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In Vitro Activities of Novel Catecholate Siderophores
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The activities of novel iron chelators, alone and in combination with chloroquine, quinine, or artemether,
were evaluated in vitro against susceptible and resistant clones of Plasmodium falciparum with a semimicroas-
say system. N4-nonyl,N1,N8-bis(2,3-dihydroxybenzoyl) spermidine hydrobromide (compound 7) demonstrated
the highest level of activity: 170 nM against a chloroquine-susceptible clone and 1 mM against a chloroquine-
resistant clone (50% inhibitory concentrations). Compounds 6, 8, and 10 showed antimalarial activity with 50%
inhibitory concentrations of about 1 mM. Compound 7 had no effect on the activities of chloroquine, quinine,
and artemether against either clone, and compound 8 did not enhance the schizontocidal action of either
chloroquine or quinine against the chloroquine-resistant clone. The incubation of compound 7 with FeCl3
suppressed or decreased the in vitro antimalarial activity of compound 7, while no effect was observed with
incubation of compound 7 with CuSO4 and ZnSO4. These results suggest that iron deprivation may be the main
mechanism of action of compound 7 against the malarial parasites. Chelator compounds 7 and 8 primarily
affected trophozoite stages, probably by influencing the activity of ribonucleotide reductase, and thus inhibiting
DNA synthesis.

Malaria is one of the major parasitic diseases in the subtrop-
ical and tropical regions of the world. One reason for the
stagnant or rising global incidence of malaria over the past
three decades has been the development and spread of drug-
resistant Plasmodium falciparum (32).
Iron has a critical role in host-parasite interactions (5). It is

essential for the growth of bacteria (18) and fungi, protozoan
parasites, and mammalian cells (30). Desferrioxamine, a par-
enteral iron chelator used for the treatment of iron overload,
has been shown to be active against P. falciparum both in vitro
(1, 14, 21, 31) and in experimentally infected Aotus monkeys
(19). In vitro studies have demonstrated that it can inhibit the
growth of both erythrocytic and hepatic stages of P. falciparum
at concentrations between 5 and 20 mM (21, 25, 31). Prelimi-
nary clinical trials with desferrioxamine, alone or in combina-
tion with other antimalarial agents, have demonstrated its
good tolerance by the study subjects and its moderate efficiency
(7, 8, 27). These studies suggest that iron deprivation may be a
useful approach to the treatment of malaria. Conversely, iron
supplementation in anemic children and pregnant women in
areas where malaria is endemic may favor malarial infections
(17).
The mechanism of action of iron chelators is still debated.

Several hypotheses have been suggested: iron binding; the in-
hibition of iron-dependent enzymes (such as ribonucleotide
reductase [23], phosphoenol pyruvate carboxykinase [8], dihy-
droorotate dehydrogenase, cytochrome c oxidase [22], or su-
peroxide dismutase [2]); and the formation of free radicals
[29]. In this report we present the antimalarial activities of

several novel siderophores, alone and in combination with
reference antimalarial drugs, and evaluate whether iron bind-
ing is the basis of their antimalarial activities.

MATERIALS AND METHODS

Parasites. Two clones of P. falciparum, the chloroquine-susceptible D6/Sierra
Leone strain (D6 clone) and the chloroquine-resistant W2/Indochina strain (W2
clone), were maintained in a continuous culture in type O1 erythrocytes in
complete RPMI 1640 medium supplemented with 10% human serum and buff-
ered with 25 mM NaHCO3 and 25 mM N-(2-hydroxyethylpiperazine-N9-2-eth-
anesulfonic acid) (HEPES) (26).
Drugs. Desferrioxamine mesylate, quinine hydrochloride, ferric chloride, cop-

