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bstract

Resistance to quinoline antimalarials, especially to chloroquine and mefloquine has had a major impact on the treatment of malaria
orldwide. In the period since 2000, significant progress has been made in understanding the origins of chloroquine resistance and to a lesser

xtent mefloquine resistance in Plasmodium falciparum. Chloroquine resistance correlates directly with mutations in the pfcrt gene of the
arasite, while changes in another gene, pfmdr1, may also be related to chloroquine resistance in some strains. Mutations in pfcrt do not
ppear to correlate with mefloquine resistance, but some studies have implicated pfmdr1 in mefloquine resistance. Its involvement however,
as not been definitively demonstrated. The protein products of these genes, PfCRT and Pgh-1 are both located in the food vacuole membrane
f the parasite. Current evidence suggests that PfCRT is probably a transporter protein. Chloroquine appears to exit the food vacuole via
his transporter in resistant PfCRT mutants. Pgh-1 on the other hand, resembles mammalian multi-drug resistance proteins and appears to be
nvolved in expelling hydrophobic drugs from the food vacuole. Resistance reversing agents are believed to act by inhibiting these proteins.

he currently known chloroquine- and mefloquine-resistance reversing agents are discussed in this review. This includes a discussion of
tructure-activity relationships in these compounds and hypotheses on their possible mechanisms of action. The status of current clinical
pplications is also briefly discussed.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Malaria is a leading cause of morbidity and mortality
orldwide (WHO Expert Committee on Malaria, 2000). It

lso plays a major role in underdevelopment in tropical coun-
ries, especially in Africa (Sachs and Malaney, 2002). The
ppearance and spread of drug-resistant strains and espe-
ially of chloroquine-resistant (CQR) strains of Plasmod-
um falciparum has had disastrous consequences in many of
he World’s poorest countries (WHO Expert Committee on
alaria, 2000). Affordable alternatives are often not avail-
ble for these countries. In addition, the efficacy of alternative
rugs such as quinine (QN) has been noticeably reduced in
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ome regions, while full-scale resistance to other drugs such
s mefloquine (MQ) and the antifolates has also appeared.
ollowing the discovery that the calcium channel-blocker
erapamil (VPL) restores chloroquine-sensitivity (CQS) in
QR strains (Krogstad et al., 1987; Martin et al., 1987), there
as been considerable interest in such so-called resistance-
eversing agents. MQ-resistance (MQR) reversers have also
ubsequently been identified.

The mechanism of action of quinoline antimalarials
emains to be definitively demonstrated. Current evidence
trongly suggests that CQ accumulates in the digestive food
acuole of the malaria parasite. This occurs as a result of pH
rapping of the basic CQ molecule in the acidic food vacuole
nd possibly also as a result of association of CQ with haem

n the food vacuole. There CQ is believed to interfere with
aem accumulation into haemozoin resulting in the parasite
eing subjected to haem toxicity, leading to its death. This
ypothesis has been reviewed recently in a number of
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ublications and will not be discussed further here (Ziegler
t al., 2001; Sullivan, 2002; Egan, 2003; Egan, 2004).

This review will discuss the current state of knowledge
bout the mechanism of action and structure-activity rela-
ionships in antimalarial drug resistance-reversing agents.

. Resistance to quinolines

.1. Chloroquine resistance

The issue of chloroquine resistance (also abbreviated
QR) can be approached by addressing three different, but

nterrelated, questions. Firstly, what are the changes to the cell
hysiology of the parasite that cause CQR? Secondly, what
enetic mutations in the parasite give rise to CQR and what
re the protein products of these genes? Thirdly, what rela-
ionships exist between the structures of CQ analogues and
ross-resistance with CQ? The first question is still the sub-
ect of inquiry and vigorous debate. Considerable progress
as been made on the second question since 2000. On the
hird question there is substantial empirical evidence. These
ssues will be briefly discussed in turn.

.2. The physiological basis of chloroquine-resistance

In general, resistance to a drug can be brought about in
everal ways. Firstly the drug may be altered to become less
ctive and thus less toxic to the cell concerned. Secondly the
rug target may be altered so that the drug cannot exert its
ffect on the modified target. Thirdly the target may be over-
xpressed thereby reducing the effect of the toxin. Fourthly
he drug may be denied access to its target by either a reduc-
ion in its accumulation or an increase in its efflux out of
he cell or just away from its site of action. Current evidence
trongly suggests that the last mechanism operates in the case
f CQR.

Fitch was the first to report that CQR P. falciparum strains
ccumulate less CQ than do CQS strains (Fitch, 1969). This
educed accumulation of CQ forms the basis for all hypothe-
es of resistance to CQ. The manner in which this is achieved
hough has been widely debated and remains unresolved.
nother distinctive characteristic of resistance to CQ is the

bility to reverse its resistance using agents like VPL. How-
ver, some recently discovered strains appear to lack this
haracteristic as will be described later.

One proposal for the mechanism of CQR is that resistant
trains efflux CQ more rapidly than sensitive strains. Such
ehaviour was first proposed by Krogstad et al. in 1987. CQ
as reported to be effluxed from CQR strains at a rate 40–50

imes faster than that seen in a CQS strain. Others have subse-
uently reported a similar finding (Bayoumi et al., 1994). The
fflux mechanism has been claimed to be energy dependant,

s it is significantly less effective in the absence of glucose
Krogstad et al., 1992). More recently, it was once again
sserted that the efflux mechanism is responsible for reduced
ccumulation and that this was an energy dependent process
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Sanchez et al., 2003; Sanchez et al., 2004; Sanchez et al.,
005). However, two groups have questioned these hypothe-
es. Firstly Bray et al. showed that both CQS and CQR
trains have similar efflux rates with the CQS strain showing a
arginally faster rate of efflux (Bray et al., 1992a). They pro-

osed that a reduced accumulation mechanism would better
xplain the differences between CQS and CQR strains. This
as supported by Martiney et al. who also could not dis-

inguish between the efflux rates of CQS and CQR strains
Martiney et al., 1995). The status of the CQ-efflux proposal
hus remains unresolved.

