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Abstract—A library of acylhydrazone iron chelators was synthesized and tested for its ability to inhibit the growth of a chloroquine-
resistant strain of Plasmodium falciparum. Some of these new compounds are significantly more active than desferrioxamine DFO,
the iron chelator in widespread clinical use and also than the most effective chelators.

© 2005 Elsevier Ltd. All rights reserved.

Almost one-half of the world’s population is exposed to
the burden of malaria, a disease which is responsible for
the death of about 2 million people every year. The
spread of multidrug-resistant Plasmodium falciparum
has highlighted the urgent need to discover new antima-
larial drugs, preferably those affordable to developing
countries where malaria is prevalent.!-?

Iron was identified as an essential nutrient for the devel-
opment of the parasite, many enzymes of the plasmodial
metabolic pathways (d-aminolevulinate synthase,
responsible for haem’s de novo synthesis,> or ribonucle-
otide reductase, involved in DNA synthesis*) depend on
the presence of this element. For this reason, iron chela-
tors gained a respectable, although still undeveloped,
place among compounds presenting antimalarial activi-
ty. Several possible sources for iron acquisition have
been postulated: host transferrin in the plasma, host
erythrocyte ferritin or, even, host haemoglobin.>

Several classes of chelators have been shown to suppress
the growth of P. falciparum in erythrocytes in vitro:
hydroxamate siderophores (DFO for instance, Fig. 1)
and derivatives, catecholamide and catecholate sidero-
phores, a-ketohydroxypyridinones, dihydroxycouma-
rins, acylhydrazones and aminophenols.’ The problems
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with these classes of compounds are side effects due to
toxicity.®

Nevertheless, DFO has been extensively used for the
treatment of Fe overload disease,” has a detectable anti-
malarial activity in humans,®° but has not found a role
in the clinical treatment of malaria, probably due to
short7 plasma half-life, lack of oral activity and high
cost.

The antimalarial activity of DFO prompted several
authors'®!! to study three aroylhydrazone Fe chelators,
salicylaldehyde isonicotinoyl hydrazone (SIH, 1), 2-
hydroxy-1-naphthylaldehyde m-fluorobenzoyl hydra-
zone (HNFBH, 2) and pyridoxal isonicotinoyl hydrazone
(PIH, 3) (Fig. 1). As these compounds were orally effective
and inexpensive, the results were promising, the hydraz-
ones 1 and 2 providing the best results. An important pre-
requisite of an iron-chelating drug as an antimalarial is a
high affinity for iron. The aﬁinitg constant of acylhydraz-
ones'? for iron(III) is about 10%°.

Another study pointed out the interest of those com-
pounds together with their thiosemicarbazone
analogues.'?

Some derivatives of these compounds are proteinase
inhibitors with antiparasitic activity against Trypanosoma
brucei and Nifurtimox, a furyl hydrazone, has been
commercialised for the treatment of Chaga’s disease.
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Figure 1. Structures of DFO and acylhydrazones 1, 2 and 3.

A library of 156 acylhydrazones was designed in order
to evaluate the potential of this class of compounds as
antimalarials and to study more in detail the struc-
ture—activity relationships. The library’s diversity was
ensured by the large number of commercially available
aldehydes and hydrazides. This allowed the study of
SAR rules, influence of the compounds’ accumulation
in the parasite food vacuole and of the lipophilicity.
To allow a comparison with previous studies, the library
also contained compound 1. As one of the major prob-
lems with malaria is the development of resistant strains,
our efforts were focused towards FcBI1, a chloroquine
(CQ)-resistant strain.

The acylhydrazones were synthesized in deepwell plates
at 10 umol scale according to Scheme 1. The purity was
assessed by HPLC and all the mass spectra were consis-
tent with the anticipated product structure. Out of the
total 156 compounds of the library, 153 were obtained
with a purity over 85% and were submitted to biological
activity evaluation (Fig. 2). The experimental procedure
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Scheme 1. Synthesis of acylhydrazones.
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Figure 2. Quality control of the library.
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is included in the reference section, together with the
quality control (QC) results of the most active
compounds.'?

