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INTRODUCTION

CuiNicaL DRUG resistance to chemotherapeutic agents is a
major obstacle for their curative potential in the treatment of
human cancers. Multidrug resistance (MDR) is a common
mechanism of cellular resistance to the cytotoxic activity of
many chemotherapeutic agents. Tumour cells selected for the
MDR phenotype overexpress the MDRI gene product, P-
glycoprotein (Pgp), a membrane-bound drug efflux pump
which confers resistance to a broad range of commonly used
chemotherapeutic drugs and other agents. Numerous com-
pounds have been identified which inhibit the efflux activity
of Pgp, and reverse cellular resistance to cytotoxic agents in
experimental systems [1, 2]. This suggests that clinical drug
resistance in human tumours, which often overexpress Pgp,
may be potentially circumvented through the concomitant
administration to patients of a Pgp inhibitor and chemothera-
peutic drugs.

Pgp-mediated MDR is only one of many cellular mechan-
isms by which tumour cells may evade the cytotoxic effects of
anticancer agents, but is one of the best understood and
most intensively studied forms of mammalian drug resistance.
Remarkable progress has been made in defining the cellular
and biochemical pharmacology of MDR since the initial
description of the MDR phenotype and its drug efflux charac-
teristics [3, 4]. The membrane protein responsible for drug
efflux has been identified and its structure and function
characterised, genes encoding for Pgp and other related drug
transport proteins have been cloned, and Pgp has been shown
to be funcdonally expressed in many human tumours, as well
as in normal tissues.

Of clinical relevance, a large number of drugs have been
identified which inhibit the function of Pgp, termed chemo-
sensitisers or MDR modulators, and trials have been designed
and carried out in humans to test the potential for pharmaco-
logical inhibition of clinical MDR. Many of these chemosensi-
tisers have proven toxic or ineffective i vivo, and thus the
identification of novel agents for potential clinical use has
taken on great importance. This article will briefly summarise
our current understanding of the pharmacological mechanism
of Pgp inhibition, review in detail those agents most likely to
have clinical impact on the circumvention of Pgp-mediated
MDR in humans, and discuss novel approaches to the identi-
fication of more potent and less toxic chemosensitisers.

CELLULAR PHARMACOLOGY AND MOLECULAR
BIOLOGY OF MDR

The MDR phenotype was first described by Biedler and
Riehm who noted that, following selection of mammalian
tumour cells for resistance to a single cytotoxic drug, a broad
crossresistance developed simultaneously to other structurally
and functionally unrelated drugs [3]. Soon after, Dano noted
that such drug-resistant cells displayed a decrease in accumu-
lation of the anthracycline chemotherapeutic agent, daunomy-
cin, due to its active outward transport [4]. Chemotherapeutic
drugs now known to be affected by MDR include doxorubicin,
mitoxantrone, vincristine, vinblastine, VP-16, paclitaxel and
topotecan, but not drugs such as bleomycin, methotrexate,
cisplatinum or alkylating agents. In addition, naturally occur-
ring carcinogens, such as benzo(a)pyrene [5}, and physiologi-
cal substances such as hormonal steroids [6], also serve as
substrates for the Pgp pump.

The most consistent alteration found in MDR cell lines is
an increased expression of a high molecular weight cell surface
glycoprotein (Pgp) not detectable in drug-sensitive cells,
associated with an energy-dependent mechanism for the
decreased accumulation and retention of cytotoxic drugs [4,
7, 8]. The presence of Pgp was found to correlate with both
the degree of resistance and the relative decrease in drug
accumulation [9]. Monoclonal antibodies to Pgp and nucleic
acid probes for the MDR! gene demonstrated that most MDR
cell lines from rodent or human origin overexpress this gene
[9,10].

Introduction of expression vectors containing cDNAs
coding for Pgp confers the full MDR phenotype when trans-
fected into drug-sensitive cells [11, 12], and these stable
transfectants overexpress Pgp and display enhanced efflux of
cytotoxic drugs [13]. Furthermore, heterologous expression
of mammalian MDR genes in bacteria [14] and yeast [15,
16] confers drug resistance and ATP-dependent drug efflux
of known Pgp substrates against a strong drug concentration
gradient, independent of membrane potential or transmem-~
brane proton gradient [17], and which can be inhibited by
chemosensitisers. Extensive studies of the biochemistry and
molecular biology of the MDR/ gene product further support
its role as an efflux pump of broad specificity which directly
interacts with drug molecules to reduce their intracellular
concentration. Structural analyses of Pgp, accomplished by
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sequencing cDNA clones from Pgp encoding genes, revealed
it consists of two homologous domains containing 12 pre-
dicted transmembrane segments, and two nucleotide binding
domains [18, 19], and belongs to a superfamily of ATPase
proteins that behave as ion channels and transporters [20, 21].