An alternative to an efflux mechanism is a decrease in
Q uptake into the digestive vacuole. The simplest hypoth-
sis that could account for decreased uptake of CQ in CQR
arasites is an increase in digestive vacuole pH and some
arly evidence suggested that CQR parasites indeed exhibit
ncreased digestive vacuole pH (Krogstad et al., 1985). Since
Q accumulation is at least in part a result of the pH gradi-
nt between the parasite cytoplasm and the digestive vacuole,
ny reduction in this gradient would lead to less CQ being
aken up by the parasites. Increased digestive vacuole pH was
ttributed to a weakened digestive vacuole proton pump and
as based on evidence from kinetic modelling (Ginsburg and
tein, 1991) and the use of pH altering agents (Bray et al.,
992b). However, there is no definitive evidence supporting
his hypothesis.

More recently, using single cell-level analysis of diges-
ive vacuole pH, Dzekunov et al. provided evidence that the
QR Dd2 strain actually has a lower pH than the CQS HB3

train (Dzekunov et al., 2000). Using the fluorescence inten-
ity of acridine orange in the digestive vacuole to quantify the
bsorption of the weak base and thus the pH, they calculated
he pH of the CQS strain at 5.64. Their CQR strain had a pH
f 5.21. Anomalously, this evidence would suggest increased
Q accumulation in the digestive vacuole of the CQR strain.
o explain this apparent contradiction, Ursos et al. proposed

hat the lower pH in the CQR parasites reduces the amount of
ree haem since the availability of soluble haem is highly pH
ependent (Ursos et al., 2000). Since CQ accumulation has
een proposed to be determined by its access to free haem
Bray et al., 1998), the CQR parasites would then be expected
o accumulate less CQ at this lower pH. The interpretation
f the experimental evidence was later questioned by Bray et
l. (2002). They suggested that the acridine orange fluores-
ence measured was not in fact digestive vacuole fluorescence
ut rather that it was cytosolic. They also argued that any
uorescence in the digestive vacuole as a result of acridine
range would, to a large degree, be quenched by the haem.
ubsequent studies have tried to iron out these experimental
uestions (Waller et al., 2003). However, this hypothesis for
xplaining the resistance to CQ remains highly controver-
ial (Kirk and Saliba, 2001). Furthermore a recent study by

ayward et al. used a range of dextran-linked pH-sensitive
yes to demonstrate that there was no significant difference
etween the pH of the digestive vacuole between CQS and
QR strains (Hayward et al., 2006).
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A major weakness of hypotheses that posit a general
hange in digestive vacuole pH is that it would be expected to
ause cross-resistance to a range of quinoline-like antimalar-
als that also accumulate by means of pH trapping and/or
heir interaction with haem in the digestive vacuole and this
s manifestly not the case. For example, CQ analogues with
horter or longer side-chains are equally effective against both
QR and CQS strains (De et al., 1996; Ridley et al., 1996).
hese analogues should accumulate similarly to CQ and thus
change in pH should also induce cross-resistance to these

ompounds. The structural specificity of CQ resistance sug-
ests a specific transporter-mediated mechanism is involved
Ridley and Hudson, 1998).

.3. The genetic basis of CQR and corresponding
roteins

Several genes have been implicated in resistance to CQ
n P. falciparum. Originally because of the apparent similari-
ies between CQR in P. falciparum and multi-drug resistance
MDR) in cancer cells and the chemosensitization in both
nstances by VPL (Rogan et al., 1984; Martin et al., 1987), it
as thought that a homologue of the human P-glycoprotein

Pgp) responsible for drug-resistance in cancer cells was
nvolved.

Two genes encoding P-glycoprotein homologues have
een discovered in P. falciparum; pfmdr1 and pfmdr2 (Foote
t al., 1989; Wilson et al., 1989). The protein product of
fmdr1, P-glycoprotein homologue 1 (Pgh-1), is a 160 kDa
rotein located primarily on the digestive vacuole of the par-
site (Cowman et al., 1991). Pgh-1 expression levels are not
lways associated with CQR since equal amounts have been
etected in both the CQS and CQR strains tested (Cowman
t al., 1991). In a separate study, several progeny from a
enetic cross between the CQS HB3 and CQR Dd2 strains
ere compared in their sensitivity to CQ and MQ, their CQ

fflux halftimes, pfmdr1 copy number and restriction frag-
ent length polymorphism (RFLPs). No linkage could be

ound between the CQR phenotype and the pfmdr1 gene
Wellems et al., 1990). It was later demonstrated that high-
evel CQR was incompatible with increased Pgh-1 expression
Barnes et al., 1992). CQ pressure on FAC8, a strain express-
ng three copies of Pgh-1, caused a de-amplification of the
fmdr1 gene and loss of Pgh-1 expression. Also no amino acid
hange was seen in Pgh-1. However, cells deficient in Pgh-1
ecome more sensitive to MQ. Thus, pfmdr1 copy number
ay be linked to MQ resistance (Barnes et al., 1992). How-

ver, when MQ was used to pressure this strain (FAC8), the
ew highly mefloquine resistant lines were found to have no
urther increase in Pgh-1 expression (Lim et al., 1996). Also
here were no changes in amino acid composition of pfmdr1.
hus, mutations or changes in amplification or expression of

fmdr1 are not essential in either CQ resistance or increased
esistance to MQ. Nonetheless, Reed et al. demonstrated that
gh-1 can modulate sensitivity of Plasmodium to several anti-
alarials (Reed et al., 2000). Although mutations in Pgh-1

f
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annot confer CQ resistance alone, they can lead to increased
Q resistance through decreased drug accumulation. This

ncrease in resistance is susceptible to VPL. Thus, Pgh-1
utations do appear to have a role in modulation of CQR

n at least some strains of P. falciparum (Reed et al., 2000).
he pfmdr2 gene and its protein product do not seem to be

nvolved in resistance to CQ in P. falciparum (Wilson et al.,
989; Wellems et al., 1990; Rubio and Cowman, 1994).

In 1997, Su et al. identified two genes with complex poly-
orphisms that were closely linked to CQR P. falciparum.
hese two genes were called cg1 and cg2. Later however,
idock et al. were able to demonstrate that cg1 and cg2 do not
lter the response of P. falciparum parasites to CQ (Fidock et
l., 2000a). They used DNA transfection and allelic exchange
o replace the polymorphisms in either cg1 or cg2 from CQR
trains with those of the CQS HB3 strain. All the CQR strains
emained resistant to CQ and all maintained their verapamil
eversibility irrespective of substitutions in either the cg1
r cg2 genes. However, the close association between the
olymorphisms within these genes and the CQR strains sug-
ested that a gene nearby might be responsible for the CQR
henotype. This then led to the identification of Plasmod-
um falciparum chloroquine resistance transporter (PfCRT)
Fidock et al., 2000b).

