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Malaria-associated morbidity and mortality are increasing because of widespread resistance to one of the
safest and least expensive antimalarials, chloroquine. The availability of an inexpensive agent that is capable
of reversing chloroquine resistance would have a major impact on malaria treatment worldwide. The inter-
action of nonylphenolethoxylates (NPEs, commercially available synthetic surfactants) with drug-resistant
Plasmodium falciparum was examined to determine if NPEs inhibited the growth of the parasites and if NPEs
could sensitize resistant parasites to chloroquine. NPEs inhibited the development of the parasite when present
in the low- to mid-micromolar range (5 to 90 M), indicating that they possess antimalarial activity. Further,
the presence of <10 uM concentrations of NPEs caused the 50% inhibitory concentrations for chloroquine-
resistant lines to drop to levels (=12 nM) observed for sensitive lines and generally considered to be achievable
with treatment courses of chloroquine. Long-chain (>30 ethoxylate units) NPEs were found to be most active
in P. falciparum, which contrasts with previously observed maximal activity of short-chain (~9 ethoxylate
units) NPEs in multidrug-resistant mammalian cell lines. NPEs may be attractive chloroquine resistance
reversal agents since they are inexpensive and may be selectively directed against P. falciparum without
inhibiting mammalian tissue P glycoproteins. Antimalarial preparations that include these agents may prolong
the effective life span of chloroquine and other antimalarials.

Chloroquine-resistant Plasmodium falciparum malaria was
first recognized over 40 years ago and has since spread to
almost all areas where malaria is endemic (20). When chloro-
quine-resistant malaria extended into the high-transmission
areas of Africa, it raised fears of an impending public health
crisis, since switching to alternative antimalarials, such as me-
floquine, artemisinin derivatives, halofantrine, or quinine, is
unaffordable for many countries in sub-Saharan Africa (24).
Recent reports indicate that escalating mortality due to wide-
spread malaria resurgence is now taking place (15). To meet
this challenge, novel and inexpensive antimalarials must be
developed, or a way to prolong the efficacy of chloroquine,
such as by combining it with a safe and inexpensive sensitizing
agent, must be found.

The mechanism of chloroquine resistance in P. falciparum is
controversial, although it is frequently compared to multidrug
resistance in mammalian cells, which is often mediated by P
glycoproteins (4). Mammalian P glycoproteins are intrinsic
membrane protein drug transporters that actively pump a wide
variety of drugs and other xenobiotic compounds out of cells.
Although P glycoproteins can pump many types of chemother-
apeutic agents, like vinblastine and doxorubicin (Adriamycin),
out of cancer cells, the multidrug resistance phenotype of such
cells can be modified by a variety of compounds, including the
immunosuppressant cyclosporine (7) and calcium channel
blockers like verapamil. These chemosensitizers interact com-
petitively with drug-binding sites on P glycoprotein, thereby
interfering with the transport of chemotherapeutic agents out
of cells.

The initial observation that drug resistance in P. falciparum
could be modulated by verapamil (16) has led to reports that
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antipsychotics (e.g., chlorpromazine [1]), histamine (H-1) re-
ceptor antagonists (e.g., promethazine [17] and chlorphenira-
mine [2]), and other agents can reverse chloroquine resistance
in vitro and in animal models (3). While these observations
suggest that chloroquine combined with a second agent can be
used to treat malaria, these agents have the disadvantage of
being pharmacologically active compounds with multisystemic
effects that may result in a variety of side effects. Furthermore,
these compounds are often more expensive than chloroquine
itself, and the concentrations required to reverse clinical drug
resistance can be toxic.

Nonylphenolethoxylates (6) (NPEs) (Fig. 1) are synthetic
surfactants that are inexpensive enough to be used in a variety
of household products. They have been used as wetting agents
and as intestinal permeability enhancers to improve oral drug
delivery (21). Their toxicology has been investigated (13), as
have their absorption, distribution, and excretion in rodents
and humans (12, 21). NPEs are rapidly absorbed orally and
topically and are actively excreted into the urine of healthy
control subjects by kidney P glycoprotein (6), an observation
that led us to evaluate their use as P. falciparum chloroquine
resistance reversal agents. We have determined that the non-
ylphenol (NP) series of ethoxylate (EO)-containing surfactants
have antimalarial properties and reverse chloroquine resis-
tance in both established laboratory lines of P. falciparum and
patient isolates. Further, P. falciparum cultures and mamma-
lian cell lines interact with NPEs with different EO contents.
These findings suggest that NPEs alone or in combination with
chloroquine could be used to treat P. falciparum malaria and
that they can be directed to interact preferentially with the
parasite simply by altering the number of EO units in the
surfactant’s structure.