Rigorous proof of the drug efflux pump model for multidrug
transport by functional reconstitution of Pgp in a highly
defined system has long eluded investigators due to difficulties
in achieving efficient biochemical purification of the protein.
However, several groups have now reported the purification
and reconstitution of Pgp into phospholipid bilayers, which
display constitutive ATP-dependent drug transport against a
concentration gradient and is inhibited by chemosensitisers,
and ATPase activity that is highly stimulated by chemosensiti-
sers and MDR substrates [22-24].

Most models of Pgp suggest it transports drugs across cell
membranes in a manner analogous to that defined for active
transport proteins (Figure 1). This model predicts that sub-
strates (cytotoxic drugs) bind to specific domains of the pro-
tein, which subsequently undergoes an energy-dependent
conformational change, allowing the substrate to be released
on the exterior side of the membrane. Complementary models
have been proposed suggesting that Pgp interacts directly with
substrates in the plasma membrane (the ‘hydrophobic vacuum
cleaner’ model [25]), or that Pgp may be involved in the
transport of drugs from the inner to the outer leaflet of the
plasma membrane, from where they diffuse (the ‘flippase’
model [26]). Identification and characterisation of Pgp seg-
ments responsible for drug recognition and binding suggest
that Pgp interacts directly with drug molecules, Efforts to
map the drug-binding domains of Pgp by photoaffinity drug
analogues and site-directed mutagenesis suggest that Pgp
contains multiple non-overlapping or partially overlapping
drug binding sites, each having different affinities for different
drugs or classes of drugs [20, 27-30].

In summary, Pgp functions as an energy-dependent multid-
rug transporter and its expression forms the genetic basis for
MDR. Furthermore, Pgp appears to function in a manner
similar to that of active transport carrier proteins, although
evidence remains insufficient to determine how closely it
conforms to this model.

Drug Chemosensitiser
N (p)
[Gradient]

Plasma
membrane

Figure 1. Functional representation of P-glycoprotein. The
model depicts a translocating carrier protein, which utilises
ATP energy to actively transport drug substrate across the
plasma membrane (A). A chemosensitiser may serve as a
competitive inhibitor by occupying drug-binding sites (B)ora
non-competitive inhibitor at chemosensitiser binding sites (C).
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PHARMACOLOGICAL MODULATION OF MDR

A primary goal in the investigation of Pgp-mediated MDR
is to discover specific means by which to reverse or circumvent
it. Through the understanding of structural and functional
features important for the inhibition of the MDR transporter,
it is hoped that new agents for potential use in clinical trials
will be discovered.

Tsuruo and coworkers first reported the pharmacological
reversal of MDR in 1981 by showing that the clinically used
drugs, verapamil and trifluoperazine, potentiated the antipro-
liferative activity of vincristine and produced an increased
cellular accumulation of vincristine in an MDR murine leu-
kaemia cell line [31]. Since this original observation, numer-
ous compounds have been shown to antagonise MDR in a
variety of tissue culture assays and animal tumour models
when co-administered with chemotherapeutic agents to which
the cells are resistant {1, 2}. In general, agents used to
antagonise MDR alter the drug accumulation defect present
in MDR cells, but exhibit little or no effect on drug-sensitive
cells.

The primary mechanism by which most chemosensitisers
are believed to antagonise MDR is through direct inhibition
of drug efflux mediated by Pgp, resulting in restoration of
cytotoxic drug accumulation in MDR cells. A simplified
model of a potential mechanism of action for the ability of
chemosensitisers to inhibit the MDR efflux pump is shown in
Figure 1. In this scenario, Pgp functions as an active transport
protein, which utilises energy to transport cytotoxic substrates
across the plasma membrane. Chemosensitisers may block
cytotoxic drug efflux by acting as competitive or non-competi-
tive inhibitors, perhaps by binding to similar drug substrate
binding sites, or to other chemosensitiser binding sites which
cause allosteric changes resulting in inhibition of cytotoxic
drug binding or transport. In support of this model, many
studies have now demonstrated that certain chemosensitisers
may bind directly to cellular membranes enriched for Pgp, in
a specific and saturable manner, and this binding may be
inhibited by other chemosensitisers and by chemotherapeutic
drugs [27, 32]. In addition, radiolabelled, photoactivated
chemosensitiser analogues irreversibly bind to Pgp, and this
may be effectively inhibited by many other chemosensitisers
[33-37]. However, conflicting evidence exists with regard to
whether chemosensitisers of different classes function similarly
as inhibitors of drug efflux, where and how many binding sites
exist for chemosensitisers on Pgp, and whether chemosensiti-
sers share binding sites with cytotoxic substrates.