PfCRT is a 48.6 kDa protein containing 10 transmem-
rane domains but lacking an ATP-binding motif. It has been
ocalized to the digestive vacuole membrane of the parasite
sing western blotting and immunomicroscopy techniques
Fidock et al., 2000b). The normal function of PfCRT remains
nknown, but disruption of the pfcrt gene has been found to
e deleterious to parasite viability indicating that PfCRT is
mportant in maintaining parasite growth (Waller et al., 2003).
QR strains with mutations in PfCRT at position 76 (K76T or
76I) linked with resistance to CQ have been reported to be

ssociated with an increased digestive vacuole acidification
Waller et al., 2003). Another mutation strongly associated
ith CQR involves a change of an asparagine to a serine

A220S), although this mutation does not confer CQR in
he absence of the K76T mutation. It is notable that while
ecreased QN sensitivity is associated with PfCRT mutations,
hanges in pfcrt expression have little effect on parasite sensi-
ivity to QN and MQ (Waller et al., 2003). Initially it seemed
hat PfCRT mutations were not linked to MQ resistance and
ad been shown to increase the sensitivity to MQ (Cooper
t al., 2002; Sidhu et al., 2002). However, the halofantrine-
esistance selected line (K1HF) demonstrated a decreased
ensitivity to MQ suggesting that PfCRT mutations may also
lay a role in MQ-resistance (Johnson et al., 2004).

The mutation in PfCRT that appears to be most important
n determining the CQR phenotype involves the change of a
harged amino acid, lysine, to an uncharged amino acid, thre-
nine (K76T). Other mutations also involve changes in charge

rom lysine to asparagine (K76N) or lysine to isoleucine
K76I). These mutations all suggest that a specific protein
arget is involved in resistance to CQ as well as its reversal
y chemosensitisers (Cooper et al., 2002).
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Using pfcrt-modified “knockdown” clones, Waller et al.
ere able to decrease pfcrt transcription levels and PfCRT
rotein expression levels (Waller et al., 2003). This resulted
n a drop in CQ IC50 relative to the 7G8 parent line. These
nockdown clones are also reported to have an altered diges-
ive vacuole pH similar to that found in CQS lines (Waller et
l., 2003). This suggests a possible link between expression
f PfCRT, sensitivity to CQ and altered digestive vacuole pH
n P. falciparum.

There can now be little doubt that mutations in PfCRT are
irectly linked to CQR in laboratory strains and they have
lso been reported in field isolates (Fidock et al., 2000b;
hen et al., 2003; Nagesha et al., 2003; Durrand et al., 2004).
onetheless, as pointed out in a recent review by Cooper et

l., resistance probably entails a complex spectrum of genes,
ome of which may not be directly responsible for resistance,
ut nonetheless may be vital to ensure viability of resistant
arasites by compensating for losses in function that may be
irectly related to CQR (Cooper et al., 2005).

By selecting for the in vitro resistance to amantadine
r halofantrine, Johnson et al. were able to sensitize CQR
arasites to CQ while still maintaining the K76T mutation
n PfCRT (Johnson et al., 2004). They demonstrated that
nique mutations in PfCRT, especially S163R, could induce
esistance to other antimalarials. There have been reports of
QR field isolates that lack the K76T mutation (Thomas
t al., 2002; Lim et al., 2003) and also some evidence has
een reported of patients harbouring parasites with the K76T
utation that nonetheless respond to CQ treatment (Chen

t al., 2002; Happi et al., 2003). This may indicate that
ther proteins, including Pgh-1 (Reed et al., 2000), as well
s patient immunity may also play a role in clinical failure
f CQ.

CQ has recently been demonstrated to bind directly to
fCRT (Zhang et al., 2004). However, no strong evidence
as been shown that quinine is also bound, although PfCRT
s able to modulate quinine resistance. Through comparing
he sequence of PfCRT with other 10 transmembrane trans-
orter sequences, Tran and Saier found significant homology
ith a nucleotide sugar transporter of the drug/metabolite

ransporter (DMT) superfamily (Tran and Saier, 2004). They
uggested that PfCRT functions as a transporter. This has also
een investigated by Martin and Kirk, who also found homol-
gy with the DMT superfamily (Martin and Kirk, 2004).
fCRT was predicted to function as a dimer, acting as an
fflux transporter with the critical K76 residue orientated
owards the digestive vacuole lumen. These authors sug-
ested that mutation of this amino acid to a neutral residue
ermits efflux of the cationic protonated CQ molecule. This
upports an earlier suggestion by Warhurst who has pro-
ided evidence that the ability of compounds to be extruded
hrough PfCRT decreases in proportion to their lipophilic-

ty (Warhurst et al., 2003a; Warhurst, 2003b). Furthermore,
PL is proposed to bind to PfCRT and prevent CQ extrusion
n account of its positively charged protonated amino group
hich compensates for the lost lysine residue.
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Interestingly, two recent papers have reported
nique mutations in CQR strains from South America,
apua New Guinea (C72S/K76T) and the Philippines
K76T/A144T/L160Y/N326D) that are associated with a
eduction of VPL reversibility of CQR (Mehlotra et al.,
001; Chen et al., 2003). Resistance to CQ is assumed to
ave developed independently from different geographical
oci which are broadly classified as the Asian/African Dd2
ype (VPL-reversible) and the South American/Oceanic
G8 (VPL-insensitive) types. Both the CQR phenotypes are
eported to exhibit a reduced digestive vacuole pH relative
o the CQS strains (Mehlotra et al., 2001; Chen et al., 2003).
n the presence of VPL the Dd2 type parasites are reported
o experience an increase in digestive vacuole pH (alkalin-
zed) whereas the 7G8 type shows no change in digestive
acuole pH when exposed to 5 �M VPL (Bennett et al.,
004).

CQR in Plasmodia other than P. falciparum has not been
hown to be linked to pfcrt or pfmdr1 (Li et al., 1993; Carlton
t al., 1998; Hunt et al., 2004). Homologous genes to both
fcrt (PvCG10) and pfmdr1 (PvMDR1) have been reported
n Plasmodium vivax strains but neither genes demonstrate
ny mutations associated with chloroquine resistance in these
trains (Nomura et al., 2001; Sa et al., 2005). Thus, the genetic
asis of resistance to chloroquine in P. vivax has yet to be
lucidated.

