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Abstract

Artemisinin is an efficient antimalarial drug containing a 1,2,4-trioxane, which is able to alkylate heme both in vitro and in vivo, giving rise
to covalent heme—artemisinin coupling products. The low valent iron(ll) protoporphyrin-IX, which is the prosthetic group of hemoglobin,
induces the homolysis of the peroxide bond of artemisinin by an inner-sphere electron transfer. The generated alkoxy radical is quickly
rearranged to a C-centered radical, which efficiently alkylates the heme macrocy@sauositions. Heme is therefore both the activating
agent and the target of artemisinin.

On the basis of this mechanism of action, a new family of peroxide-based antimalarials named triofabamégen synthesized.
Trioxaquines are made by the covalent attachment of a trioxane, having alkylating ability, to a quinoline, known to easily penetrate within
infected erythrocytes. Several trioxaquines are active in vitro on chloroquine resistant malaria parasite at nanomolar concentration, and are
efficient by oral route to cure infected mice at 20-50 mg/kg.
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1. Introduction: iron in human body bite of an infected anopheles mosquiRlasmodium falci-
parumis the parasite species responsible for the lethal cases

Metal ions are ubiquitous in living organisms. Besides the that cause 1-3 million deaths each year. The parasites have
major sodium, magnesium, potassium and calcium ions, sev-become resistant to the main classes of drugs, making the
eral transition metals are essential. Iron is the most abundantormerly efficient chloroquine useless in many tropical coun-
within an adult human body containing ca. 4 g of iron. Apart tries, and leading to the come-back of a high level of malaria
from the major sodium, magnesium or potassium which in recent decadd4,2]. Even for the reference drug quinine,
freely circulate in the plasma, ferric ions are bound with high there are now assessments of progressive emerging resistance
affinity and selectivity to transferrin and ferritin, the proteins [3]. Besides the tropical regions, owing to the different as-
responsible for its transport and storage, respectively. Thepects of malaria evolution, areas that used to be affected by
free iron concentration in human plasma, limited at physio- malaria in the past, namely the southern parts of USA and
logical pH by the low solubility of iron hydroxide, is as low south of Europe, might not be out of concern in the next
as 1016 M. decades.

Iron is an important component of many cellular redox
reactions and is required for essential enzymes. Heme repre2.1. Digestion of hemoglobin
sents one of the most ubiquitous and stable forms of redox
active iron among living organisms. It is required as a pros-  After inoculation, the parasite first invades and develops
thetic group for a vast number of proteins or enzymes (e.g. within hepatocytes, and then colonizes erythrocytes where
hemoglobin that accounts for ca. 55wt.% of iron in humans, its asexual multiplication is achieved. The symptomatology
myoglobin, cytochromes, peroxidases, catalases, nitric oxideof malaria is due to this erythrocytic phase. The synchronous
synthase, etc.) involved in various processes such as oxygematuration of parasites leads to the erythrocyte burst together
and electron transport and metabolism of small molecules. with an attack of fever and deep anemia. At each red blood

Iron—sulfur clusters RS, are also involved in electron trans-
fer proteins.
The ability of iron of heme (or Fe-S clusters) to ac-

cept and donate electrons is a key feature, which con-

tributes mostly to its potential toxicity in vivo. In normal

cell burst (every 48 h fdp. falciparun), parasites are released
for further erythrocytic reinvasion.

Within infected erythocytes, up to 70% of the host
hemoglobin is imported into a specialized acid compartment
of the parasite (food vacuole), and broken down by specific

metabolism, during the sequential reduction of molecular protease$4,5]. The amino acids released by this catabolic
oxygen, radical intermediates can be formed, including su- process are used by the parasite to build its own proteins. Of
peroxide Fig. 1). Hydroxyl radical can also be formed by the four equivalents of heme by hemoglobin molecule, only
the Fenton-catalyzed cleavage of hydrogen peroxide. For thisa minor amount is degraded and used as source of iron for
reason, all aerobic organisms have developed sophisticatedhe parasite.

regulatory systems (superoxide dismutase, peroxidases, cata-

lases) to maintain the lowest possible concentration of reac-2.2. Aggregation of heme

tive oxygen species (ROS). In addition, iron does not dis-

sociate from heme in physiological conditions without the In hemoglobin, iron is essentially in the ferrous state.
oxidation of the macrocycle itself by heme oxygenase. The Upon degradation of globin and release of heme, the iron(Il)
redox potentials of iron within heme-proteins are adjusted protoporphyrin-IXis able to reduce molecular oxygen which
by close interactions with essential residues of the apopro-induces the cascade of reduced oxygen species. Thisresultsin
tein. a lethal oxidative stress within the parasite, which lacks the
heme oxygenase that vertebrates use for heme catabolism.
To avoid the heme-mediated oxidative damages, the released
heme is converted to a redox inactive iron(lll)}-heme micro-
crystalline aggregate called hemoz@h. Hemozoin is pri-
marily formed by the dimerization of heme, a carboxylate
function of one heme molecule A being an axial ligand of
the iron(lll) of a second heme molecule B, and a carboxy-
late of B being an axial ligand of the iron of A. These dimers

2. Heme in malaria-infected red blood cells

Malaria is a parasitic disease due to the erythrocyte in-
fection by aPlasmodiunspecies transmitted to man by the

9 catalase 1,0 aggregate through hydrogen bonds of the remaining carboxy-
lates, leading to a material, which is insoluble in biological
0, e 05" e H' 1,0, 26, z_H*HZO conditioqs gnd accumulates in the parasite fppd vadudle
Hemozoin is usually named a ‘polymer’, but it is not a cova-
o,"/j-\ H,0, T \ A( H* lent polymer, and the parasitic enzymes involved in its for-
- \égD/ — HO .

mation are not polymerases. In fact, the aggregation of heme
dimers by non-covalent links is related to supramolecular

Fig. 1. Sequential reduction of molecular oxygen to water. chemistry.
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However, understanding the essential features of the mecha-
nism of action of artemisinin is necessary to design synthetic

Rl K . ; ;
riemisinin 8 antimalarial peroxides.