per sulfate, and zinc sulfate were purchased from Sigma Chemical Co. (St. Louis,
Mo.). Chloroquine sulfate was obtained from Specia (Paris, France), and arte-
mether was obtained from Rhône-Poulenc-Rorer (Paris, France). The cat-
echolate siderophores were synthesized by several of the authors (F. R., L. B.,
and G. K.). The catechol derivatives 2,3- and 3,4-dihydroxybenzoic acid were
attached to putrescine (compounds 1 and 2), cysteamide (compounds 3 and 4),
spermidine (compounds 5, 6, 7, and 8), or Tris(dihydroxybenzoyl)triamin-
oethylaminoethylamine (TRENCAM) (compounds 9 and 10). Compounds 7 and
8 were obtained by treatment of the corresponding a- and v-diacylated spermi-
dines, respectively, with 1-bromomanane in dry acetone in the presence of
anhydrous potassium carbonate and then deprotection of the methoxy groups
with boron tribromide. The chemical structures of these catechols are presented
in Fig. 1.
Stock solutions of chloroquine and quinine were prepared in distilled water

and 50% methanol–50% water, respectively. The stock solution of artemether
was prepared in methanol. Desferrioxamine was dissolved in distilled water.
Stock solutions of the catechols were prepared in methanol. Twofold serial
dilutions in distilled water were distributed into flat-bottom 24-well plates in
triplicate and dried.
In vitro susceptibility test. The in vitro susceptibility test described by Le Bras

and Deloron (13) was used in the present study. When the majority (.90%) of
asynchronous parasites were in the young ring and trophozoite stages, parasit-
ized erythrocytes were diluted with fresh, uninfected erythrocytes and were
suspended in a complete RPMI 1640 medium to obtain a hematocrit of 1.5% and
an initial parasitemia of 0.5%. The suspension (700 ml per well) was distributed
into 24-well plates, and the plates were incubated at 378C in 5% O2–5% CO2–
90% N2 at 95% humidity for 42 h. [G-3H]hypoxanthine (40 mCi/ml; 25 ml per
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well; Amersham, Buckinghamshire, United Kingdom) was added 18 h later to
assess parasite growth. At the end of the incubation period, the plates were
frozen and then thawed to lyse the erythrocytes. The contents of each well were
collected and washed with a cell harvester (Semiautomatic Cell Harvester; Ska-
tron, Lier, Norway). The amount of radioactivity incorporated by the parasite
was measured with a liquid scintillation counter (Wallac 1410; Pharmacia, Upp-
sala, Sweden).
The 50% inhibitory concentrations (IC50s), defined as the drug concentrations

corresponding to 50% of the uptake of [G-3H]hypoxanthine by the parasites in
drug-free control wells, were determined by nonlinear regression analysis of log
dose-response curves. To study the effects of drug combinations, fixed concen-
trations of compounds 7 and 8, ranging from 0 to 70% of the respective IC50s,
were added to various concentrations of chloroquine, quinine, and artemether.
Student’s t test was used to compare the differences between the mean IC50s.
The mechanisms of action of the siderophores were evaluated by combining a

candidate siderophore and various metallic salts. Twofold serial dilutions of
FeCl3, CuSO4, and ZnSO4 (final concentrations, 125 to 2,000 nM) were added to
the iron chelator compound 7 (final concentration, 1 mM), and the mixtures were
incubated for 1 h at room temperature and distributed in triplicate into 24-well
plates.
In further experiments, stage-specific drug susceptibility was determined as

described previously (33). The parasites were synchronized twice by sorbitol lysis
at 48-h intervals when the percentage of rings was greater than 90% (12).
Parasites were exposed to compounds 7 and 8 for 6 h at 0 (early rings), 6, 12, 18,
24, 30, 36, 42, and 48 h. The parasites were washed three times with drug-free
medium. The cell pellet was resuspended in 700 ml of complete drug-free me-
dium, and the suspension was distributed into 24-well plates. [G-3H]hypoxan-
thine (40 mCi/ml; 25 ml per well) was added, and the plates were incubated for
36 h.