Recent studies utilising Pgp molecules containing various
mutations support the notion that more than one site of
interaction for substrates and inhibitors exists. For example,
substitution of a serine residue within the eleventh predicted
transmembrane domain of murine Pgp by any of six other
amino acids resulted in both positive and negative effects on
the modulatory abilities of different chemosensitisers [38].
Similarly, diverse effects were seen for the capacity of different
chemosensitisers to inhibit drug efflux mediated by Pgp iso-
forms differing at a codon within the third transmembrane
domain [39]. Also, photoactivated binding of the chemosen-
sitiser azidopine to Pgp has identified two distinct sites within
the Pgp molecule, one between residues 198 and 440 of the
amino half, and the other within the carboxy portion of the
protein [40].

Chemosensitisers may themselves serve as substrates for the
Pgp multidrug transporter, in support of their possible role as
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competitive ligands for drug-binding sites on Pgp. For exam-
ple, verapamil, trans-flupenthixol and cyclosporin A (CsA) are
accumulated less in certain MDR cell lines [1, 41, 42].
Alternatively, certain chemosensitisers, such as the phenothia-
zines, might inhibit Pgp activity by interacting with physically
separate sites on Pgp, such as the ATPase site or phosphoryl-
ation domains, or may act distantly, such as by inhibiting
protein kinase C and altering the phosphorylation pattern of
Pgp, thereby altering its activity. The final delineation of Pgp
drug binding sites will be necessary to elucidate fully these
mechanisms. Hopefully, a more sophisticated understanding
of these processes will also lead to more powerful methods to
manipulate Pgp function.

CLASSES OF CHEMOSENSITISERS

The majority of chemosensitisers described to date may be
grouped into six broad categories, based on their primary
pharmacological activity: (a) calcium channel blockers, (b)
calmodulin antagonists, (¢) cyclic peptides, (d) steroids and
hormonal analogues, (e) dipyridamole, and (f) miscellaneous
other compounds. Table 1 displays a partial list of the wide
range of agents which have demonstrated ability to reverse
MDR in preclinical models. Although these compounds share
only broad structural similarities, all are lipophilic, and many
are heterocyclic, positively charged substances.

Calcium channel blockers

The first identified compound with the ability to reverse
MDR in vitro was verapamil [31, 43, 44], and it is an
important standard agent for the comparison of potency and
mechanism for all subsequently discovered chemosensitisers.
This calcium channel blocker inhibits Pgp-associated, energy-
dependent drug efflux in MDR cells due to an increase in
intracellular accumulation of chemotherapeutic agents, and is
an effective antagonist of resistance to a number of drugs in
most MDR cell lines in vitro [1]. Photoactivated verapamil

Table 1. Selected pharmacological agents with ability to reverse
multidrug resistance (MDR)

Calcium channel blockers
R-Verapami! (5-10 pM)
Dexniguldipine (0.1-1 pM)
Gallopamil (5 pM)
Ro11-2933 (2-6 pM)
PAK-200 (5 uM)
Calmodulin antagonists
Trifluoperazine (3-5 pM)
Fluphenazine (3 pM)
Trans-Flupenthixol (3 pM)
Protein kinase C inhibitors
Calphostin C (250 nM)
Staurosporine (200 nM)
CGP 41251 (150 nM)
NPC 15437 (60 uM)
Safingol (20-50 pM)
Steroidal agents
Progesterone (2 pM)
Tamoxifen (2-10 pM)
Toremifene (5-10 pM)
Megestrol acetate (5 pM)

Cyclic peptides
Cyclosporin A (0.8-2 pM)
SDZ PSC 833 (0.1-1 pM)
SDZ 280-446 (0.1-1 pM)
FK506 (3 pM)

Rapamycin (3 pM)

Vinca alkaloid analogues
Vindoline (20-50 pM)
Thaliblastine (2 pM)
Miscellaneous compounds
S 9788 (1-3 uM)
GF120918 (0.02-0.1 pM)
Tolyporphin (0.1-0.5 pM)
Dipyridamole (5-10 pM)
BIBW 22 (1 uM)
Quinidine (10 pM)
Terfenadine (3-6 p.M)
Reserpine (5 p.M)
Amiodarone (4 pM)
Methadone (75 pM)

Concentrations in parentheses are those shown to have effect in

reversing MDR in vitro.

analogues bind irreversibly to Pgp, and verapamil inhibits the
binding of many chemotherapeutic drugs as well as other
chemosensitisers to Pgp [27, 34, 45], suggesting that the
mechanism of action of verapamil is through competitively
blocking the binding of drugs to Pgp. The sensitivity to
cytotoxic drugs of most intrinsically sensitive wild-type cells
from which these MDR lines were derived is not significantly
affected by verapamil. Studies of many other MDR chemosen-
sitisers demonstrate that most appear to function in a manner
similar to that of verapamil, though with differing potencies,
and perhaps at different sites on the Pgp molecule. Therefore,
the initial studies of the effects of verapamil on the cellular
pharmacology of MDR cell lines serve as a critical paradigm
for the function of most chemosensitisers.