Artemether:

R, = B-OCH . . -
2= P 3 3.2. Mechanism of action of artemisinin
Artesunic acid: R; =H,

R ; = 0-OCO(CH ,),-COOH I . -
CHy ° o (CH2)2 Artemisinin and related peroxide-containing drugs are ac-

tive against malaria parasites at nanomolar concentrations in
vitro, whereas the toxic concentration toward healthy ery-
throcytes is in the micromolar range. On the basis of in vitro
experiments, it was initially proposed that the mechanism
of action of this drug involved a heme-mediated oxidative
Any perturbation of this heme detoxification process that stress leading to the destruction of the parasite. Heme was
is unique toPlasmodiunis expected to have drastic conse- found to catalyze the reductive decomposition of artemisinin
quences for the parasite survival, due to the accumulation ofand dihydroartemisinin in vitro. When incubated with nor-
free redox active heme residues. mal erythrocytes, artemisinin was shown to increase the
The control of malaria largely depends on drugs that dis- methemoglobin concentration and to slightly reduce the in-
rupt this heme aggregation process, which is assisted by theracellular glutathione and membrane fatty acid concentra-
parasitic histidine-rich protein (HRP). For instance, chloro- tions, resulting in a dose-dependent increase of cell lysis
quine has a high affinity for ferrichemk{=3.5nM)[8]asa  [21]. However, these experiments were performed at con-
result of a strongr-stacking between the quinoline ring of the  centrations ranging from 50 to 10/, that is 16 to 1P
drug and the porphyrin macrocyd®-11]. Other quinoline-  times higher than pharmacologically active drug concen-
based antimalarials are supposed to interact with heme in arations. The parasite death in the presence of artemisinin
similar way. at curative concentrations is therefore probably not due to
non-specific or random cell damage caused by freely diffus-
ing oxygen radical species, but might involve specific pro-

Fig. 2. Structure of artemisinin and some hemisynthetic derivatives.

3. Alkylating ability of artemisinin triggered by heme cesses and targets, some of them now being under investi-
gation.
3.1. The antimalarial peroxide artemisinin When a peroxide is activated by a low-valent transition

metal complex, the main reaction pathway is the homolytic

Among the molecules that emerged over the past threecleavage of the weak peroxide bof?,23] The reductive
decades as antimalarial drugs, artemisinin, extracted from theactivation of artemisinin or related peroxides by iron(ll) heme
Chinese wormwood\rtemisia annuahas a peculiar struc-  or iron(ll) salts have been review—28]
ture (Fig. 2, and thus a different mechanism of action is
expected for this drug. Artemisinin is a sesquiterpene con- 3.3. Covalent heme-artemisinin adducts
taining a 1,2,4-trioxane, and the dialkylperoxide function is
the key of its biological activity, the deoxyartemisinin being Alkylating species generated by ferrous iron-mediated ho-
completely devoid of biological activity12,13] However, molytic cleavage of the endoperoxide function of artemisinin,
artemisinin is poorly soluble in water and in oil, which are in particular the alkyl radical centered at position C4 of
commonly used as vehicles for drug administration. For this artemisinin (or related 1,2,4-trioxanes), were early proposed
reason, hemisynthetic derivatives obtained by reduction andto be important[29]. However, the concentration of free
functionalization of the lactone function of artemisinin are iron ions in living cells is close to zero, but heme con-
usually preferredRig. 2). These compounds are suitable for centration is high in red blood cells. After preliminary ex-
oral administratioril4]. They have been intensively used for periments with synthetic metalloporphyrifd0], we have
more than 20 years in south east Asia without any serious sidereported that iron(ll) protoporphyrin-(IX) incubated with

effects or clinically relevant resistance up to nds]. In ad- artemisinin, in the presence of a reducing agent able to
dition, the induced development of resistance to artemisinin generate iron(ll) heme, was readily converted in high yield
derivatives in mice was shown to be slow and revergité. to heme—artemisinin covalent adducts. These adducts result

However, their use in monotherapy is associated with a high from alkylation of the fourmesopositions of the macro-
recrudescence rate (that should not be mistaken for inherentyclic ligand by the C4-alkyl radical derived from artemisinin

parasite resistance) due to their short plasma half-[il/és (Fig. 3) [25,31,32] The heme-mediated reductive activa-
For this reason, they are now combined with more slowly tion of the peroxide bond generates an alkoxy radical,
eliminated drugs such as mefloquine or lumefan{ige-20] which quickly rearranges via g-fragmentation process,

In addition, due to the erratic supply of the parent compound to a primary alkyl radical centered at C4. Intramolecular
artemisinin, it is necessary to design new, cheap and accessiaddition of this akylating species occurs without regiose-
ble synthetic drugs based on the same mechanism of actionlectivity on the fourmesocarbons of the protoporphyrin
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CH;
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Fe'lheme
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activation cleavage 3 \ﬁ/ s,
o
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Fig. 3. Alkylation of heme by artemisinin. Alkylation occurred at fenesopositions, only alkylation a@-position is depicted.