.4. Relationship between quinoline structure and
ross-resistance with CQ

A number of CQ analogues have been shown to be active
gainst CQR P. falciparum (Fig. 1). Amodiaquine (AQ)
xhibits activity against many strains of CQR parasites and
s still used clinically, although cross-resistance with some
trains is significant (Bray et al., 1996). CQ analogues with
hortened and lengthened aminoalkyl side-chains have been
hown to exhibit undiminished activity against CQR para-
ites (De et al., 1996). Other CQ analogues with modified
ide chains, including shortened side-chains (Ridley et al.,
996), ferrocene containing side chains (ferroquine, FQ, and
elated compounds) (Biot et al., 1997) and gold complexes
f CQ (Navarro et al., 1997) all show full activity against
QR parasites. Some of these compounds are currently in
linical development, including isoquine (an AQ analogue)
nd FQ (O’Neill et al., 2003; Biot et al., 2004). These data
uggest that the side chain is a primary recognition motif
or CQR, although there is some evidence that the 4-amino-
-chloroquinoline ring itself may be weakly correlated with
ross-resistance with CQ (Madrid et al., 2005). These data
ppear to support the idea that specific binding of drugs
o PfCRT, mainly through the side chain, lies at the basis
f resistance. However, in many cases the active drugs are

lso considerably more lipophilic than CQ, so a relationship
ith increasing lipophilicity could be an additional factor,

lthough this is not the case for the short side-chain ana-
ogues, which are all less lipophilic than CQ.
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ig. 1. A selection of CQ analogues that are active against CQR parasites, inc
ulky groups or aromatic rings (e–h) and metallated analogues (i). Among t

. Chloroquine-resistance reversers

The phenomenon of CQ-resistance reversal in Plasmod-
um falciparum is characterized by both a reduction of the
Q IC50 and the increased accumulation of CQ into CQR

trains specifically (Krogstad et al., 1987; Martin et al., 1987).
hile CQ-resistance reversers are able to decrease the par-

site sensitivity to CQ to within levels associated with CQS
trains, the increased accumulation of CQ in the presence
f resistance reversers never reaches levels found for CQS
trains. Thus, unlike multidrug-resistance reversal in cancer
ells, these agents induce only a partial reversal of the CQR
henotype in Plasmodium falciparum.

As mentioned above, VPL was the first compound demon-
trated to reverse chloroquine resistance (Krogstad et al.,
987; Martin et al., 1987). It is a monoprotic weak base that is
nown to block L-type calcium channels in smooth and car-
iac muscle (Fleckenstein et al., 1967). The action of VPL
n malaria as a chemosensitizer has been demonstrated to be
ndependent of calcium channels (Ye and Van Dyke, 1988).

hereas calcium channels are specifically blocked only by
he (S)-(−) isomer, the resistance reversal activity in malaria
an be achieved by both the (R)-(+) and the (S)-(−) isomer
Ye and Van Dyke, 1988). Also VPL does not decrease the
evels of free calcium within the parasites at concentrations
hat inhibit parasite growth (10–20 �M) (Adovelande et al.,
993). This suggests that calcium movement into the parasite
r the digestive vacuole does not depend on VPL-sensitive
alcium channels (Adovelande et al., 1993). This behaviour
imics the role of VPL in reversing multidrug resistance in

ancer cells, where it has also been demonstrated that VPL

oes not alter calcium levels in cells when it reverses resis-
ance to antitumour agents (Cano-Gauci and Riordan, 1987).

VPL is able to enhance the action of CQ in CQR strains
ut has no effect on CQS strains (Martin et al., 1987). VPL

c
2
w
e

short and long chain analogues (a–d), analogues with side chains containing
pounds shown are AQ (f), isoquine (g) and FQ (h).

s also able to modulate the parasite sensitivity to QN and
hat of it stereoisomer quinidine (Cooper et al., 2002; Waller
t al., 2003). In plasmodial strains carrying the K76T or the
76N mutation in PfCRT, VPL has been shown to decrease

he IC50 of QN to levels seen in the QN-sensitive strains.
n the P. falciparum strain with a K76I mutation, a strain
hat exhibits hypersensitivity to QN, VPL increases the IC50
ve fold (Cooper et al., 2002). This effect appears to be
tereospecific, since decreased quinidine sensitivity remains
PL-reversible in the all strains carrying mutations at posi-

ion 76 of PfCRT (Cooper et al., 2002). VPL however, has
o effect on modulating MQ activity in strains that are MQR
Peters and Robinson, 1991; Oduola et al., 1993).

Early work showed VPL has a CQ-resistance reversal
ffect at concentrations that are non-toxic to the parasites
Martin et al., 1987). Toxic concentrations of VPL are usu-
lly 100–1000 times higher than those of CQ (Martin et al.,
987; Jacobs et al., 1988) and most CQR strains have a VPL
eversible component.

VPL and other calcium channel blockers as well as certain
henothiazines shown to be resistance reversers have recently
een shown to exhibit antimalarial activity in a concentration
ange similar to CQ in newly identified South American CQR
trains and lack the ability to potentiate CQ action (Menezes
t al., 2002; Menezes et al., 2003). The reason for this unchar-
cteristic response to chemosensitization is unknown but may
e linked to mutations in PfCRT (Mehlotra et al., 2001).

The sensitivity of P. falciparum parasites to VPL has been
inked to mutations in pfmdr1 (Hayward et al., 2005) and pfcrt
Fidock et al., 2000b; Lakshmanan et al., 2005). Mutations
n pfmdr1 associated with resistance to MQ are also asso-

iated with decreased sensitivity to VPL (Hayward et al.,
005). In addition, parasites transformed with mutant pfcrt
ere found to exhibit an increased sensitivity to VPL (Fidock

t al., 2000b).
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The effect of VPL on the pH of the digestive vacuole of
. falciparum has also recently been described (Ursos et al.,
000). CQS parasites are reported to have a higher diges-
ive vacuole pH than CQR parasites (Dzekunov et al., 2000).

hen VPL (either 1 �M or 5 �M) was added to CQS par-
sites there was reported to be no effect on changing the
acuole pH. However, when VPL was added to CQR par-
sites a 0.26 and 0.35 pH unit increase at 1 �M and 5 �M,
espectively, was described (Ursos et al., 2000). These values
pproached the pH values for the CQS strain in the absence
f VPL but never quite reached the same levels. This “re-
ormalization” of the pH in CQR strains to that of CQS strains
as proposed to occur through the effect of VPL on some as
et unknown ion transporter (Ursos et al., 2000). However, as
tated earlier, these pH studies have been highly controversial
nd recent evidence has suggested that there is no difference
n the digestive vacuole pH between CQR and CQS strains
Bray et al., 2002; Hayward et al., 2006).

