducted
in several countries, an important effect of this com-
pound on the pharmacokinetics of the associated anti-
cancer drug was shown, the anticancer drug being
etoposide,91 doxorubicin,92 mitoxantrone,93 or pacli-
taxel.94 In most cases, either a doubling of the time-
plasma concentration area under the curve or an
important increase in elimination half-life was found.
Therefore, it was not possible to definitely separate the
pharmacokinetic effects of valspodar (increase in expo-
sure to the anticancer drug) from its pharmacodynamic
effects (increase in cancer cell uptake of anticancer
drug). As a consequence, the proposal of reducing by
30-50% the dose of the anticancer drug was made by
Novartis. However, despite the pharmacological ratio-
nale of such a reduction, the clinicians remained rela-
tively reluctant to participate in such trials because of
the risk of underdosing the patients.

In acute myeloid leukemia, after several phase I or
I/II studies,93,95-98 two phase III studies were under-

Table 1. List of Compounds That Have Been Tested in the Clinics for Multidrug Resistance Reversal

pharmacological properties reason for stopping trials

first-generation compoundsa medical use
verapamil59-68,70,134 coronary vasodilator too toxic by itself
nifedipine135 coronary vasodilator not active enough
trifluoperazine136-138 antipsychotic not active enough
cyclosporine A76-79,81,82,84-88,139,140 immunosuppressive too toxic by itself
quinidine106 antiarrhythmic too toxic by itself
quinine107,109,141 antimalarial not active enough
tamoxifen69,142-144 antiestrogen not active enough
progesterone145 progestative not active enough
dipyridamole146,147 coronary vasodilator not active enough
amiodarone148 coronary vasodilator not active enough
bepridil149 coronary vasodilator not active enough

second-generation compoundsa analogy to
dexverapamil26,71-75 verapamil too toxic by itself
dexniguldipine150 nifedipine not active enough
trans-flupentixol trifluoperazine not yet tested
valspodar (psc-833)91-105 cyclosporine a still in trials
cinchonine110 quinine still in trials
MS-209 quinine not yet tested
toremifene111 tamoxifen still in trials
BIBW22BS dipyridamole not yet tested

third-generation compoundsa chemical structure
VX-710 (biricodar)112,113 piperidine carboxylate still in trials
S-9788116-117 triazinopiperidine too toxic by itself
GF-120918119 acridone carboxamide no objective reason
LY-33597999 dibenzosuberane still in trials
XR-9576126 anthranilamide still in trials

a Definition of generation is as follows. First generation: drugs already in current use in clinics for other indications. Second generation:
analogues of the first-generation drugs. Third generation: drugs of original structure developed for the purpose of MDR reversal.

4810 Journal of Medicinal Chemistry, 2003, Vol. 46, No. 23 Perspective



taken. The results of the one conducted by the cancer
and leukemia group B have been recently published.99

In this study, valspodar was administered as a continu-
ous infusion at a dose of 10 mg/kg per day in combina-
tion with a regimen containing daunorubicin, cytara-
bine, and etoposide. The doses of the two MDR-related
drugs had been reduced in the valspodar-containing arm

from 60 to 40 mg/m2 per day for daunorubicin and from
100 to 60 mg/m2 per day for etoposide. The study was
closed earlier than planned because of excessive early
mortality in the valspodar-containing arm, confirming
the high toxicity of anticancer drugs to normal tissues
no longer protected by P-glycoprotein. However, this
study showed that in patients whose cells exhibited in

Figure 3. Structural formulas of some of the compounds that have been developed for multidrug resistance reversal and have
entered clinical trials.
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vitro a valspodar-modulated drug efflux, the median
disease-free survival was increased from 5 months to
14 months when valspodar was added to the treatment.
It appears at this stage that only tumors presenting a
documented MDR phenotype should be included in
future trials. The results of the second phase III study
conducted in acute myeloid leukemia by the Eastern
Cooperative Oncology Group, after the phase I and
phase II study,93 have only been published as an
abstract.100

In ovarian cancer, only phase II studies have been
conducted until now with a combination of either
paclitaxel101 or doxorubicin and cisplatin102 with val-
spodar. The recruitment of a limited number of new
responders in a situation of documented resistance to
regimen containing the anticancer drug(s) alone war-
rants the implementation of randomized phase III
studies in ovarian cancer.