In terms of clinical potential for MDR modulation, verapa-
mil is limited by its cardiovascular effects in humans at plasma
concentrations needed for antagonism of MDR in vitro [46].
Therefore, the chemosensitising activity of many structural
analogues of verapamil have now been investigated, in the
hope of identifying potent MDR antagonists lacking in nega-
tive inotropic and chronotropic effects. The first such ident-
ified structural analogue of verapamil, the dithiane tiapamil
derivative R011-2933, was found to be up to 10-fold more
potent than verapamil for increasing the cellular accumulation
and sensitising MDR cells to doxorubicin [47, 48]. Sub-
sequent studies have identified several other verapamil and
tiapamil analogues which possess similar or greater MDR
chemosensitising activity than verapamil, but which lack sig-
nificant calcium antagonist activity [49-51].

A number of calcium channel blockers structurally dissimi-
lar to verapamil have also been found to possess chemosen-
sitising activity. While nifedipine is known to be a potent
calcium channel blocker, it is a poor antagonist of MDR
[52, 53]. However, the dihydropyridine analogues, niludipine,
nimodipine and nicardapine, have been found to be potent
antagonists of MDR [52-54]. Recently, the chemosensitising
activity of 200 newly synthesised dihydropyridine analogues
in human MDR cells has been reported [55]. The lead
compound, PAK-200, possessed the lowest calcium channel
blocking activity, yet it fully reversed resistance to vincristine
in a human MDR cell line. These studies have confirmed the
lack of correlation between pharmacological calcium channel
antagonism and anti-MDR acuivity.

Though most studies of verapamil have used a racemic
mixture of the drug, only the S-enantiomer selectively binds
to calcium channels [56], whereas the S- and R-enantiomers
of verapamil are equally active chemosensitisers [57, 58].
Similarly, stereoisomers of many other calcium channel block-
ers differ markedly in their calcium channel blocking activity,
but are equally effective as MDR chemosensitisers {59]. In
particular, the (—)isomer of niguldipine (dexniguldipine) has
displayed a dramatically lower affinity for calcium channel
binding sites than its (+) isomer, but retained potent anti-
MDR activity [60]. In fact, the use of less cardiotoxic enanti-
omers of verapamil and its analogues may provide a means
for reaching clinically effective anti-MDR levels in patients.
Already this strategy has been incorporated into ongoing
clinical trials, and initial reports of the pharmacokinetics of R-
verapamil are promising [61-64].

Calmodulin antagonists
The second class of MDR chemosensitisers identified
included drugs previously known for their ability to inhibit
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calmodulin-mediated processes, and is represented by the
phenothiazine calmodulin antagonist, trifluoperazine [43, 44,
65-67]. The examination of structure—activity relationships
for a series of 22 phenothiazine derivatives for potentiation of
doxorubicin activity in MDR human breast cancer cells
revealed structural features important for chemosensitising
activity, and it led to the identification of the thioxanthene
class of calmodulin antagonist chemosensitisers that possess
significantly greater activity against MDR [67] (Figure 2).
The thioxanthenes exist as stereoisomers, and the trans-isomer
of each in a series of 16 thioxanthenes showed greater activity
than the cis-isomer for reversing MDR [37]. The lead com-
pound, zrans-flupenthixol, reversed MDR in a number of
human and murine MDR cell lines, and in sensitive cells
transfected with the MDRI1 gene, increased doxorubicin
accumulation to a greater extent than either its stereoisomer
cis-flupenthixol or verapamil (Figure 2), and inhibited pho-
toactive azidopine binding to Pgp [37].

The clinical pharmacology and toxicology of trans-flupen-
thixol suggests it may be uniquely suited for in vivo use.
Clinical trials of the antipsychotic effects of thioxanthenes in
humans showed that cis-flupenthixol was more effective and
toxic than rrans-flupenthixol {68]. This observation is
explained by biochemical and crystallographic evidence that
cis-flupenthixol is a potent antagonist of dopamine receptors
[69, 70], whereas zrans-flupenthixol has virtually no activity
as a dopamine antagonist, resulting in its apparent lack of
extrapyramidal side-effects {71].

J.M. Ford

Cyclic peprides

Several hydrophobic cyclic peptides with distinctly different
pharmacological and structural properties than other known
Pgp inhibitors have been found to possess unique and potent
activities for modulating MDR. Representative of this class of
chemosensitisers is the clinically used drug CsA, an immuno-
suppressive agent widely used in human organ transplan-
tation. CsA has been found to reverse resistance in MDR
cells at concentrations lower than those necessary for most
previously identified chemosensitisers (0.5-3 pM) [72-74].
Unlike most other chemosensitisers, CsA has also been
observed to potentiate chemotherapeutic drug cytotoxicity in
certain sensitive cell lines [75-79].