MATERIALS AND METHODS

Parasite strains and culture. P. falciparum cultures were grown in A* blood
obtained by venipuncture of volunteers. Cultures of the laboratory lines ItG and
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FIG. 1. General structure of NPEs. NPEs consist of a hydrophobic tail group
with a polymeric hydrophilic head portion consisting of repeating units of EO.
NPEs are synthesized by copolymerization of ethylene oxide with NP, thereby
producing a polydisperse mixture of head group lengths (X values).

3D7 (8) and the patient isolates were maintained by the method of Trager and
Jensen (22), using RPMI 1640 supplemented with 10% human serum and 50 uM
hypoxanthine. Patient isolates were obtained from pretreatment blood samples
of patients enrolled in ongoing and ethically approved studies at the Tropical
Disease Unit, University of Toronto (11, 26). A molecular characterization of
their resistance phenotypes (A.-C. Labbé, [University of Toronto], personal
communication) showed that isolate 1 has a wild-type Pfmdr locus and type RII
clinical resistance, whereas isolate 2 has a mutant Pfmdr locus and type RIII
clinical resistance. In vitro drug susceptibility testing was performed using the
World Health Organization in vitro microtest (Mark III) (25). The 50% inhib-
itory concentrations (ICs,) were determined using a nonlinear regression anal-
ysis of the dose-response curve.

CHO cells were grown in RPMI 1640 supplemented with 10% fetal calf serum,
HEPES, and gentamicin. CHO cell viability was determined using an MTT assay
(5). NPEs were gifts from Union Carbide and were extensively dried by lyoph-
ilization before being made up as 1% (wt/vol) stock solutions in water.

RESULTS

Initial experiments were undertaken to determine the level
of chloroquine resistance present (e.g., ICs) in the laboratory
lines 3D7 and ItG and in patient isolates 1 and 2 (Table 1). We
then proceeded to determine what effect increasing concentra-
tions of surfactant alone had on P. falciparum cultures. NPE
preparations with a common hydrophobic tail group but with
hydrophilic head groups having various average EO chain
lengths (Fig. 1) were assayed for their direct activity against P.
falciparum and CHO cell cultures. On a per-weight basis,
NPEs with an average EO head length of >10 but <40 had the
greatest anti-P. falciparum activity, while NP9 has maximum
activity against CHO cells (Fig. 2A). When the results were
corrected for the average molecular weights of the prepara-
tions, it was observed that NPEs with average EO head lengths
of >10 and <50 had maximum activity in P. falciparum cul-
tures (Fig. 2B). The ICs, of the surfactants in P. falciparum
were significantly lower than the concentrations at which mi-
celles form (>100 wM); therefore, the mechanism of action of
NPEs is unlikely to be due to gross disruption of membrane
integrity, which suggests that the NPEs interact with a cellular
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component(s) of the parasite. To determine if NPEs and chlo-
roquine, two compounds that have been implicated as sub-
strates for intercellular membrane drug pumps, were capable
of acting synergistically, NPE-chloroquine combination exper-
iments were performed in both P. falciparum and CHO cell
cultures. CHO cultures were unaffected by chloroquine-NP30
combinations, even when concentrations of up to 25 wM chlo-
roquine were used in the presence of NP30 concentrations of
up to 0.01% (data not shown). Initial experiments with P.
falciparum cultures indicated that 8 uM NP15 was able to
reverse chloroquine resistance as effectively as 1 wM verapamil
in the chloroquine-resistant ItG line and two drug-resistant
patient isolates, one from India and one from Africa (Table 1).

Previous results (Fig. 2B) suggested that the EO content of
the NPE influenced the surfactant-parasite interaction. There-
fore, the reversal potentials of a series of NPEs with increasing
EO content were determined using 5 wM concentrations of
each surfactant. An NPE preparation with an average EO head
length of 30 was found to be the most effective chloroquine
resistance reversal agent (Fig. 2C). To determine if both the
tail and head groups (Fig. 1) were required for activity, the
effect of the EO polymer polyethylene glycol (PEG, n ~ 75),
which has no tail group, was assayed. PEG was ineffective as a
chloroquine-sensitizing agent (Table 1). This result, in combi-
nation with the low activity of short-head NPEs (e.g., NP7),
indicates that both the head and tail portions of NPEs are
required for drug reversal activity.