Antimalarial activity and cytotoxicity. The crude com-
pounds were tested for their ability to inhibit parasite
growth (CQ-resistant strain FcB1, ICs, CQ = 126 nM)'®
at 1 uM (Table 1). Compounds displaying inhibition of
parasite growth by more than 50% were directly submit-
ted to further pharmacological characterisation (ICs,
Table 2) as their purity was over 95%.

Most active compounds were submitted to a cytotoxicity
test (CCsp) on a human diploid embryonic lung cell line
(MRC-5) using the colorimetric MTT assay!” (Table 2).

In vitro inhibition of f-hematin formation. Compounds
were tested for their ability to inhibit formation of B-he-
matin (the synthetic equivalent of hemozoin) induced by
1-monooleoyl glycerol (MOG)'®!? (Table 2).

Introduction of a variety of substituents either on the
aldehyde or on the hydrazone moiety provided com-
pounds with modest or low inhibition percentage of par-
asite growth at 1uM (Table 1), except for 11
compounds (compounds 2-12). Reference compound 1
is representative of the results with 22% of growth
inhibition.

Very low inhibition percentages were obtained in the
case of methylhydrazide (0-34%) or benzylhydrazide
(0-45%) whatever the structure of aldehyde partner.
The introduction of polar or ionizable groups led to
no improvement, either on hydrazide partner (pyridine,
phenol substituent), or on the aldehyde moiety (3, 4 or
5-hydroxy substituent). The highest inhibition was ob-
tained for aromatic partners, substituted by terz-butyl,
chloro, nitro, methyl or methoxy groups. The results
suggested the importance of rather hydrophobic or
bulky substituents.

Compounds displaying inhibition of parasite growth by
more than 50% were submitted to an ICsy evaluation
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Table 1. Antimalarial activity on CQ-resistant strain FcB1 (inhibition of parasite growth at 1 uM)

A - el R NN R
o
H 21% 27% 1: 22% 35% 26% 13% 11%  25% 14% 43% 4% 0%
Naphthyl  42% 26% 28% 36% 31% 14% 5% 24% 30% 35% 48% 11%
3-OH 20% 19% 11% 30% 16% 29% 20%  13% 21% 41% 24% 29%
3-OMe 41% 30% 43% 10% 32% 16% 16%  36% 37% 39% 32% 33%
4-OH 13% 0% nd* 14% 23% 13% 15%  16% 29% 37% 18% nd?*
4-OMe 45% 41% 35% 32% 38% 24% 14% 8% 9% 43% 45% 4%
4-NEt, 23% nd* 18% 2:60% 2% 37% 12%  45% 39% 3:73% 4: 69% 34%
5-OH 21% 4% 26% 0% 7% 19% 4% 25% 39% 38% 28% 25%
5-OMe 33% 45% 34% 38% 24% 24% 20%  24% 18% 47% 14% 3%
5-Me 37% 19% 8% 49% 33% 23% 24%  5:52%  28% 6: 65% 46% 32%
5-tBu 14% 14% 40% 7:59%  32% 8:52% 31%  9:69%  10:53%  48% 11: 81%  32%
5-Br 35% 33% 29% 47% 21% 38% 10%  36% 29% 12: 52%  17% 17%
5-NO, 16% 0% 15% 21% 19% 21% 4% 31% 26% 36% 31% 22%
#Not determined.
Table 2. Biological activity of the 11 most active compounds
R R’ Antimalarial CCso" (UM) Inhibition of B-hematin VAR x E+3
activity ICso" (uM) (MRCS cells) formation ICsy" (UM)
CcQ — — 0.126 £ 0.005 50+4 60 + 10 54
2 4-NEt, Phenyl 1.1+£0.3 1.1+0.1 50 < 100 68
3 4-NEt, 4-tert-Butyl-phenyl 09+0.1 1.1+£0.1 >100 120
4 4-NEt, 4-Nitro-phenyl 1.0+0.1 2.5+0.7 >100 86
5 5-Me 4-Chloro-phenyl 1.9+0.1 >100 50 < 100 59
6 5-Me 4-tert-Butyl-phenyl 22102 16.3£2.6 50 < 100 60
7 5-tBu Phenyl 1.3+0.2 2.6+0.8 >100 71
8 5-1Bu 2-Thienyl 1.6+0.2 1214 50 < 100 60
9 5-tBu 4-Chloro-phenyl 29+0.6 36+0.8 >100 59
10 5-tBu 4-Methoxy-phenyl 23103 >100 >100 60
11 5-tBu 4-Nitro-phenyl 1.6 +0.1 1.1+£0.2 50 < 100 57
12 5-Br 4-tert-Butyl-phenyl 1.7+04 >100 >100 46

#Mean ICsq £ SD values for two to three independent experiments are shown.