CsA appears to possess complex pharmacological properties
for modulating drug sensitivity, in accordance with its known
activity as an inhibitor of many important cellular enzymes.
Numerous studies suggest that CsA may serve as a Pgp
substrate and antagonise MDR, at least in part, through
competitive inhibition of Pgp-mediated outward transport of
cytotoxic drugs, but also imply that CsA modulates cytotoxic-
ity by other mechanisms.

There has been great interest in exploring the anti-MDR
activity of other, less immunosuppressive or nephrotoxic
cyclosporin analogues. Initial studies of several non-immuno-
suppressive analogues have demonstrated modulation of
MDR ({72, 73]. Numerous non-immunosuppressive cyclos-
porin analogues have now been studied for anti-MDR activity,
and the cyclosporin D analogue, PSC 833, has been found to
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Figure 2. Structures and anti-MDR activity of calmodulin antagonists with chemosensitising activity. The fold-reversal of MDR
was determined by measuring the relative ability of similar concentrations (3—-5 uM) of phenothiazines (a), or thioxanthenes (b),
to sensitise MCF-7/DOX human MDR breast cancer cells to doxorubicin. Data from [67].
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be 10- to 30-fold more potent than CsA, effective in wvitro at
concentrations as low as 0.1 pM [80]. PSC 833 has emerged
to be among the most potent chemosensitisers known [81,
82], and to possess clinical and pharmacological character-
istics making it very attractive for clinical use [83]. A second
non-immunosuppressive hydrophobic peptide being studied
is SDZ 280-446, which appears similarly potent to PSC 833
for antagonism of MDR [84].

In summary, the cyclosporins sensitise MDR cells to a
variety of chemotherapeutic drugs, either through a direct
effect on Pgp, through alternative mechanisms of potentiation
of chemotherapeutic drug toxicity, or a combination of these.
This leads to the important possibility that CsA, in combi-
nation with other more Pgp-specific chemosensitising agents,
may act synergistically to antagonise MDR. The newly
developed non-immunosuppressive cyclosporin analogues,
particularly PSC 833, appear to be excellent candidates for
the clinical reversal of drug resistance, due to their increased
potency and specificity for Pgp-mediated MDR.

Sterotds and hormonal analogues

The expression of high levels of Pgp in human adrenal
cortex and placenta [85] suggests a possible role for the pump
in physiological transport of steroid hormones. In fact, cortisol
and aldosterone are substrates for Pgp transport, although
progesterone is not [6]. However, progesterone inhibits cyto-
toxic drug transport and binding to membranes from MDR
cells, and functions as a potent chemosensitiser {6, 86, 87].

An orally active congener of progesterone, megesterol acet-
ate, functions as a chemosensitiser in human MDR cells, and
increases vincristine accumulation with 2- to 3-fold greater
potency than progesterone [88]. Megestrol acetate may be a
potentially useful clinical chemosensitiser, since high oral
doses producing plasma levels of up to 2 pM have been safely
administered in trials of its anticachexia properties [89].

Synthetic steroid analogues have demonstrated particular
promise for clinical use. Tamoxifen and the related anti-
oestrogen toremifene are active chemosensitisers in a number
of human Pgp-expressing MDR cell lines, independent of
their effect on oestrogen receptors {90-94]. For example,
isobologram analyses demonstrate that tamoxifen synergisti-
cally potentiates vinblastine and mitoxantrone cytotoxicity
and cellular accumulation in MDR human breast cancer cells
[95, 96]. Tamoxifen appears to act as a chemosensitiser by
directly interacting with and inhibiting Pgp, as it has been
shown to bind in a specific and saturable manner to Pgp-
enriched plasma membranes, and a photoactivated analogue
irreversibly labels Pgp [97]. However, like progesterone,
transport of tamoxifen by Pgp has not been detected.

The clinical pharmacology of anti-oestrogens makes them
attractive for clinical use as chemosensitisers. Because of their
relative lack of side-effects, high serum concentrations have
been achieved [92, 98]. The major metabolite of toremifene,
desmethyl-toremifene, possesses significant chemosensitising
activity. Thus, the in vitre and clinical pharmacokinetics of
these anti-oestrogens suggest they may be well-tolerated,
effective chemosensitisers for use in combination with other
chemotherapeutic agents in clinical drug resistance.