ligand. After demetallation of the heme moiety, complete  The alkylating ability of artemisinin toward heme or par-

NMR characterization of these adducts has been obtainedasite proteins seems clear, but the correlation with its par-

[33]. asiticidal activity is still a matter of debat@l]. These
These heme—artemisinin covalent adducts do not depencheme—artemisinin covalent addu@téFig. 3) were recently

on the nature of the reducing agent used, provided that it isdetected in the spleen and urine of mice infected Rits-

able to reduce iron(lll) to iron(ll)-heme (glutathione, hydro- modium bergheivhich have been treated with artemisinin

quinone derivatives, ascorbic acid or sodium dithionite were by intraperitoneal or oral route. In the urine of these mice,

used). the hydroxylated and glucuro-conjugated derivatives of the
In addition, artemisinin is able to alkylate heme in non- covalent adducts were also detected by LC—M%. This

denaturated human iron(ll) hemoglobin in the absence of anyresult confirms that the alkylation of heme by artemisinin

added protease, or even in the presence of high amountss not only a chemical laboratory production, but that these

of non-heme proteins when artemisinin was added to hu- adducts are also generated in infected mice, but notin control

man, hemolyzed whole blod84]. These results clearly in-  animals.

dicate the high reactivity of this drug with hemoglobin un-

der very mild conditions. It is also consistent with the fact 3.4. Heme-drug adducts with other antimalarial

that the inhibition of hemoglobin proteolysis does not an- peroxides?

tagonize the antimalarial activity of artemisinin derivatives,

as it does for 4-aminoquinoline drug35]. In this regard, By studying a series of trioxanes, a correlation was es-

the selective toxicity of artemisinin to malarial parasites tablished between the alkylating ability of a drug-derived

is probably due to the selective accumulation of the drug alkyl radical and the pharmacological activity. A heme model

into the parasite within infected erythrocytes compared to was used in these studies, namely manganese(ll) tetraphenyl-

non-infected erythrocytg86,37] It has been suggested that porphyrin, having a fourth-order symmetry and only fhe

artemisinin might enter the parasite through the tubovesicu- pyrrolic positions as possible alkylation sites. Wher!'MIRP

lar membrane network,Rlasmodiurrspecific transport pro-  was reacted with artemisinin, artemether, or pharmacologi-

cess, which delivers essential extracellular nutriments to thecally active trioxanes, a chlorin-type adduct was formed by

parasitg38-40] reaction of the macrocycle with an alkyl radical generated
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(a) Case of active trioxanes:
in the case of artemisinin, the R substituent between C12 and C8a stands for the
lactone ring

H

1. Inner-sphere electron transfer 2. Homolytic O-O bond cleavage
(b) Case of inactive trioxanes: l
the close interaction between Mn'' and O1 H
is prevented by a o-substituent at C4 H3C 1 g \\R 52
: s
0712\~
(0]
\ O\ A 4 /
ch;@ g1 i
| R
20—|01 ‘
. e
R
A n
3. C-C bond B-scission
No activation of the peroxide Heme alkylation

Fig. 4. Activation of trioxanes via an inner-sphere electron transfer. Possible correlation between pharmacological activity and alkytiating abil

by reductive activation of the drug endoperoxjdé,30,43] sition were also found detrimental to the docking of the
On the contrary, most of the inactive drugs were unable to trioxane derivative on hempl4]. These studies suggested

alkylate the porphyrin ring. Synthetic trioxanes bearing a that (i) a close interaction between the metal center and
bulky substituent on the& face (on the same side of the the peroxide bond is required, suggesting that this activa-
drug mean plane as the endoperoxide) were inactive to-tion occurs through an inner-sphere electron transfer and (ii)
ward malaria-infected red blood cells and also unable to alkylation ability is crucial for the antimalarial activity of

alkylate the macrocyler{g. 4). a-Substituents at C5a po- artemisinin and is a general feature required for the biolog-

F 2 3
(TPP)Mn" O O .
Mn'"TPP 0 Ar
510 11
a 5. Effles (0] C4-C5 cleavage
1011
o, B-unsaturated -
ketone Ar
AcO O—N a) BHy 0
s b) TEMPO o F
H ¢) (CH3CO),0 PP O y
& alkyl radical
OAc centered at C5
O

Fig. 5. Activation of arteflene by MHTPP.
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[49]. HRP-II is able to bind approximately 50 molecules
of heme at pH 7[50], and 17 at pH 4.8, two histidine
residues being axial ligands of each iron of heme. Thus,
this histidine-rich protein acts as a scaffold for the ini-
tiation of hemozoin chaing51]. Recent studies suggest
that heme—artemisinin adducts are able to bind PfHRP-II
with a higher affinity than heme itself, to displace heme
4.4-dimethylsubstituted trioxane from PfHRP-II (either low pH or chloroquine can disso-
ciate heme, but they cannot dissociate heme—artemisinin
adducts from PfHRP-I[52]. However, the reason of such
a high affinity and the nature of interactions between
ical activity of endoperoxide-containing antimalarial drugs heme—artemisinin adducts and PfHRP-II are yetunclear. The
[26]. ) ] ) binding of heme—artemisinin adducts to HRP-II with high
Another case is that of arteflene (Ro 42-1@ig, 5 which affinity may hinder further sequestration of toxic heme as
is efficient in vitro[45]. The reductive activation of the per- hemozoin, thus poisoning the parasite with its own waste
oxide bond of arteflene by MAPP induces the homolytic [53,54]
cleavage of the GAC5 bond. The resulting secondary alkyl In cell-free conditions, artemisinin inhibits hemozoin for-
radical centered at C5 was not in suitable position to alky- mation at micromolar concentratiofs]. The biological rel-
late the porphyrin ligand via an intramolecular process, butit eyance of this fact remains controversial: artemisinin treat-
could be trapped by TEMPO, enabling the characterization yment of living parasites caused no measurable change in
of the two fragments of arteflene resulting from the peroxide nemozoin contenf56]. However, the concentration of the
homolysig46,47] It_ should_be notgd that, afterincubation of pLeme pool (hemoglobin + free heme) that accumulates within
[*4C11]arteflene withP. falciparuminfected red blood cells, the parasite food vacuole during hemoglobin proteolysis may
the radioactive label was present in adducts between the drugye 55 high as 400 m&3], and free heme can damage cellular
and para_sitic proteir[g,_s]. Bece_luse Cllis not present ih the  metabolism at micromolar concentrati@4]. Consequently,
alkyl radical at C5, this species cannot be involved in the avery small portion of heme that escapes the aggregation pro-
arteﬂene—derivgd_ adducts with. parasite proteins. In contrast,;agg (for example, 1 heme molecule ovet 401() should
the C11 atom is incorporated in the-unsaturated ketone e gyfficient to kill the parasite via a catalytic redox process