The effect of cyclosporin A or valspodar in other
malignancies treated with MDR drugs has not been
assessed with enough studies to warrant further devel-
opment. In particular, the absence of effect of cy-
closporin A on the response rate, progression-free
survival, and overall survival in myeloma patients
treated by the combination of vincristine, doxorubicin,
and dexamethasone84 does not encourage any additional
trials for this disease. To our knowledge, no phase II or
phase III trial combining valspodar with an anthra-
cycline, a Vinca alkaloid, or a taxane has ever been
attempted. However, the modalities of combination of
valspodar with vinblastine,103 paclitaxel,104 or doxo-
rubicin105 in solid tumors such as renal cell or ovarian
carcinoma are still under study and warrant further
attention. The pharmacokinetic interaction of cyclospor-
in A or valspodar with the cytotoxic drugs has consider-
ably hampered the clinical development of these drugs
as MDR modulators. The cyclosporin family appears to
be the only one to present this interaction that might
well be related to the specific inhibition of another
hepatic ABC protein involved in biliary elimination of
drugs. The inhibitory effect of cyclosporins on the bile
salt export protein (BSEP, ABCB11) should be borne
in mind because it may explain the fact that only
cyclosporines exhibit pharmacokinetic interactions with
the cytotoxic drugs.

3.c. Quinolines. Quinidine entered very early in a
randomized trial in breast cancer, aimed at reversing
anthracycline resistance.106 No improvement over epi-
rubicin alone resulted from the combination. The po-
tential cardiac toxicity of quinidine did not encourage
further evaluation.

Quinine is much less toxic than quinidine and can be
used at higher doses. In a phase II study, Solary et al.107

showed that its association with mitoxantrone and
cytarabine could improve the response rate of acute
leukemias with poor prognosis. This was not confirmed
in a phase III randomized study.108 Quinine was also
devoid of any effect on the resistance of non-Hodgkin’s
lymphomas to paclitaxel,109 which may not be surprising
because this drug has no major effect on lymphomas.
We have undertaken a phase II study of a combination
of quinine to CEOP (cyclophosphamide, epirubicin,
vincristine, and prednisone) protocol in non-Hodgkin’s
lymphoma patients (Soubeyran and Robert, unpub-

lished results). The patients were selected for true
resistance to CEOP reintroduction after failure of two
lines of chemotherapy. Addition of quinine immediately
after two courses of treatment allowed the recruitment
of a significant number of responders, bringing the proof
of activity of this drug as a MDR reverter in non-
Hodgkin’s lymphoma patients. Phase III studies remain
to be performed, with an early introduction of the
modulator in the therapeutic strategy.

Cinchonine is a demethoxy derivative of quinidine
that has shown interesting reversing properties in vitro
and in vivo. A phase I trial has recently been completed,
showing no interaction with the pharmacokinetics of the
anticancer drug but presenting a dose-limiting cardiac
toxicity.110

MS-209 was developed initially as a potential multi-
functional reverter because it was able to inhibit both
P-glycoprotein and MRP1.28 It has proven in vivo
activity against xenografts of solid tumors in nude
mice111 but has not yet been tested in the clinics.

3.d. Third-Generation Drugs. Among the hundreds
of drugs belonging to original families, only a very few
were selected for clinical trials and, as mentioned before,
none of them has been yet approved.

Biricodar (VX-710) was studied in two phase I trials
in combination with doxorubicin112 or paclitaxel.113 This
drug had been shown to reverse MDR in vitro and in
vivo by acting on both P-glycoprotein and MRP1.114,115

The phase I studies of this compound have shown an
acceptable toxicity together with an absence of effect on
doxorubicin pharmacokinetics but with a reduction in
the clearance of paclitaxel. An increase in 99mTc-Sesta-
mibi hepatic uptake and retention was observed in all
patients, bringing good arguments for further evalua-
tion of biricodar.