Dipyridamole
The antithrombotic drug dipyridamole has been shown to
be a unique biochemical modulator of a variety of cytotoxic

drugs, of both MDR and non-MDR classes. Dipyridamole is
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a potent inhibitor of the salvage pathway for repletion of
cellular nucleotide pools by nucleoside transport across cell
membranes, and thus potentiates the activity of antimetab-
olites such as methotrexate [99] and 5-fluorouracil [100].
Dipyridamole also appears to modulate the cytotoxicity of
cisplatin in various cell lines, although the mechanism remains
obscure [101]. Recently, dipyridamole has been found to
enhance the effects of several MDR-related drugs against both
sensitive and resistant cell lines, potentially through multiple
mechanisms including inhibition of Pgp function. For exam-
ple, non-toxic concentrations of dipyridamole interacted in a
synergistic manner with VP-16, doxorubicin and vinblastine
in drug-resistant and drug-sensitive human ovarian carcinoma
cells [102, 103].

Recently, Cheng and coworkers described an analogue of
dipyridamole, BIBW 22, which displays markedly increased
potency for the reversal of MDR and inhibition of nucleoside
transport  [104]. BIBW 22 is 10-fold more potent than
dipyridamole in reversing vinblastine resistance in human
MDR cells and completely inhibits photoactive azidopine
binding to Pgp at concentrations of 1 uM. Furthermore,
BIBW 22 is a 7-fold more potent inhibitor of nucleoside
transport than dipyridamole, and results in a 20-fold enhance-
ment of 5-fluorouracil cytotoxicity at 1 M concentrations.
Thus, this compound may have unique clinical properties as a
bifunctional modulator in trials of combination chemotherapy
employing both antimetabolites and vinca alkaloids.

Miscellaneous compounds

The search for agents to circumvent MDR has led to the
identification of numerous compounds not belonging to any
of the previously discussed classes of chemosensitisers and not
otherwise pharmacologically related. Most of these com-
pounds are lipophilic in nature, and share a broad structural
similarity that includes a heterocyclic ring nucleus separated
at a distance from a cationic amino group. This diverse group
of chemosensitising agents includes: anti-arrhythmics such as
amiodarone [105] and quinidine [106]; the quinoline amines,
chloroquine and quinacrine [107]; the indole alkaloids, reser-
pine and yohimbine {108, 109]; and the antihistamines,
terfenadine [110], azelastine and flezelastine [111]. Most
have been reported to overcome partially resistance to cyto-
toxic drugs, and to increase drug accumulation and retention
in various MDR cell lines.

Several newly identified classes of chemosensitisers are of
particular interest. The acridone carboxamide derivative,
GF120918, possesses remarkable potency for reversing MDR,
with concentrations as low as 0.02 pM displaying similar in
vitro activity as 5 wM verapamil [112]. The triazinoaminopip-
eradine derivative, S 9788, has displayed potent in witro
activity [48, 113], favourable in vivo characteristics [114],
and increased intracellular daunorubicin accumulation in
Pgp-positive clinical samples from patients with haematolog-
ical malignancies more effectively than verapamil or CsA, as
assessed by flow cytomertry [115].

A novel class of compounds active against MDR has been
identified by screening natural products extracted from strains
of cyanobacteria (blue-green algae). Two such compounds,
tolytoxin and cryptophycin, displayed significant cytotoxicity
alone to both sensitive and MDR cells [116, 117]. They did
not effect vinblastine accumulation and were poor substrates
for Pgp, and their activity for modulating vinca alkaloid cyto-
toxicity appeared to be through microfilament depolymeris-
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ation, and thus independent of Pgp. However, another cyano-
bacterial isolate, termed tolyporphyin, functioned as a potent
chemosensitiser [118]. This agent sensitised MDR cells to
daunamycin, vinblastine, VP-16 and paclitaxel at doses of
0.1 uM, and inhibited labelled vinblastine and azidopine
binding to Pgp.

Combination chemosensitisers

The major limiting factors for achieving what are thought
to be adequate human serum concentrations of chemosensiti-
sers to reverse MDR are their intrinsic side-effects. Therefore,
a similar strategy to that originally proposed for combination
chemotherapy may prove effective for the pharmacological use
of chemosensitisers; that is, by combining several chemosen-
sitising agents with non-overlapping toxicities to achieve an
overall anti-MDR effect greater than that possible with indi-
vidual agents at higher doses. Studies of the pharmacological
effects of chemosensitisers have revealed that two agents,
when used in combination, often result in additive [1], and
occasionally supra-additive [119, 120] activity for sensitising
MDR cells to cytotoxic drugs. Although determining the
precise effects of combination chemosensitisers together with
chemotherapeutic drugs on clinical pharmacokinetic para-
meters will prove daunting, the ability of this strategy to
influence tumour growth and survival, deserves in vivo testing.