which was generated in parallel with the alkyl radical at C5. \yithout having a detectable effect on the hemozoin accumu-
In vivo, this enone may react with nucleophilic side chains |ation.

of amino acid residues, leading to covalent adducts with par-

Fig. 6. Structure of a 4/4isubstituted trioxane.

asitic proteins. . . . 3.6. Other activators, other target(s) for artemisinin?
An exception to this feature is found in a 4¢gem
dimethylsubstituted trioxan&{g. 6), which was activated by When malaria parasites are incubated in the presence of

iron(ll)-heme to a C4-centered radical, in spite of the pres- ragjolabeled artemisinin, dihydroartemisinin or arteether, the
ence of anx-methyl substituent, but was unable to alkylate radjoactivity is associated with covalent adducts with hemo-
the heme ring41]. However, the 4/4dimethyl trioxanesand 7o [57] and with a small number of specific parasite pro-
thelr 4do-methyl analogs are at_least 100 times less active in tgjng, probably via alkylatiof68]. Despite some difficulties
vitro than the #-methyl derivativeg28]. . to quantify the relative proportions of labeled heme and pro-
Therefore, it appears that MPP alkylation may be a  tgins data indicate that drug-derived radioactivity is associ-
test for the screening of potentially antimalarial peroxides. zteq with heme on one side and with proteins on the other
However, the docking of active peroxides with this tetraaryl- gige. The reaction of artemisinin with proteins appears to be
porphyrin may be slightly different than with heme itself, due specific, since the alkylated proteins (detected by mass spec-

to the different substitution pattern. trometry) are not the most abundant in the parasites. This

alkylation process is probably pharmacologically relevant,
3.5. Possible biological roles of covalent since all the related active peroxides alkylate the same pro-
heme-artemisinin adducts teins, while no proteins were alkylated by the inactive de-

oxyarteether (one oxygen atom is missing in the peroxide
Although it is clear that artemisinin can efficiently alky- bridge)[48].

late heme, the role of this event in the in vivo anti- One of the most heavily labeled proteins was later iso-
malarial activity has been questioned. For example, in- lated from parasite grown in the presence 8f]dihy-
teraction of heme—artemisinin adducts wkh falciparum droartemisinin and identified as a 25 kDa malaria translation-
histidine-rich protein (PfHRP-II), that promotes aggrega- ally controlled tumor protein (TCTP) homolog that is able to
tion of heme to hemozoin, has been recently reported. Thisbind heme with a modest affinif$9]. In vitro, the reaction
protein contains repeats of the sequence Ala-His-His, theseof dihydroartemisinin with recombinant TCTP is clearly de-
two amino acids representing 76% of the mature protein pendent on the presence of heme. The single cysteine residue
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of this protein also appears to be necessary, probably serving linker
as a source of electron for the heme-mediated activation of @ @
the drug. Although it is difficult to understand how alkyla-
tion of TCTP could kill the parasite because little is known Fig. 7. Trioxaquines are dual antimalarial molecules.
about the physiological roles of this protein, the fact that the
reaction occurs both in vitro and in vivo suggests that it is
biologically relevant.

The selective inhibition of PfATP6, a sarco/endoplasmic
reticulum C&*-ATPase, by artemisinin has been recently re-

ported[60]. The iron chelator desferrioxamine significantly : R
abrogated the inhibition of PfATP6 by artemisinin, suggest- 96nce and the spread of drug resistdicks]. As artemisinin

ing that an unidentified iron species was responsible for @nd chloroquine both interact with heme, but by two differ-
the activation of artemisinin leading to drug-derived radical €Ntmechanisms, we designed new chimeric molecules named

trioxaquine® (Fig. 7). They combine, in a single molecule,

a potentially alkylating trioxane (as in artemisinin), and a
4-aminoquinoline (as in chloroguine) known to easily pen-
etrate within infected red blood cell69]. The first synthe-
sized trioxaquines were found highly active in vitro on labora-
tory strains (chloroquine-sensitive and chloroquine-resistant
ones) ofP. falciparum The drug concentrations necessary to
reduce the parasitaemia by 50% {Grvalues) ranged from

supposed to act in the same way, have also been developed
[68].