Subsequent to the discovery of the chemosensitizing
otential of VPL, a wide range of structurally and function-
lly diverse agents has been described that also demonstrate
he ability to reverse CQ resistance (Figs. 2 and 3). Other
alcium channel inhibitors were shown to reverse CQR in
itro (Ye and Van Dyke, 1988; Adovelande et al., 1998) and
n vivo (Tanabe et al., 1990). Reversal of CQR has also been
hown with tricyclic antidepressants both in vitro (Gerena
t al., 1992; Taylor et al., 2000; Bhattacharjee et al., 2001)
nd in vivo in mice (Miki et al., 1992) and Aotus monkeys
Bitonti et al., 1988). Antihistamines are of greatest inter-
st clinically because they are commonly co-prescribed with
Q to treat itching. Several studies using antihistamines show
reat promise in potentially restoring CQ efficacy in humans
Abok, 1997; Sowunmi and Oduola, 1997; Oduola et al.,
998). The diversity of structure and function of these resis-
ance reversers has also been extended to the antipsychotic
henothiazines (Kyle et al., 1993; Singh and Puri, 2000; Van
chalkwyk et al., 2001; Kalkanidis et al., 2002), dibenzyl-
uberanylpiperazine derivatives (Osa et al., 2003) and even
lant derived compounds (Haruki et al., 2000). Recently
rimaquine, an antimalarial with very limited blood-stage
ctivity but used in treating the liver stage of P. vivax has
een shown to reverse resistance (Bray et al., 2005).

At first sight the many functionally and structurally differ-

nt compounds that are able to reverse CQR in P. falciparum
ppear somewhat bewildering. Upon closer inspection how-
ver, there appear to be certain specific characteristics that
ay be important in chemosensitization. For example most

A
N
w
I

ig. 2. Calcium channel blockers, dibenzazepines, phenothiazines and dihydroanth
he compounds are known drugs their primary pharmacological application is indica
987), (b) devapamil (Ye and Van Dyke, 1988), (c) gallopamil (Ye and Van Dyke,
990), (f) nifedipine (Martin et al., 1987), (g) amlodipine (Basco and Le Bras, 1991
esipramine (Bitonti et al., 1988), (k) amitryptiline (Taylor et al., 2000), (l) cyprohep
Peters et al., 1990), (o) ketotifen (Peters et al., 1990), (p) chlorpromazine (Kyle et
t al., 1998), (s) oxaprotiline (Taylor et al., 2000) and a series of novel dihydroanthr
Alibert et al., 2002). Verapamil (a), diltiazem (e) and chlorpromazine (p) are also r
stance Updates 9 (2006) 211–226

hare the following characteristics: a cationic charge at diges-
ive vacuole pH, two planar rings, significant lipophilicity
nd a nitrogen atom, often tertiary (Gerena et al., 1992).
he importance of charge at this proximal amine group can
lso be illustrated through the ineffectiveness of loratadine
Peters et al., 1990; Singh and Puri, 2000). Loratadine, an
ntihistamine, is structurally very closely related to azata-
ine, cyproheptadine and pizotyline, but has the N atom
s part of a non-basic carbamate group instead of a basic
mine group. Yet it has no effect either in vitro on P. falci-
arum (Peters et al., 1990) or in vivo on P. yoelii (Peters et
l., 1990; Singh and Puri, 2000). Certain compounds that
re highly effective at reversing resistance in MDR can-
er cells (cyclosporin A, ivermectin, progesterone) have no
ffect on reversing CQR in P. falciparum (Van Schalkwyk et
l., 2001). This supports the hypothesis that specific struc-
ural features are important for CQR reversal given that the
hree inactive examples lack some or all of the characteristics
isted above yet are highly effective inhibitors of the mam-

alian P-glycoprotein (Zacherl et al., 1994; Pouliot et al.,
997).

Until recently little was known about structure activity
elationships (SARs) in resistance reversing agents. How-
ver, in the last 5 years several articles have been published on
ARs in these compounds (Bhattacharjee et al., 2001; Alibert
t al., 2002; Bhattacharjee et al., 2002; Guan et al., 2002). A
ecent study on PfCRT mutants using allelic exchange also
hrows considerable light on the relationship between resis-
ance reversal activity and PfCRT structure (Lakshmanan et
l., 2005). Taken together, these studies provide considerable
nsight into the requirements for CQR reversal, its relation-
hip to the mechanism of CQR and possible characteristics
f the putative site of interaction of both resistance reversers
nd CQ with PfCRT.

In 2002 Bhattacharjee et al. conducted a 3D QSAR study
f 17 imipramine analogues. These revealed a common
harmacophore which could also account for the activity
f a number of unrelated CQR reversers. The basic features
evealed for a resistance reverser are two hydrophobic
romatic rings and a hydrogen bond acceptor, preferably
itrogen. Substitution of the heterocyclic 7-membered ring
n the imipramines was found to be required at N5 and a two
r three carbon bridge to the N atom is optimal for activity.
tertiary or secondary N atom was found to be optimal.
itrogen basicity, frontier orbital energies and lipophilicity
ere found to correlate with resistance reversing activity.

nterestingly, comparison of all but two of the classes of

racenes reported to reverse CQR. In the case of the last three groups, where
ted. The compounds are (a) verapamil (Krogstad et al., 1987; Martin et al.,

1988), (d) fantofarone (Adovelande et al., 1998), (e) diltiazem (Kyle et al.,
), (h) nicardipine (Miki et al., 1992), (i) imipramine (Miki et al., 1992), (j)
tidine (Peters et al., 1990), (m) azatadine (Peters et al., 1990), (n) pizotyline
al., 1990), (q) trifluoperazine (Miki et al., 1992), (r) promethazine (Oduola
acene derivatives (t–w) synthesised to probe CQR resistance reversal SARs
eported to reverse quinine resistance.
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Fig. 3. Additional synthetic and plant-derived compounds with reported CQR reversing activity. Where the compounds are drugs with other pharmacological
applications, these are indicated. As stated, NP-30 is a detergent. The compounds are (a) nomifensine (Taylor et al., 2000), (b) citalopram (Taylor et al., 2000),
( s, 1994
( i) strych
( stance.
d

r
e

n
i
s
t
u
a

k
e
s
h
b

c) fluoxetine (Gerena et al., 1992), (d) chlorpheniramine (Basco and Le Bra
g) tetrandrine (Ye et al., 1989), (h) malagashine (Rasonaivo et al., 1994), (
k) NP-30 (Ciach et al., 2003). NP-30 is also reported to reverse quinine resi
iffers significantly from the other compounds in its activity.

esistance reverser presented in Figs. 2 and 3 appear to
xhibit this pharmacophore as indicated in Fig. 4.