STRUCTURE-ACTIVITY RELATIONSHIPS AMONG
CHEMOSENSITISERS

Although the broad specificity of Pgp for substrates and
inhibitors has enabled the successful identification of many
agents with chemosensitising activity through in vitro screen-
ing, very few of these hold significant potential for clinical use
due to undesirable side-effects. Therefore, rational approaches
to drug development may provide more potent and effective
agents. Unfortunately, the lack of detailed crystallographic
structural information of membrane bound Pgp, or even
detailed knowledge of the important protein binding sites of
inhibitors, impedes a purely molecular approach to drug
design for this target. However, most data suggest that, while
different chemosensitisers may have multiple cellular targets,
they probably share common targets for reversal of MDR.
Therefore, studies have been designed to identify and define
those structural features that enhance the interaction of
chemosensitisers with Pgp.

For example, critical structure—-activity relationships were
identified for a series of phenothiazines with individual mol-
ecular alterations for their ability to sensitise a human MDR
breast cancer cell line to doxorubicin, and included a hydro-
phobic tricyclic ring, a positively charged tertiary amine, and
incorporation of the amino moiety into a cyclic structure [67]
(Figure 2). The structural principles derived from this study
allowed the identification of the thioxanthenes, a class of
chemosensitisers structurally similar to the phenothiazines,
but which contain an exocyclic double bond to the side
chain, and thus exist as stereoisomers. For a group of 16
thioxanthenes, the trans isomer of each thioxanthene pair was
a more effective chemosensitiser than the cis-isomer, providing
additional information regarding the spatial relationships
between the amino side chain and hydrophobic tricyclic ring
structure important for resultant chemosensitising activity
[37]. Several other large studies of phenothiazines, as well
as compounds of different chemical classes, reached similar
conclusions regarding the structural features important for
anti-MDR activity [107, 121, 122].

J.M. Ford

Recently, several groups of investigators have discovered
novel chemosensitising drugs by rationally synthesising com-
pounds to contain the particular structural features and spatial
relationships found to be important for phenothiazine and
thioxanthene anti-MDR activity. For example, Dodic and
associates synthesised a series of 85 tricyclic carboxamides
and tested their ability to reverse Pgp-mediated MDR in
rodent cells [123]. The structure of these agents consisted of
a cationic side chain of various length, linked through an
amide bond to a lipophilic, tricyclic nuclei. Similar to the
structure-activity relationships originally observed for thiox-
anthene molecules, the carboxamide compound displaying
the greatest chemosensitising activity within the series tested
contained a cationic basic nitrogen located at a fixed distance
and orientation from a lipophilic tricyclic nucleus. Using a
similar approach, a series of propafenone-like propanolamines
was synthesised and evaluated for MDR modulating activity
[124]. Again consistent with the earlier thioxanthene results,
compounds possessing the greatest anti-MDR activity pos-
sessed side chains containing tertiary amino groups and, in
particular, a nitrogen incorporated into a cyclic non-aromatic
ring structure.

POST-TRANSLATIONAL MODIFICATION OF
P-GLYCOPROTEIN FUNCTION

An alternative strategy of reversing MDR pharmacologically
is to target mechanisms that appear to modify the function of
Pgp. Post-translational modification of Pgp through phos-
phorylation has been appreciated for many years and a func-
tional role has been suggested [125-131]. Exposure of cells
to substrates for Pgp including chemotherapeutic drugs and
chemosensitisers results in phosphorylation of the molecule
above basal levels [127, 132], suggesting that interfering with
this reaction could sensitise cells to chemotherapy.

Pgp can be phosphorylated by a variety of serine/threonine
kinases, and contains serine residues that resemble the consen-
sus phosphorylation sites of protein kinase C (PKC), cAMP-
dependent protein kinase and calmodulin-dependent protein
kinase II [130, 131, 133, 134]. PKC has been shown to
phosphorylate Pgp in cell membranes [135] and in immunop-
recipitates [136, 137], and is translocated to cell membranes
in response to phorbol 12-myristate 13-acetate in a temporally
consistent manner with changes in drug accumulation [138].
Treatment of sensitive cells with activators of PKC, such as
phorbol esters, decreases the accumulation of chemothera-
peutic drugs {139, 140] and mimics the MDR phenotype
[128, 140], and treatment of MDR cells with PKC activators
further increases drug resistance [127, 128]. The role of
individual isozymes of PKC in MDR cell lines has been
recently investigated. PKCa and -8 have been shown to be
overexpressed in P388/ADR cells [141], and a 10-fold
increase in enzymatic activity in MCF-7/AdrR cells occurs
due to a selective increase in the expression of PKCa [142].
These results suggest that a selective alteration of PKC activity
in tumour MDR cells may be possible.