The effect of adding increasing amounts of NP30 on the
degree of chloroquine resistance of P. falciparum was deter-
mined (Fig. 3). The degree of chloroquine resistance is calcu-
lated as the ICs, observed in the presence of various concen-
trations of NP30 divided by the control (no NPE added)
chloroquine ICs, (274 * 56 nM). Values greater than 1 indi-
cate that the particular NPE rendered the P. falciparum para-
sites less sensitive to chloroquine, while values less than 1
indicate that the particular NPE sensitized P. falciparum to
chloroquine (17). Nonlinear analysis of the chloroquine ICs, at
known NP30 concentrations indicated that a concentration of
approximately 1 uM (0.0002% on a weight/volume basis) re-
sulted in a 50% decrease in the degree of chloroquine resis-
tance of the parasites. We have examined six other isolates and
have found that NP30 is an effective antimalarial, either killing
parasites on its own or sensitizing them to chloroquine (data
not shown). Separate experiments also indicate that NPEs can
sensitize P. falciparum to quinine (degree of resistance, <0.25
at 0.005%) and quinidine (degree of resistance, ~0.25 at
0.005%), but not to artemisinin.

TABLE 1. Chloroquine sensitivity and activity of reversal agents on chloroquine-resistant laboratory lines and wild P. falciparum isolates”

Isolate® Source Resistance present® Chloroquine ICs, (nM) Chloroquine ICs, (nM) with agent Reversal agent

3D7 Laboratory No 2.4 ND“

ItG Laboratory Yes 60 =20 12+3 7 uM NP15

ItG Laboratory Yes 60 = 20 2127 7 wM NP40
ItG Laboratory Yes 60 =20 13+6 7 .M NP70
ItG Laboratory Yes 60 = 20 2127 1 uM verapamil
ItG Laboratory Yes 60 = 20 54 £22 7 uM PEG
Isolate 1 India Yes >150 9+2 7 uM NP15
Isolate 2 Africa Yes >300 7+1 7 M NP15
Isolate 2 Africa Yes >300 287 1 uM verapamil

“ The chloroquine ICs, were determined in the presence and absence of resistance reversal agents using the WHO Mark III microtest (see Materials and Methods).
® The laboratory line 3D7 is a chloroquine-sensitive line of presumed African origin. ItG is a chloroquine-resistant line of Southeast Asian origin. Isolates 1 and 2

were obtained from patients who had traveled to India and Africa, respectively.
¢ Clinical resistance is frequently defined as an ICs, of >100 nM (1).
4 ND, not determined.
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FIG. 2. Effect of EO content on viability in the absence and presence of
chloroquine. NPE solutions with increasing average EO contents were tested for
CHO cell (O) and P. falciparum (isolate 2 [@]) toxicity. The ICs, of these
materials were determined using a nonlinear regression analysis. ICs, results are
expressed both on a per-weight basis (A) and on a molar-concentration basis (B).
The ability of a 5 M concentration of NPEs to sensitize P. falciparum in vitro
to chloroquine was determined (C). The degree of chloroquine resistance is
calculated as the ICs, observed in the presence of various NPEs divided by the
control (no NPE added) chloroquine ICs, (240 *= 60 nM). Values greater than
1 indicate that the NPE rendered the P. falciparum parasites less sensitive to
chloroquine, while values less than 1 indicate that the NPE sensitized P. falci-
parum to chloroquine. Anti-P. falciparum activity and sensitization are represen-
tative results obtained from multiple determinations. Results are plotted as
means, with the standard errors (as calculated by Sigma plot) indicated with bars.

DISCUSSION

Our studies indicate that P. falciparum cultures are far more
sensitive to the presence of synthetic surfactants (NPEs) than
CHO cells are and that these surfactants interact with cellular
components that may include elements involved in chloro-
quine resistance. The treatment of malaria with a chloroquine-
NPE combination could provide at least two benefits.