The combination of artemisinin derivatives with a second
drug having a different mode of action is a good way to in-
crease the efficacy of the treatment, and to prevent the emer-

species. The fact that the concentration inhibiting PfATP6 in
oocyte membranes is two orders of magnitude higher than
the in vitro 1Gsg values of this drug is a matter of question.
However, the metabolism of calcium flasmodiurmmay be
a new drug targd61,62]

It was also reported that a high concentration of
artemisinin (20Q.M) inhibits the cysteine protease activity

of purified food vacuoles d?lasmodiumwhich accounts for X / :
30% of the parasite proteolytic activity. The remaining 70% 8 t°_40 nM, depe_ndlng on the trioxane subsntuents_, on both
of proteolysis, due to aspartic acid proteases that are responsiStrains- Trioxaquine DU1102 has also been tested in vitro on
ble for the initial cleavage of the globin chains in large peptide uman isolates in YaourdCameroon) and was found to be
fragments, is unchanged in the presence of artemiisi active on all isolates (1§ mean value =43 nMJ70].

In addition, several hemoproteins, such as hemoglobin, ) ) )
catalase, and cytochronoewere found to easily react with ~ 4-1. Synthesis of trioxaquine DU1301
artemisinin. Afterincubation with a labeled drug, a part of the . ] )
hemoglobin- or catalase-bound radioactivity was associated ~Or obvious reasons, antimalarial drugs must be cheap
with the protein moiety, rather than with heme. But heme-free @nd €asily accessible. Trioxaquines were prepared through
globin did not react with artemisinin. These data suggest that, @ convergent synthesis based on classical reactions. Many
in hemoproteins, heme catalyzes the alkylation of the pro- simple mod_ulatlong are possible, leading to a large family of
tein moiety[63]. The characterization of heme—artemisinin N€W potentially active molecules. As an example, the syn-
adducts indicates that heme can be both the trigger and one of€Sis of & second-generation trioxaquine (DU1301) is de-
the targets of artemisinin. But there is also evidence that hemePicted inFig. 8 In trioxaquine DU1301, the amine and the
is not the single target. Within a lifetime as short as 1-3 ns, a Peroxide substituent can l&ns or cis with respect to the
small organic molecule can move over a distance of .14 cyclohexane ring. The reductive amination reaction there-
in a water solution at room temperatu@%]. Such a dis- fore provided two diastergomeric racemammsDU_lSO_l
placement is sufficient for a C-centered radical generated by@nd ¢is-DU1301 (50/50) kig. 9). For structure elucidation
a heme residue to escape and alkylate a protein located in thé&nd biological evaluation, the_two diastereomers of DU_1301
close proximity of the heme, before being trapped by molec- have be_en se_zparated and their structures were dete_rmlned by
ular oxygen. Finally, other biological reduced iron species X-ray diffraction. The structure dfansDU1301 is depicted

may play the same activating role toward artemisinin than in Fig. 10 [71}

heme does.

4.2. Alkylating ability of trioxaquine DU1301
4. Other antimalarial drugs related to artemisinin: The alkylating ability of trioxaquine DU1301 toward
trioxaquines® iron(ll) heme was evaluated in similar conditions as reported

for artemisinin derivatives. At 37C in 1 h, 60% of heme was

A lot of effort has been made in recent years to develop alkylated by two alkyl radicals generated by the reductive ac-
new antimalarial drugfs5]. Among them, chloroquine has tivation of the peroxide bond~g. 11). With artemisinin, no
been modified by covalent link with a ferrocenyl entity. This  alkylation product arising from a putative radical on O1 has
drug named ferroquine is active against chloroquine-resistantbeen demonstrate&ig. 3). On the other hand, in the case of
strains of malaria parasit6]. Bisquaternary ammonium DU1301, two different routes produced alkoxy radicals ei-
salts were designed to target the parasite choline transportether on O1 or on O2, giving rise to two different heme—drug
[67]. Synthetic trioxanes, simplified analogs of artemisinin, adductst and5 [72].
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Cl N

N/\/ NH,

4,7-dichloroquinoline reductive HN/\/N
amination
0 0 Me
H = ‘
0 - Trioxaquine DU1301
,O:<:>< Cl N (2 diastereomeric racemates:
o cpirions o-d e cis-DU1301 and trans-DU 1301 50/50)
cis-trioxane

Fig. 8. Convergent synthesis of trioxaquine DU1301.
4.3. Biological activity of trioxaquine DU1301

The antimalarial activity of the dicitrate salt of trioxaquine
DU1301 has been tested in vitro on a chloroquine-sensitive
and two chloroquine-resistant strains. TiansDU1301,
cis-DU1301, and the 50/50 mixture of the two diastere-
omers exhibit similar activities, with I§5 values of 7-19,
5-11 and 6-17 nM, respectively. The dicitrate salt of triox-
aquine DU1301 has also been tested in vivo, on mice in-
fected byPlasmodium vinckeiThe ED;g values were 5 and
18 mg/kg/d for a 4-day treatment by intraperitoneal or oral Fig. 10. X-ray structure offans:DU1301 (conformer C).
route, respectively. These values are in the range reported for
artemisinin. Moreover, complete cure of parasitaemia with-
out recrudescence has been obtained at 20 mg/kg/d (ip route) Finally, the possible genotoxicity may be a matter of con-
or 50 mg/kg/d (oral route). An absence of toxicity has been cernfor compounds having alkylating ability. The genotoxic-
observed by oral route both on non-infected mice treated with ity of DU1301-(citrate) has therefore been evaluated. Drugs

100 mg/kg/d for three consecutive days, and on infected micethat damage DNA induce systems of DNA repair such as
treated with 120 mg/kg/d for 4 day#1]. the SOS-response, and the ability to induce this phenomenon
in Escherichia colihas been shown to be correlated with