A study by Alibert et al. in 2002 using a series of 28
ovel rigid dihydroanthracene derivatives (Fig. 5) has aided
n further elucidating the pharmacophore and in establishing

ome possible characteristics of the binding site for resis-
ance reversers. In this study the aromatic nucleus was left
nchanged, while the position and nature of the N group
ttached to the ethano or etheno bridge was altered. The

a
m
a
t

), (e) primaquine (Bray et al., 2005), (f) cepharanthin (Haruki et al., 2000),
nobasiline (Rasonaivo et al., 1994), (j) probenecid (Nzila et al., 2003) and
Tetrandrine sensitises both CQR and CQS parasites to CQ activity and thus

ey SARs are illustrated in Fig. 5. Using a molecular mod-
lling approach, the authors defined a putative interaction
ite for the N atom in which there is hydrogen bonding to a
ydroxyl group of a serine residue and a salt bridge formed
etween the same protonated, positively charged N and an

spartate residue (Fig. 5). Interestingly, this site can accom-
odate a number of other resistance reversers, including VPL

nd promethazine. On the other hand, related dihydroan-
hracenes that cannot form these interactions with the putative
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Fig. 4. A schematic representation of the pharmacophore for CQR reversal proposed by Bhattacharjee et al. (2002), consisting of two aromatic hydrophobic
g (repres
a ous clas
i and (e
t e requi

s
r
i
u
a
b

a
r

F
e
t
t
m
h
(

roups (represented by the grey hexagons) and a nitrogen H-bond acceptor
H-bond donor if protonated. A series of representative compounds of vari

mipramine, (b) chlorpromazine, (c) a dihydroanthracene derivative, (d) VPL
o partially fulfil the requirements in that they have one aromatic ring and th

ite show no resistance reversing activity. The mandatory
equirement for the aromatic rings was illustrated by the

nactivity of mecamylamine, which contains the bicyclic sat-
rated ring system with a secondary N function, but lacks
ny aromatic rings. The authors suggested that the proposed
inding site is consistent with mutant PfCRT in CQR par-

t
r
r
s

ig. 5. SARs in dihydroanthracene derivatives and the CQR reverser-binding sit
thanoanthracene (a) and 9,10-dihydro-9,10-ethenoanthracene nuclei allowed the r
o be probed in detail. Results showed the ethano compounds to be better resistanc
han tertiary amines, while the molecule is more active if the N atom is at the � po
ore active than acyclic structures (d). The authors proposed a model of the binding

ydrogen bond (blue dashes) to the hydroxyl group of a serine (or threonine) residu
glutamate) residue (red dashes). The separation between the two residues (dotted l
ented by a blue sphere and red cone). Presumably the N atom would act as
ses are shown to illustrate the proposed pharmacophore. These include (a)
) fluoxetine. Strychnobasiline (f), nifedipine (g) and primaquine (h) appear
red N atom.

sites which have alleles encoding a CVIET haplotype at
esidues 72–76. The functional groups on the glutamate and

hreonine residue side-chains would presumably form a site
esembling that produced by the putative aspartate and serine
esidues in the hypothetical binding site generated by the SAR
tudy.

e proposed by Alibert et al. (2002). The use of rigid 9,10-dihydro-9,10-
elationship between activity and structure of the ethano and etheno groups
e reversers than etheno compounds (b). Secondary amines are more active
sition, rather than the � position in the chain (c). Finally, a cyclic amine is
site which is depicted schematically in (e). The amino group is proposed to

e and to interact electrostatically with the carboxylate group of an aspartate
ine) is predicted to be 9.2 Å.
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Recent work has indicated that CQR reversal may involve
irect competition of the resistance reverser for the CQ-
inding site in PfCRT. The binding site proposed by Alibert et
l. readily accommodates CQ, but not analogues with short-
ned side chains that are active against CQR parasites (Alibert
t al., 2002). This is consistent with the observation that side
hain length of CQ analogues is important in determining
he resistance profile to these drugs (De et al., 1996). More
pecifically, the separation of the tertiary amine from the
uinoline ring appears to be the important determinant in
QR. Compounds with a separation between 4 and 8 carbons

rom the quinoline ring exhibit varying degrees of cross-
esistance with CQ in CQR strains. Separations greater than 8
r smaller than 4 carbons from the ring and the compounds are
qually effective against the CQS and CQR strains (De et al.,
996). The close structural relationship between chemosensi-
izers and the antimalarial CQ has been further highlighted by
alkinidis et al. who have been able to modify a chemosensi-

izer to convert it into an antimalarial (Kalkanidis et al., 2002).
owever, the most effective antimalarial analogue synthe-

ized from the chemosensitizer scaffold was found to have
ost most of its modulating action on CQ activity in the CQR
train. Further support for a direct competition is the fact that
he aromatic nucleus of CQ, 4-amino-7-chloroquinoline, is
tself a resistance reverser (Kalkanidis et al., 2004).

A puzzling aspect of the study by Alibert et al. is that
QR reversal activity and increased CQ accumulation in the
arasite do not appear to be directly correlated (Alibert et
l., 2002). The authors suggested that some compounds may
ncrease CQ accumulation without increasing its accessibil-
ty to haem and vice versa. This is somewhat difficult to
nvisage. An intriguing possibility is that some dihydroan-
hracenes may interact with haem without inhibiting haemo-
oin formation, but competing with CQ and hence reducing
ts overall accumulation and thus appearing to decouple accu-
ulation from resistance-reversing activity. In this regard, it

s known that some quinolines can bind haem without inhibit-
ng haemozoin formation (Egan et al., 2000).