The first benefit is that NPEs, even in the absence of chlo-
roquine, have antimalarial activity. This finding is not unex-
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FIG. 3. Effect of adding increasing amounts of NP30 on degree of chloro-
quine resistance of P. falciparum. The degree of chloroquine resistance in isolate
2 is calculated as the ICs, observed in the presence of various concentrations of
NP30 divided by the control (no NPE added) chloroquine ICs, (274 = 56 nM).
Values greater than 1 indicate that the NPE rendered the P. falciparum parasites
less sensitive to chloroquine, while values less than 1 indicate that the NPE
sensitized P. falciparum to chloroquine. Nonlinear analysis of the data points
indicates that an NP30 concentration of approximately 1 uM (0.0002% on a
weight/volume basis) results in a 50% decrease in the degree of chloroquine
resistance of the parasites.

pected since NP9 is used as a spermicidal agent, and therefore
some of the surfactants can be selectively toxic to some cell
types. NPEs are uncharged molecules that should cross mem-
branes easily, and therefore their site(s) of interaction could be
located anywhere in the cell. The anti-Plasmodium activity of
NPEs may result from the interaction of the surfactant with a
specific cellular component, or it may result from an alteration
of the permeability of the membranes present in the parasit-
ized erythrocyte (9). It is of interest that P. falciparum cultures
are affected by surfactant structures that are larger and more
hydrophilic than those that optimally interact with mammalian
P glycoproteins (Fig. 2) (14). This suggests that NPEs can be
preferentially targeted to the parasite by using longer-head
NPEs.

The second benefit of treatment with NPEs is that while
NPEs and chloroquine inhibit development of the parasite
when used separately, in combination they have synergistic
effects that make them potent antimalarials. The maximum
synergistic effect between an NPE and chloroquine was ob-
served with an NPE having an average EO content of 30 EO
units (Fig. 2C). The similar EO optima and ICs, for the anti-
malarial activity of the NPE alone and its synergistic interac-
tion with chloroquine suggest that these properties may be
related. While it is tempting to compare the effect of NPEs on
the drug resistance mechanisms of mammalian cells and Plas-
modium, the basis of chloroquine resistance in P. falciparum is
still poorly defined and may be multifactorial. Preliminary ob-
servations that the activities of some of the other quinoline
antimalarials are modulated by NPEs (data not shown) are
consistent with the observation that alterations in the Pfmdr
protein can affect several quinoline sensitivities (18, 19). How-
ever, our data do not directly support the conclusion that NPEs
interact with a protein such as Pfmdr, and it is unknown if
NPEs directly compete for a chloroquine-binding site on drug
transporters involved in malarial drug resistance.

Long-chain NPEs are relatively well tolerated by CHO cells
and interact poorly with mammalian P glycoproteins (14). NP9
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is the optimal substrate for renal P glycoprotein (its primary
route of excretion [6]). This implies that NP30 may be excreted
much more slowly than NP9, and the time it spends in circu-
lation is predicted to be longer in the absence of another renal
clearance mechanism. Whether NP30 can be maintained at
sufficient levels to provide effective chemosensitization to chlo-
roquine is an important issue that will require animal studies.
Chloroquine causes irreversible damage to malaria parasites
(10), and therefore even transient impaired chloroquine efflux
by NPEs may contribute to effective therapy.

The NPEs used in this study are a subset of the commercially
available head and tail group combinations of surfactants.
They represent a new class of P. falciparum-sensitizing agents,
since they are uncharged molecules that do not have the req-
uisite nitrogen atom in their structure (4). Commercial prep-
arations of NPEs are synthesized by the copolymerization of
ethylene oxide with NP (23). Such preparations are polydis-
perse mixtures of surfactants consisting of molecules with a
common tail hydrophobe (NP) and a range of EO hydrophile
head lengths. Further separation of polydisperse NPE prepa-
rations into fractions with uniform head group lengths will
allow us to further define the optimal head group length (EO
number) and antimalarial activity. An examination of other
types of surfactants will allow us to determine if ones with
other head and/or tail groups are also active.

White and colleagues (24) have recently argued that the loss
of cheap and effective antimalarials to resistance “may repre-
sent the single most important threat to the health of people in
tropical countries.” It is possible that the life of antimalarials
such as chloroquine could be significantly extended by com-
bining them with resistance-reversing or sensitizing agents, like
NPEs. NPEs have several desirable features that make them
well suited as sensitizing agents: (i) they are inexpensive
enough to be used in developing countries, (ii) they are as
stable as chloroquine itself and require no special storage con-
ditions, (iii) they may promote the uptake of chloroquine and
inhibit its excretion, and (iv) they do not require the introduc-
tion of pharmacological agents with undesirable side effects.
With further development, the combination of chloroquine
and synthetic surfactants to treat drug-resistant P. falciparum
may be an effective solution to the current malaria crisis in
Africa and elsewhere.
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