Trans-DUI1301 Cis-DU1301
amine peroxide amine peroxide
at C17 is: at C3 is: at C17 is: at C3is:
/equaton'al ~nn gquatorial equatorial ~ axial
stable conformer (A) -
(C) a‘udl .0

H QuinNH ~
(0] equat
i M
QumNH\N\O Po s
Equat‘ H equat. ”””””””””””””””””

axialwanan gquatorial

conformers

o [om— (D)
axial axial QuinNH

not defected axial equat,
/% -0
H ~
Quin NH 0 _Me

axm] 0
H
dmal o]
Me

Fig. 9. The two diastereomeric racemates of DU1301, the amine and the peroxide function being either axial or equatorial with respect to theeayctphexa
Quin-NH refers to the aminoquinoline residue.
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route a

route b

™

QuinHN

03 Nllle

cicis  Fe'(PPIX)

or C3-C19
cleavage

heme alkylation
—_——
demetallation

0 Me 4

I
Fe "(PPIX)

0-0 reductive homolysis mediated by Fe!(PPIX)

CH

C10-C11
cleavage

|
l Fe "(PPIX)

[ 'C[-lgl

demetallation

2,

5
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0]

3

OH

Fig. 11. Alkylation of heme by trioxaquine DU1301. Alkylation occurred at seveesopositions, only alkylation a8 position is depicted. The oval stands

for the protoporphyrin-1X macrocycle.

the genotoxicity in humang 3]. The possible induction of
the SOS-response by DU1301-(citrate) E. coli has been
studied, using the anticancer drug mitomycin C as control.
Whereas mitomycin C was genotoxic afuBl, the triox-
aquine DU1301-(citrate)was unable to induce the SOS-
response up to 20M, a concentration 1000 times higher
than its antimalarial 16y value[71].

The high efficacy of DU1301 in vitro and in vivo, in par-

nism of action of artemisinin derivatives, and for the prepa-
ration and biological evaluation of trioxaquines. This work
has been supported by the CNRS, tlagRn Midi-Pyenrees

and Palumed. This start-up company and Sanofi-Aventis are
currently working on the development of trioxaquines. Dr.
Heinz Gornitzka (Universi Paul Sabatier-CNRS, Toulouse)

is gratefully acknowledged for the X-ray structures of sev-
eral trioxane and trioxaquine derivatives. Dr. Isabelle Dixon

ticular on chloroquine-resistant strains, its easy synthesis andLCC-CNRS) is acknowledged for English language im-

its chemical stability, its absence of toxicity are making this
trioxaquine a promising drug candidate for antimalarial ther-

apy.

5. Conclusion

At the interface of inorganic chemistry and biology, the

few metal-based drugs known; have some spectacular large-

scale medicinal applications (for exampdés-platin deriva-

provement.

References

[1] N.J. White, F. Nosten, S. Looareesuwan, W.M. Watkins, K. Marsh,
R.W. Snow, G. Kokwaro, J. Ouma, T.T. Hien, M.E. Molyneux, T.E.
Taylor, C.I. Newbold, T.K. Ruebush, M. Danis, B.M. Greenwood,
R.M. Anderson, P. Olliaro, Lancet 353 (1999) 1695.

[2] R.G. Ridley, Nature 415 (2002) 686.

tives or MRI contrast agents). For these complexes, the metal [3] M. Demar, B. Carme, Am. J. Trop. Med. Hyg. 70 (2004) 125.

plays akeyroleinthe dryg4,75] Beside this category, some

organic compounds used as prodrugs must be activated in [5]
vivo by a metal center (for example, the heme of cytochrome

[4] G.H. Coombs, D.E. Goldberg, M. Klemba, C. Berry, J. Kay, J.C.
Mottram, Trends Parasitol. 17 (2001) 532.

P.J. Rosenthal, P.S. Sijwali, A. Singh, B.R. Shenai, Curr. Pharm.
Des. 8 (2002) 1659.

P450) to generate the pharmacological reactive entity. The [6] S. Pagola, P.W. Stephens, D.S. Bohle, A.D. Kosar, S.K. Madsen,

mechanism of action of artemisinin is different: this perox-

ide interacts with the metal center of heme, which acts at [

the same time as trigger and target. Artemisinin specifically

enters infected red blood cells to reach its activator/target.

Trioxaquines will probably do so.

Acknowledgements

The co-authors of the articles signed by AR, FBV and
BM are acknowledged for their contributions on the mecha-

Nature 404 (2000) 307.

7] A.F.G. Slater, W.J. Swiggard, B.R. Orton, W.D. Flitter, D.E. Gold-
berg, A. Cerami, G.B. Henderson, Proc. Natl. Acad. Sci. U.S.A. 88
(1991) 325.

[8] A.C. Chou, R. Chevli, C.D. Fitch, Biochemistry 19 (1980) 1543.

[9] S. Moreau, B. Perly, C. Chachaty, C.A. Deleuze, Biochim. Biophys.
Acta 840 (1985) 107.

[10] T.J. Egan, H.M. Marques, Coord. Chem. Rev. 190-192 (1999) 493.

[11] A. Leed, K. DuBay, L.M.B. Ursos, D. Sears, A.C. de Dios, P.D.
Roepe, Biochemistry 41 (2002) 10245.

[12] D.L. Klayman, Science 228 (1985) 49.

[13] S.R. Meshnick, T.E. Taylor, S. Kamchonwongpaisan, Microbiol. Rev.
60 (1996) 301.