Therefore, it is plausible that inhibition of PKC activity may
reduce Pgp activity [143, 144]. In fact, many commonly used
chemosensitisers, such as the phenothiazines, thioxanthrenes,
tamoxifen and CsA, are weak inhibitors of PKC [37, 145
149]. However, most studies of the effect of PKC inhibitors
on MDR are complicated by the fact that many of these
drugs interact directly with Pgp as well [37, 148, 150-153].
However, evidence is now emerging that specific inhibitors



Experimental Reversal of Pgp-mediated MDR

of PKC may modulate Pgp function through alteration of
phosphoryladon. For example, staurosporine at concen-
trations well below those required to inhibit azidopine binding
to Pgp, increase the phosphorylation of Pgp and result in the
decreased accumulation of vinblastine in MCF-7 MDR cells
[137]. In addition, it appears that increasing cellular levels of
sphingosine leads to inhibition of Pgp due to antagonism of
PKC. For example, the calcium channel blocker SR33557 has
been shown to enhance cellular sphingosine levels 5-fold in
MDR, but not drug-sensitive cells, and to inhibit PKC and
Pgp function without significantly altering MDR drug substr-
ate binding to Pgp [154]. Similarly, the lysosphingolipid PKC
inhibitor safingol is a saturated analogue of sphingosine, and
inhibits phosphorylation of PKC substrates including Pgp in
both MCF-7-sensitive and MDR cells, but selectively
enhances vinblastine accumulation and cytotoxicity in the
MDR line [155]. In support of a role for PKC inhibition in
this effect, safingol did not alter Pgp expression, Pgp ATPase
activity, or MDR substrate binding to Pgp.

Despite the intense interest in PKC activity in MDR, rela-
tively little is known about phospholipase C (PL.C), an enzyme
which is critical to the activity of this kinase. There is reason
to believe that the activation of PLC in MDR cells may be
responsible for the cascade of events leading to the activation
of PKC and phosphorylation of Pgp. Heart shock, a cellular
stress mechanism known to activate PLLC [156, 157], mark-
edly increases the phosphorylation of Pgp in MCF-7 MDR
cells to a degree similar to that seen when PKC is directly
activated by phorbol esters [158]. The PKC inhibitor stauros-
porine blocks the phosphorylation of Pgp induced by heat
shock. These experiments provide evidence that the phos-
phorylation of Pgp can be regulated by cellular stress
responses that activate PLC, perhaps including chemothera-
peutic drugs, and suggest additional targets for potential phar-
macological manipulation of Pgp function.

Pgp is also modified post-translationally by N-glycosylation
[159], suggesting additional methods of affecting the biologi-
cal function of Pgp. Inidal studies using the specific N-
glycosylation inhibitor tunicamycin in MDR CCRF-CEM
human leukaernic lymphoblasts found that while Pgp glyco-
sylation is indeed inhibited by the drug, drug resistance is
unaltered [160]. However, a more recent investigation
observed that tunicamycin treatment of MDR cells reduces
membrane associated Pgp levels and enhances anthracycline
cellular accumulation [161]. Thus, further studies of the
effects of glycosylation on Pgp function and its interactions
with cytotoxic drugs appear warranted.

CONCLUSION

Over the 15 years since the initial discovery that experimen-
tal MDR could be reversed through pharmacological inhi-
bition of the Pgp drug pump [31], a vast number of com-
pounds have been identified which possess such
chemosensitising activity [1, 2]. However, only a small pro-
portion of these drugs possess clinical pharmacological charac-
teristics appropriate and safe for their use as potential modu-
lators of clinical MDR. Furthermore, although the most
promising chemosensitisers to emerge from #n vizro studies
have not yet been adequately tested in clinical trials, it remains
unclear if clinical tumour drug resistance may be modified by
Pgp inhibitors.

However, even if Pgp-associated MDR proves to be a
relevant and reversible cause of clinical drug resistance, many
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complex issues have to be addressed before effective clinical
chemosensitisation can be achieved. Factors such as chemo-
sensitiser absorption, distribution and metabolism, the effect
of chemosensitisers on chemotherapeutic drug clearance, tox-
icity to normal tissues expressing Pgp, and the most efficacious
modulator regimens and appropriate tumours to treat all need
to be defined in wvivo. Clearly, the identification of more
specific, potent and less clinically toxic chemosensitisers for
clinical use remains critical to the possible success of this
approach.

Exploration of novel approaches for the modification of
MDR may provide powerful and more selective approaches to
use instead of, or in addition to, pharmacological Pgp inhibi-
tors. For example, experimental approaches to reversing
MDR have been reported using monoclonal antibodies against
Pgp, ribozyme constructs targeting MDR1 mRNA, and fac-
tors regulating the expression of the MDR/! gene [2], and are
discussed in detail elsewhere in this issue. However, the find-
ing that a number of pharmacological agents can antagonise a
well-characterised form of experimental drug resistance pro-
vides promise for potential clinical applications. Further study
of chemosensitisers in humans and the rational design of novel
chemosensitisers with improved activity should define the
importance of MDR to clinically resistant cancer.
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