A recent report on the effects of pfcrt mutations on CQR,
PL reversibility and activities of CQ analogues with short-

ned and lengthened side chains has further elucidated these
ssues (Lakshmanan et al., 2005). Recombinant lines in which
he wild type K76 residue has been restored in haplotypes
hich are otherwise identical to CQR lines fully restores CQ

ensitivity. In Dd2 derived lines, the parasites have similar QN
ensitivity in recombinant lines containing either K76 or the
76T mutation, but only the lines in which the K76T muta-

ion is present show increased QN sensitivity in the presence
f VPL. This demonstrates that the threonine residue at posi-
ion 76 is critical to the reversal activity of VPL. The 7G8 line
hows a similar effect, but interestingly this parent line itself
hows much weaker VPL reversibility. Intriguingly, it con-

ains an uncharged asparagine residue at position 75, rather
han a charged glutamate residue. Recombinant lines contain-
ng E75 and T76 appear to have enhanced VPL reversibility
f CQR, but also show little increase in QN activity. Overall,

a
a
i
t

stance Updates 9 (2006) 211–226

hese data seem to support the proposal of Alibert et al. that
75 and T76 form an important part of the VPL binding site

Alibert et al., 2002). The K76T mutation is also shown to be
he decisive factor in determining susceptibility to CQ ana-
ogues with different chain lengths. Overall accumulation of
Q and haem binding to CQ could also be directly correlated
ith this key mutation.
It would therefore appear that most CQR reversers proba-

ly bind to the same site on PfCRT as CQ, effectively blocking
Q binding by competition. The key mutations in pfcrt appear

o result in the formation of this binding site and of these
utations, K76T is the most important. It should be noted

hat most reversers work at micromolar concentrations which
re much higher than the expected amount of free, non-haem
ound CQ. A reason for this disparity is not clear but could
e related to the reverser affinity for the CQ binding site.
learly there are very strict structural requirements for inter-
ction at this site or else we would have observed greater
ross-resistance to similar aminoquinolines or chloroquine
nalogues.

Interestingly, there are also some compounds known to
everse CQR (e.g. NP30, probenecid and cimetidine) that
o not have the structural characteristics mentioned above
Ndifor et al., 1993; Crandall et al., 2000; Nzila et al., 2003).

oreover some of these compounds are able to reverse the
esistance to both CQ and mefloquine which is not typical of
he “conventional” chemosensitizers mentioned above (Ciach
t al., 2003). Some compounds that reduce intracellular glu-
athione levels are also able to sensitize the parasites to CQ
Ginsburg et al., 1998; Deharo et al., 2003). It remains to
e established how these agents can reverse resistance and
hether it is specific for CQ alone.

. Reversal of mefloquine and quinine resistance

The phenomenon of resistance reversal is not specific
o CQR parasites. Resistance reversal in P. falciparum has
lso been observed for several of the other quinoline-based
ntimalarials. Reversal of MQR had for many years been
bserved with only one chemosensitizer, namely penfluridol
Peters and Robinson, 1991; Oduola et al., 1993). As with
QR strains, the shift in sensitivity with penfluridol is only
bserved in the MQR strain. No effect is seen in MQ sensitive
trains. VPL has no effect on modulating MQR either in vivo
Peters and Robinson, 1991) or in vitro (Oduola et al., 1993),
or does penfluridol modulate CQ resistance. It is not known
hether the effect of penfluridol in enhancing MQ action is

inked with an increase in MQ accumulation as is the case
ith CQ in CQR reversal (Oduola et al., 1993).
Recently there have been reports of reversal of MQR by

everal other agents (Fig. 6), including the detergent NP30,

nonylphenolethoxylate (Ciach et al., 2003). Since these

gents are also able to reverse CQR (Crandall et al., 2000)
t is unlikely that the method of resistance reversal is similar
o that of either penfluridol or VPL since these effects are
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ig. 6. Compounds with reported MQR reversing activity (a) cyproheptidin
obinson, 1991; Oduola et al., 1993) and (d) icajine (Frederich et al., 2001)

pecific to MQ- or CQ-resistant strains respectively. NP-30
as not been demonstrated to increase CQ uptake into CQR
trains (Crandall et al., 2000).

QN resistance appears to share characteristics with both
QR and MQR. Resistance to quinine is determined by muta-

ions in both Pgh-1 (Reed et al., 2000) and PfCRT (Cooper
t al., 2002). Mutations in PfCRT are central in determin-
ng the resistance reversal phenotype with the stereoisomers
N and quinidine (QD). Both QN and QD resistance can be
odulated by VPL (Cooper et al., 2002). Plasmodial strains

xpressing the K76T mutation are both CQR and less sen-
itive to quinine and quinidine. VPL is able to sensitize the
arasites to all three of these quinolines. In strains carrying
he K76N mutation, the parasites are resistant to CQ and QN
ut show no change in QD IC50 compared with a sensitive
train. Yet VPL is still able to increase the susceptibility of
he parasite to all three compounds. Lastly, the mutation K76I
auses resistance to CQ and QD, but drastically reduces the
arasite’s resistance to QN. VPL can sensitize these parasites
o both CQ and QD but increases the parasite’s resistance to
N (Cooper et al., 2002).
Other compounds that reverse CQR also reverse resistance

o QN and QD (Fig. 2). Various calcium channel antagonists
an reverse resistance in vitro (Kyle et al., 1990). It would
hus appear that CQ resistance reversal is very closely linked
o the reversal of QN and QD resistance.

Aside from the surfactant NP-30 which appears to act via
completely distinct mechanism (Ciach et al., 2003), there
ave not been any MQR reversers that have been demon-
trated to reverse QN resistance.

. Clinical applications

Ever since verapamil was first discovered to reverse CQR

Martin et al., 1987), there has been a question about the ther-
peutic viability of resistance reversal. Studies in Aotus mon-
eys with CQR P. falciparum could not demonstrate a cure
ith a VPL analogue but this could be due to unfavourable

t
t
T
i

win et al., 1991), (b) NP-30 (Ciach et al., 2003), (c) penfluridol (Peters and

harmacokinetics or bioavailability (Williams et al.,
992).

Ye and Van Dyke suggested that VPL toxicity to human
ost calcium channels might be avoided by using the (R)-(+)
somer since calcium channels are specifically blocked by
he (S)-(−) isomer (Ye and Van Dyke, 1988). However, since

any of these chemosensitizers block P-glycoprotein from
ecreting or excreting toxins from certain tissue types, they
ave the potential to lead to a toxic accumulation of both CQ
nd the reversing agent in these cell types (Watt et al., 1990).
hus, for example, although CQ and verapamil are non-toxic

o HEP-G2 liver cells individually, they became toxic when
ombined (Watt et al., 1990).