1936

[14] K. Silamut, P.N. Newton, P. Teja-Isavadharm, Y. Suputtamongkol,

D. Siriyanonda, M. Rasameesoraj, S. Pukrittayakamee, N.J. White,

Antimicrob. Agents Chemother. 47 (2003) 3795.

[15] C. Wongsrichanalai, A.L. Pickard, W.H. Wernsdorfer, S.R. Meshnick,
Lancet Infect. Dis. 2 (2002) 209.

[16] S.-H. Xiao, J.-M. Yao, J. Utzinger, Y. Cai, J. Chollet, M. Tanner,
Parasitol. Res. 92 (2004) 215.

[17] W. Ittarat, A.L. Pickard, P. Rattanasinganchan, P. Wilairatana, S.
Looareesuwan, K. Emery, J. Low, R. Udomsangpetch, S.R. Mesh-
nick, Am. J. Trop. Med. Hyg. 68 (2003) 147.

[18] F. Nosten, P. Brasseur, Drugs 62 (2002) 1315.

[19] I.M. Hastings, W.M. Watkins, N.J. White, Philos. Trans. R. Soc.
London, Ser. B 357 (2002) 505.

[20] F. Smithuis, 1. Van der Broek, N. Katterman, M.K. Kyaw, A. Brock-
man, S. Lwin, N.J. White, Trans. R. Soc. Trop. Med. Hyg. 98 (2004)
182.

[21] M.D. Scott, S.R. Meshnick, R.A. Williams, D.T.-Y. Chiu, H.C. Pan,
B.H. Lubin, F.A. Kuypers, J. Lab. Clin. Med. 114 (1989) 401.

[22] B. Meunier, Chem. Rev. 92 (1992) 1411.

[23] P.A. MacFaul, I.W.C.E. Arends, K.U. Ingold, D.D.M. Wayner, J.
Chem. Soc., Perkin Trans. 2 (1997) 135.

[24] A. Robert, B. Meunier, Chem. Soc. Rev. 27 (1998) 273.

[25] A. Robert, O. Dechy-Cabaret, J. Cazelles, B. Meunier, Acc. Chem.
Res. 35 (2002) 167.

[26] J. Cazelles, A. Robert, B. Meunier, J. Org. Chem. 67 (2002) 609.

[27] C.W. Jefford, F. Favarger, M.G.H. Vicente, Y. Jacquier, Helv. Chim.
Acta 78 (1995) 452.

[28] G.H. Posner, P.M. O’'Neill, Acc. Chem. Res. 37 (2004) 397.

[29] G.H. Posner, C.H. Oh, D. Wang, L. Gerena, W.K. Milhous, S.R.
Meshnick, W. Asawamahasakda, J. Med. Chem. 37 (1994) 1256.

[30] A. Robert, B. Meunier, J. Am. Chem. Soc. 119 (1997) 5968.

[31] A. Robert, J. Cazelles, B. Meunier, Angew. Chem. Int. Ed. 40 (2001)
1954.

[32] A. Robert, Y. Coppel, B. Meunier, Chem. Commun. (2002) 414.

[33] A. Robert, Y. Coppel, B. Meunier, Inorg. Chim. Acta 339 (2002)
488.

[34] K. Selmeczi, A. Robert, C. Claparols, B. Meunier, FEBS Lett. 556
(2004) 245.

[35] M. Mungthin, P.G. Bray, R.G. Riedley, S.A. Ward, Antimicrob.
Agents Chemother. 42 (1998).

[36] S.R. Meshnick, A. Thomas, A. Ranz, C.-M. Xu, H.-Z. Pan, Mol.
Biochem. Parasitol. 49 (1991) 181.

[37] H.M. Gu, D.C. Warhurst, W. Peters, Trans. R. Soc. Trop. Med. Hyg.
78 (1984) 265.

[38] S.A. Laur, P.K. Rathod, N. Ghori, K. Haldar, Science 276 (1997)
1122.

[39] T. Akompong, J. VanWye, N. Ghori, K. Haldar, Mol. Biochem. Par-
asitol. 101 (1999) 71.

[40] H.M. Staines, T. Powell, S.L.Y. Thomas, J.C. Ellory, Int. J. Parasitol.
34 (2004) 665.

[41] P.M. O'Neill, G.H. Posner, J. Med. Chem. 47 (2004) 2945.

[42] A. Robert, F. Benoit-Vical, C. Claparols, B. Meunier, Unpublished
results.

[43] A. Robert, B. Meunier, Chem. Eur. J. 4 (1998) 1287.

[44] O. Provot, B. Camuzat-Dedenis, M. Hamzaoui, H. Moskowitz, J.
Mayrargue, A. Robert, J. Cazelles, B. Meunier, F. Zouhiri, D.
Desméle, J. d’Angelo, J. Mahuteau, F. Gay, L. &ion, Eur. J.
Org. Chem. (1999) 1935.

[45] C. Jaquet, H.R. Stohler, J. Chollet, W. Peters, Trop. Med. Parasitol.
45 (1994) 266.

A. Robert et al. / Coordination Chemistry Reviews 249 (2005) 1927-1936

[46] J. Cazelles, A. Robert, B. Meunier, J. Org. Chem. 64 (1999) 6776.

[47] P.M. O'Neill, L.P.D. Bishop, N.L. Searle, J.L. Maggs, R.C. Storr,
S.A. Ward, B.K. Park, F. Mabbs, J. Org. Chem. 65 (2000) 1578.