S-9788 was selected among thousands of compounds
because of its important action against MDR cells in
vitro and in vivo.116 Phase I studies revealed cardiac
toxicity at relatively high doses. Despite its potential
interest and the absence of data on the frequency and
lethal risk of this toxicity, this compound has not been
further developed.117

Elacridar (GF-120918) was selected by theoretical
considerations of characteristics of its structure.27 It is
probably one of the most active compounds in vitro. It
has also been shown to be active against another ABC
pump, BCRP (or MXR),118 which is especially expressed
in leukemias. However, it is not active on MRP1. A
phase I study has been completed showing no major
pharmacokinetic interaction with doxorubicin,119 but to
our knowledge no phase II study has been undertaken
with the aim of reversing multidrug resistance. How-
ever, its use as an enhancer of intestinal uptake of oral
paclitaxel or topotecan might be an interesting clinical
application.120,121

Zosuquidar (LY 335979), a difluorocyclopropyldiben-
zosuberane derivative, is also active in the nanomolar
range for inhibition of P-glycoprotein in vitro and in
vivo.122 It was developed for its high affinity for P-
glycoprotein and appears devoid of other pharmacologi-
cal properties on MRP1- or BCRP-mediated drug resis-
tance.123 Phase I results were recently reported124

showing some risk of neurotoxicity at high dosage and
no pharmacokinetic interaction with doxorubicin. The
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fact that it does not alter the pharmacokinetics of the
anticancer drug used in combination may be viewed
either as a positive feature (no need for dose reduction
of the cytotoxin, no problem in result interpretation) or
as a negative one (no effect on hepatic or renal P-
glycoprotein may signify no effect on tumor cell P-
glycoprotein). Zosuquidar is presently in phase III trials
in acute myelogenous leukemia as a first line therapy
in combination with chemotherapy with daunorubicin
and cytarabine.

Tariquidar (XR9576), an anthranilic acid derivative,
is also active in the nanomolar range and is also devoid
of pharmacokinetic interactions with paclitaxel.125 A
phase I study in healthy volunteers has shown activity
on rhodamine 123 uptake by P-glycoprotein expressing
lymphocytes and without toxic symptoms.126 It is pres-
ently in phase III trials in non-small-cell lung cancer
as first line therapy in combination either with pacli-
taxel plus carboplatin or with vinorelbine. The results
of these trials are eagerly awaited by the scientific
community.

4. Perspective

It appears from this clinically oriented overview that
the reversal of multidrug resistance has not yet reached
the level of routine clinical applications. The future of
this potential therapeutic area remains uncertain. This
is not for lack of molecules, since hundreds of com-
pounds have been selected or designed with compre-
hensive studies on structure-activity relationships in
several chemical families. Rather, the reason for this
failure originates from the inadequate design of clinical
trials or from the exaggeratedly high requirements by
the clinicians for the reverters. It may well be that the
perfect reverter does not exist. This compound, for
instance, should not alter the pharmacokinetics of the
cytotoxic drug in the combination; however, the presence
of P-glycoprotein at the canalicular pole of the hepato-
cytes as well as at the luminal side of the renal tubular
cells should be necessary, followed by an alteration of
the distribution of the anticancer drug if it is a good
substrate of P-glycoprotein. An ideal reverter should
also be completely devoid of toxicity. This may be
impossible, since the simple blockade of P-glycoprotein
may have deleterious consequences in the tissues where
it is expressed. The pharmacological and toxicological
properties of these drugs should have been taken into
consideration with those of the anticancer drugs in
terms of the benefit/risk ratio of the combination. This
has never been the case, and despite 15 years of clinical
experience with MDR modulators, we still do not know
much about their actual potential in the clinical setting.

Apart from the classical approach of small molecules
interfering with P-glycoprotein or another pumping
system, other approaches of multidrug resistance re-
versal have been considered in the past: the use of
P-glycoprotein targeted antibodies such as UIC2;127 the
use of antisense strategies targeting the MDR1 mes-
senger RNA.128 More recently, the development of
transcriptional regulators129 appears promising. How-
ever, since thus far we do not know whether the MDR
reversal strategy is worthy of development, these ap-
proaches appear even less realistic than the “small
molecule” approach. The encapsulation of anticancer

drugs in liposomes130 or nanospheres131 has also been
claimed to be able to circumvent multidrug resistance.
Among the various formulations of liposomal anthra-
cyclines that have been studied and even marketed,
none appears able to recruit responders outside the
usual field of anthracycline activity. Finally, a very
recent optimistic note is worth a mention:132 Lehne et
al.133 have shown in vivo that the simple inhibition of
P-glycoprotein by valspodar may lead to the direct
elimination of MDR cells perhaps because this mem-
brane pump is also involved in malignancy as well as
in drug resistance. This observation warrants further
exploration, and a careful reexamination of the clinical
trials already performed may shed some light upon this.
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