Another important factor is the binding of the chemosen-
itizers to plasma proteins. Many of the in vitro studies in P.
alciparum do not accurately mimic the conditions in human
lood. While desipramine is able to reverse CQR in vitro and
n Aotus monkeys (Bitonti et al., 1988), no such effect was
een in a trial in humans (Warsame et al., 1992). Boulter et
l. demonstrated that the effect of desipramine on enhancing
Q action was reduced in the presence of plasma proteins

Boulter et al., 1993). VPL is 90% protein bound in plasma
Keefe et al., 1981). It binds to both albumin and �1-acid gly-
oprotein (Gross et al., 1988). A study in MDR cancer cells
as shown that serum protein binding can severely deplete the
edium of the chemosensitizer and thus undermine the effect

n resistance reversal (Lehnert et al., 1996). In this regard,
t has been suggested that the reason for the more success-
ul trial of CQ combined with chlorpheniramine in humans
as the reduced capacity of the chlorpheniramine to bind

o plasma proteins (Sowunmi and Oduola, 1997). However,
ecent evidence has demonstrated that the in vitro intrinsic
ntimalarial activity of chlorpheniramine as well as its CQ-
esistance reversing potential was significantly reduced in the
resence of increasing concentrations of �1-acid glycopro-

ein (Gbotosho et al., 2006). Similar results were shown for
he resistance reversers VPL, desipramine and promethazine.
his further reinforces the importance of plasma protein bind-

ng in the activity of CQ-resistance reversers.
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Two separate African studies have reported promising
esults when chlorpheniramine was combined with CQ to
everse CQR in humans (Abok, 1997; Sowunmi and Oduola,
997). In the one case, CQ therapy in patients was supple-
ented with a treatment of chlorpheniramine. The parasite

learance improved from 30% in the CQ only group to
0% in the chemosensitizer-supplemented therapy after 4
ays (Abok, 1997). Sowunmi and Oduola performed a clin-
cal trial in children with acute uncomplicated falciparum

alaria (Sowunmi and Oduola, 1997). They found that 85.4%
f the children treated with the CQ-chlorpheniramine com-
ination were cured at day 14 compared to 75.5% in the
roup treated with CQ alone. The combination was also
ell-tolerated, suggesting promise as a new treatment reg-

men. However, it should be noted that the concentrations
f chlorpheniramine used in vitro to effectively reverse CQ
esistance are unlikely to be achieved with the dosage reg-
mens used in the abovementioned human trials. Therefore,
here is possibly another mechanism governing the enhanced
fficacy of CQ in combination with chlorpheniramine in these
tudies.

Lastly, promethazine (1 �M) was shown to enhance CQ
ction in vitro against several CQR Nigerian strains and
n Aotus monkeys infected with CQR falciparum malaria
Oduola et al., 1998). It was also shown that plasma taken at
arious time points after the administration of promethazine
o human volunteers, could reverse CQR in vitro. The largest
eduction in IC50 was found with plasma samples taken 3–4 h
fter promethazine administration. This suggests that promet-
azine can reach levels high enough in the bloodstream to
nhance CQ activity.

The use of “cocktails” of chemosensitizers in combina-
ion with CQ has been proposed (Adovelande et al., 1998;
an Schalkwyk et al., 2001). While most of the individ-
al chemosensitizers are toxic to humans at concentrations
hat optimally reverse CQR, various authors have suggested
ombining the chemosensitizers at concentrations which are
uboptimal in reversing resistance (Adovelande et al., 1998;
an Schalkwyk et al., 2001). The chemosensitizers act addi-

ively in enhancing CQ action. In this manner the toxicity of
ny single agent can be avoided. The “cocktail” would have
o contain agents that are functionally different since using
wo or more calcium channel blockers, for instance, would
ave the same toxic effect as using one at a high dose.

For any CQ-resistance reversal therapy to be therapeu-
ically viable as an antimalarial treatment, some important
harmacokinetic factors will need to be considered. Since
Q activity against CQR strains is closely linked with the
resence of the reversing agent, both drugs should ideally
e matched for their absorption rates and have similar half
ives. This should ensure that CQ activity is maximal as it is
bsorbed. One way of overcoming this problem could be to

hemically couple the reversing agent with CQ. In this way
he two drugs would be absorbed simultaneously. A recent
aper has demonstrated the potential of this strategy as a new
reatment for CQR strains (Burgess et al., 2006).
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To date, using the reported CQ-resistance reversing agents
t their optimal in vitro concentrations in humans would lead
o significant toxicity. Therefore, new reversing agents would
eed to be optimally designed to exert their effect at lower
oncentrations or be less toxic to humans. Also given that
he resistance reversing agents are designed to be absorbed
long with CQ, and that they possess similar structural char-
cteristics to CQ as described previously, the potential for
umulative toxicity is enhanced.

The addition of a resistance reverser to CQ therapy would
ndoubtedly add to the cost of the treatment. Given that most
f the victims of malaria are from Third World countries and
ould not be able to afford expensive therapies, this would
egate one of the obvious advantages of CQ itself.

While the safety, efficacy and cost-effectiveness of CQ was
ndisputed in the past, maintaining these advantageous char-
cteristics while reviving this antimalarial in combination
ith resistance reversers could prove to be a great challenge.

. Conclusions

The last 5 years have seen major advances in our under-
tanding of CQR and of the SARs in resistance revers-
ng agents. While the mechanisms involved have not been
efinitively determined, the evidence is beginning to sug-
est that the following hypothesis may hold some validity:
QR almost certainly seems to arise from the K76T mutation

and potentially other mutations of K76 to neutral residues)
n PfCRT. It would appear that PfCRT may very well be
transporter through which, in the mutated forms, cationic

rotonated CQ can diffuse down its concentration gradient.
Q appears able to bind to these mutant forms of PfCRT,
ery likely to a site involving position 76. CQR reversers
ppear to compete with CQ for this binding site, probably
hrough interactions via their hydrophobic aromatic groups
s well as hydrogen bonding and probably electrostatic inter-
ctions. This defines a pharmacophore that involves at least
ne, but usually two aromatic rings as well as a protonat-
ble N atom, normally a secondary or tertiary N. When
resent with the correct spatial orientation, these features
onfer chemosensitizing properties. Requirements for rever-
al of QN resistance appear to be similar, but MQR and its
eversal are still poorly understood. To date, routine clinical
pplication of chemosensitizers has been prevented by toxic-
ty problems and it remains to be seen whether these advances
n our understanding can eventually lead to advances in the
linic.
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