RESULTS

The in vitro antimalarial activities of the compounds inves-
tigated are summarized in Table 1. Data are expressed as the
mean 6 standard deviation IC50s of three to six independent
experiments for each clone. Compounds 1 and 2 were inactive
(IC50s, .250 mM). Compounds 3 and 4 were less active than
desferrioxamine. Compound 5 was as active as desferrioxam-
ine against the D6 clone and two times less active against the
W2 clone. Compound 9 was twice as active as desferrioxamine
against the D6 clone, but its level of activity was similar to that
of desferrioxamine against the W2 clone. Compounds 6, 8, and
10 were about 5 to 13 times more active than desferrioxamine
against both clones. Compound 7 turned out to be 7 and 60
times more active than desferrioxamine against the W2 (IC50,
1.02 mM) and D6 (IC50, 170 nM) clones, respectively.
The IC50s of chloroquine, quinine, and artemether alone

and in combination with compound 7 were not significantly
different for either clone (P . 0.05) (data not shown). The
IC50s of chloroquine and quinine alone and in combination

FIG. 1. Chemical structures of catecholate siderophores.

TABLE 1. In vitro activities of catecholate siderophores against the
chloroquine-susceptible D6 clone and the chloroquine-resistant W2

clone of P. falciparum

Iron chelator
IC50 (mM)a

D6 clone W2 clone

1 .250 .250
2 .250 .250
3 16.22 6 6.46 21.47 6 1.54
4 20.34 6 3.72 34.70 6 0.75
5 9.95 6 4.50 15.95 6 7.26
6 1.38 6 0.45 1.41 6 0.52
7 0.17 6 0.04 1.02 6 0.14
8 0.82 6 0.13 0.96 6 0.34
9 5.50 6 0.06 6.91 6 0.83
10 1.01 6 0.07 1.18 6 0.33
Desferrioxamine 10.75 6 1.67 7.14 6 0.70

a Values are means 6 standard deviations of three to six independent exper-
iments.
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with compound 8 were not significantly different for the chlo-
roquine-resistant W2 clone (they were not tested in combina-
tion with compound 8 against the chloroquine-susceptible D6
clone). The diminution of the chloroquine and quinine IC50s
by 35 to 40% in combination with 65% of the IC50 of com-
pound 8 is probably due to the intrinsic antimalarial activity of
compound 8 (Fig. 2).
The in vitro antimalarial activities of compound 7 (1 mM) in

combination with ferric chloride against the W2 clone are
presented in Fig. 3. Six independent experiments against the
chloroquine-resistant W2 clone were performed. The in vitro
antimalarial activity of compound 7 was inhibited by the pres-
ence of ferric chloride. There was no statistically significant
diminution of the IC50 of compound 7 plus copper sulfate or
zinc sulfate compared with that of compound 7 alone (data not
shown). At equimolar concentrations of ferric chloride (1 mM),
parasite growth was 94% of that in the drug-free wells, whereas
for compound 7 alone it was 52% of that in the drug-free wells.
By using synchronous cultures of P. falciparum, considerable

variation in the susceptibility to the siderophore compounds 7
and 8 was demonstrated, depending on the different parasite
stages (Fig. 4). When compound 7 or 8 was added to synchro-
nized cultures containing early rings, the parasites developed
normally, without growth inhibition. Profound growth inhibi-
tion occurred when the trophozoites were exposed to these
chelators. Little or no effect on schizonts was found. Erythro-
cyte invasion by merozoites proceeded in the presence of che-
lators.

DISCUSSION

The in vitro antimalarial activities of some of the new cat-
echols have been enhanced by increasing their lipophilicities.
Catechols with high molecular weights (27, 30, or 48 carbon
atoms; compounds 5 to 10) were more active than the smaller
siderophores containing 11 or 18 carbon atoms (compounds 1
to 4). In addition, catechol compound 7 (C30) was more active
than the siderophore compound 6 (C48). This result may be
due to the relatively high molecular weight (1,008) of com-
pound 6. A high molecular weight and therefore a greater size
may reduce the level of penetration of this siderophore into the
erythrocytes. Chelators may enter through the erythrocyte and
parasite membranes and be concentrated in the parasites.