[48] W. Asawamahasakda, I. Ittarat, Y.-M. Pu, H. Ziffer, S.R. Meshnick,
Antimicrob. Agents Chemother. 38 (1994) 1854.

[49] T.E. Wellems, R.J. Howard, Proc. Natl. Acad. Sci. U.S.A. 83 (1986)
6065.

[50] C.Y.H. Choi, J.F. Cerda, H.-A. Chu, G.T. Babcock, M.A. Marletta,
Biochemistry 38 (1999) 16916.

[51] D.J. Sullivan, LY. Gluzman, D.E. Goldberg, Science 271 (1996) 219.

[52] R. Kannan, D. Sahal, V.S. Chauhan, Chem. Biol. 9 (2002) 321.

[53] D.J. Sullivan, I.Y. Gluzman, D.G. Russell, D.E. Goldberg, Proc. Natl.
Acad. Sci. U.S.A. 93 (1996) 11865.

[54] S.E. Francis, D.J. Sullivan, D.E. Goldberg, Annu. Rev. Microbiol.
51 (1997) 197.

[55] A.V. Pandey, B.L. Tekwani, R.L. Singh, V.S. Chauhan, J. Biol. Chem.
274 (1999) 19383.

[56] W. Asawamahasakda, I. Ittarat, C.-C. Chang, P. McElroy, S.R. Mesh-
nick, Mol. Biochem. Parasitol. 67 (1994) 183.

[57] Y.-L. Hong, Y.-Z. Yang, S.R. Meshnick, Mol. Biochem. Parasitol.
63 (1994) 121.

[58] S.R. Meshnick, Int. J. Parasitol. 32 (2002) 1655.

[59] J. Bhisutthibhan, X.-Q. Pan, P.A. Hossler, D.J. Walker, C.A. Yowell,
J. Carlton, J.B. Dame, S.R. Meshnick, J. Biol. Chem. 273 (1998)
16192.

[60] U. Eckstein-Ludwig, R.J. Webb, I.D.A. van Goethem, J.M. East,
A.G. Lee, M. Kimura, P.M. O'Neill, P.G. Bray, S.A. Ward, S. Kr-
ishna, Nature 424 (2003) 957.

[61] A. Tromans, Nature 429 (2004) 253.

[62] O. Billker, S. Dechamps, R. Tewari, G. Wenig, B. Franke-Fayard,
V. Brinkmann, Cell 117 (2004) 503.

[63] Y.-Z. Yang, B. Little, S.R. Meshnick, Biochem. Pharmacol. 48 (1994)
569.

[64] The average distance covered by a diffusing particle in a time
is: (x)=2(Dt/7)"2. A typical diffusion coefficient for a small or-
ganic molecule i =5x 10 19°m2s~1 (sucrose in water). See: P.W.
Atkins, Physical Chemistry, 5th ed., Oxford University Press, Ox-
ford, 1994, pp. 846-856.

[65] J. Wiesner, R. Ortmann, H. Jomaa, M. Schlitzer, Angew. Chem. Int.
Ed. 42 (2003) 5274.

[66] L. Delhaes, C. Biot, L. Berry, P. Delcourt, L.A. Maciejewski, D.
Camus, J.S. Brocard, D. Dive, Chem. Biochem. 3 (2002) 418.

[67] K. Wengelnik, V. Vidal, M.L. Ancelin, A.-M. Cathiard, J.L. Morgat,
C.H. Kocken, M. Calas, S. Herrera, A.W. Thomas, H.J. Vial, Science
295 (2002) 1311.

[68] G.H. Posner, I.-H. Paik, S. Sur, A.J. McRiner, K. Borstnik, S. Xie,
T.A. Shapiro, J. Med. Chem. 46 (2003) 60.

[69] O. Dechy-Cabaret, F. Benoit-Vical, A. Robert, B. Meunier, Chem.
Biochem. 1 (2000) 281.

[70] L.K. Basco, O. Dechy-Cabaret, M. Ndounga, F.S. Meche, A. Robert,
B. Meunier, Antimicrob. Agents Chemother. 45 (2001) 1886.

[71] O. Dechy-Cabaret, F. Benoit-Vical, C. Loup, A. Robert, H. Gor-
nitzka, A. Bonhoure, H. Vial, J.-F. Magnaval, J.-egt€la, B. Me-
unier, Chem. Eur. J. 10 (2004) 1625.

[72] S.A.-L. Laurent, C. Loup, S. Mourgues, A. Robert, B. Meunier,
ChemBiochem, in press.

[73] M. Hofnung, P. Quillardet, Ann. N.Y. Acad. Sci. 534 (1988) 817.

[74] Z. Guo, P.J. Sadler, Angew. Chem. Int. Ed. 38 (1999) 1512.

[75] J. Halpern, K.N. Raymond, Proc. Natl. Acad. Sci. U.S.A. 100 (2003)
3562.



	The key role of heme to trigger the antimalarial activity of trioxanes
	Introduction: iron in human body
	Heme in malaria-infected red blood cells
	Digestion of hemoglobin
	Aggregation of heme

	Alkylating ability of artemisinin triggered by heme
	The antimalarial peroxide artemisinin
	Mechanism of action of artemisinin
	Covalent heme-artemisinin adducts
	Heme-drug adducts with other antimalarial peroxides?
	Possible biological roles of covalent heme-artemisinin adducts
	Other activators, other target(s) for artemisinin?

	Other antimalarial drugs related to artemisinin: trioxaquines
	Synthesis of trioxaquine DU1301
	Alkylating ability of trioxaquine DU1301
	Biological activity of trioxaquine DU1301

	Conclusion
	Acknowledgements
	References