(Table 2). Highest inhibition was obtained for 2-hy-
droxy-4-diethylaminobenzaldehyde 4-tert-butyl-benzoyl
hydrazone 3 with an ICsy of 900 nM. But the range of
ICs is not large enough to draw some rules.

The partition coefficient log D at pH 7.4 was evaluated
in silico?® to determine the influence of lipophilicity on
the antimalarial activity. As expected, the 11 most active
compounds provided the highest values, between 3.5
and 5.2. This direct correlation of a compound lipophil-
icity with its antimalarial activity has already been
experimentally demonstrated in the case of reversed
siderophores.!!-?!

Host haemoglobin is degraded in the food vacuole of the
parasite, and haem liberated in this process is polymer-
ized to hemozoin.

In order to evaluate the ability of the component to
accumulate in the parasite food vacuole, in silico calcu-
lations of vacuolar accumulation ratios (VAR) were car-
ried out based on a weak-base model.??> A wide range
of accumulatlon ratios were obtained (from 640 to
3.6 x 10°, see supplementary materials). As expected,
compounds with phenol groups as substituents provided

better VAR values. Compounds presenting the highest
activity accumulate in the same range as CQ.

CQ inhibits the polymerization process, thus, leading to
poisoning of the parasite. DFO seems to have an oppo-
site behaviour.>* We have tested the ability of the com-
pounds to inhibit this process of detoxification of haem
(Table 2) to get some information on the mechanism of
action. Even if the compounds are known as inhibitors
via direct coordination of iron(III), the mechanism will
be different from CQ which inhibits the crystallisation
of the haem to form the hemozoin (and its equivalent
B-hematin) through n—= stacking. The most active com-
pounds are equivalent or less potent inhibitors than CQ
and the best inhibitors (2 compounds provided an ICs,
of about 20 uM) are totally inactive on parasite growth
(see supplementary materials). The inhibition of this
process does not seem to be the base of the antimalarial
activity of this class of compounds. It can be notified
that no significant red blood cells (RBC) haemolysis
was recorded after 48 h of incubation with the more ac-
tive compound at a concentration totally inhibiting the
parasite growth (20 uM), as well as no alteration of
the RBC morphology was observed by phase contrast
microscopy suggesting that the inhibition of growth



34 P. Melnyk et al. | Bioorg. Med. Chem. Lett. 16 (2006) 31-35

could not be attributed to indirect effects due to modifi-
cations of the host cell membrane.

The average cytotoxicities of acylhydrazones upon MRC-
5 cells extended from 1 pM to more than 100 uM (Table
2). Three compounds showed a reproducible lack of
toxicity at 100 uM: 2-hydroxy-5-methyl-benzaldehyde
4-chloro-benzoyl hydrazone 5, 2-hydroxy-5-tert-butyl
benzaldehyde 4-methoxy-benzoyl hydrazone 10 and
2-hydroxy-5-bromobenzaldehyde 4-tert-butyl-benzoyl
hydrazone 12. All the other compounds provided a selec-
tivity index (ratio CCso/ICsg) between 1 and 16, too low
for a potential development as drug candidates.

A library of 153 acylhydrazones was synthesized with
high purity. Though the activity is in the micromolar
range against P. falciparum growth, these compounds
have the highest antimalarial activity of this class of iron
chelators. As three of the compounds present no detect-
able toxicity, further studies of their biological activity
are in progress. From a mechanistic point of view, as
ribonucleotide reductase is a target for HNFBH 2,
an investigation of the potency of this library on this en-
zyme’s activity is also intended.
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