Pouvelle et al. (20) suggested that a duct may connect the
extracellular compartment and the parasitophorous vacuole.
Molecules of high molecular weight may enter the parasite
through this duct. Our experiments do not provide arguments
against this hypothesis, especially since physicochemical stud-
ies undertaken in our laboratory have indicated that com-
pounds 7 and 8 form micellar aggregates in aqueous solution at
physiological pH (unpublished data).
The IC50s of chloroquine, quinine, and artemether alone

and in combination with compound 7 were not significantly
different for either clone. Compound 7 did not enhance the
schizontocidal action of either chloroquine, quinine, and arte-
mether against the chloroquine-susceptible clone or the chlo-
roquine-resistant clone. Compound 8 did not enhance the schi-
zontocidal action of either chloroquine or quinine against the
chloroquine-resistant clone. The mechanisms of action of chlo-
roquine, artemether, and siderophores are still unknown.
Meshnick et al. (16) demonstrated that chelators antagonized
arteether; this antagonism was assessed with isobolograms.
The construction of isoboles should apply to combinations of
different agents if they had similar modes of action and similar
dose-response curves. However, as in our study, Kamchon-
wongpaisan et al. (10) showed that the presence of iron chela-
tors associated with artemisinin did not potentiate or antago-
nize its action and that various derivatives of artemisinin
covalently linked to iron chelators retained activities compa-
rable to that of artemisinin. In the presence of Fe31, artemisi-
nin, the parent compound of artemether, may release free
radicals by Fenton reactions (11). Furthermore, the inhibition
of superoxide dismutase by iron chelators may decrease the
catabolism of free radicals. Consequently, there may be a sup-
pression of these two antagonistic effects when artemether is
combined with an iron chelator.
The antimalarial activities of our most active siderophore

and desferrioxamine were inhibited by the presence of ferric
chloride. Thus, compound 7 seems to exert its antimalarial
action by sequestering iron, which is essential for parasite
growth, since preincubation of the chelator with exogenous
iron considerably decreases its antimalarial activity, while cop-
per and zinc privation had no influence on the schizontocidal
action of compound 7. However, the zinc-desferrioxamine
complex may penetrate parasitized erythrocytes better than
free desferrioxamine (4). The former may enter the cell and
exchange its bound zinc with ferric ions, thus rendering the
iron unavailable for vital parasite functions. The results pre-
sented above indicate that the zinc-desferrioxamine complex is

FIG. 2. In vitro activities of chloroquine (CQ) and quinine (Q) in combina-
tion with siderophore compound 8 against the chloroquine-resistant W2 clone of
P. falciparum (y axis, percentage of IC50 of the drugs alone; x axis, various
concentrations of compound 8 expressed as the percentage of IC50 of the sid-
erophore alone).

FIG. 3. In vitro activity of compound 7 (1 mM) in combination with metallic
salts against the chloroquine-resistant W2 clone of P. falciparum.
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more active than desferrioxamine at concentrations below 20
mM. However, in the present study, we demonstrated that zinc
sulfate at .10 mM had toxic effects against parasitized eryth-
rocytes and that the combination of desferrioxamine (22 mM)
with zinc sulfate (concentrations ranging from 1 to 44 mM)
retained activity comparable to that of desferrioxamine alone.
By using synchronous cultures of P. falciparum, considerable

variation in susceptibility to siderophore compounds 7 and 8
was demonstrated at different parasite stages. These chelators
and desferrioxamine (3, 31) primarily affected trophozoite
stages. Iron chelators probably act by affecting the activity of
iron-dependent ribonucleotide reductase (1, 15, 23) leading to
an inhibition of DNA synthesis.
Among the siderophores examined in the present study,

three (compounds 6, 8, and 10) were active in vitro in the
micromolar range. Other known iron chelators, such as des-
ferrithiocin, desferricrocin, and a-ketohydroxypyridines, are
also active within a similar range of concentrations against the
intraerythrocytic stages of P. falciparum (6, 9). Further chem-
ical syntheses of new chelators, especially hydroxamate-based
agents, are in progress (24, 28). Combinations with iron chela-
tors might be of therapeutic value. Further structure-activity
relationship studies and chemical analysis should provide more
information on the role of lipophilicity, permeability, and iron-
binding capacity. Several of the iron-binding compounds tested
in the present study should also be tested with various mam-
malian cell lines in culture to identify possible toxic effects as
well as with in vivo models of malaria to evaluate their poten-
tial clinical usefulness; at present, no acute toxic effect was seen
in mice given compounds 7 and 8 at 50 mg per kg of body
weight four times by the intraperitoneal route.
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