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Introduction

Currently, nearly two billion people are at risk of
contracting malaria and the incidence of this disease is
dramatically increasing because many Plasmodium
falciparum strains, the parasite responsible for the
majority of fatal malaria infections, have become resis-
tant to chloroquine (1).1,2 Some strains have also
developed resistance to mefloquine (2)3 and even to the
naturally occurring and highly efficient antimalarial
quinine (3).4

Resistance to chloroquine first appeared in Thailand
and South America in the early 1960s, and many strains
of P. falciparum resistant to nearly all quinoline drugs
are now present in large parts of the world.5 Resistance
is now so widespread that chloroquine is virtually
useless in some parts of the world. The alarming spread
of drug resistance has led the World Health Organiza-
tion (WHO) to predict that in the absence of new
antimalarial strategies the number of people suffering
from malaria will double by the year 2010. Thus, to
circumvent this phenomenon of drug resistance, it is
imperative that novel drugs should be developed to treat
the disease.6 In the absence of an effective malaria
vaccine, the design and discovery of new antimalarial
drugs that are active against chloroquine-resistant
parasites is the best way to achieve the goal of “rolling
back malaria”.7

In 1967, the Chinese government launched a program
to discover new antimalarial drugs, and indigeneous
plants used in traditional medicine were systematically

examined.8,9 The first written record of the antipyretic
activity of tea-brewed leaves of Artemisia annua was
described in “The Handbook of Prescriptions for Emer-
gency Treatments” written by Ge Hong (281-340 A.D.).
Li Shizen’s “Compendium of Materia Medica” (published
in 1596) cited the prescription from Ge Hong’s book. In
1972, Chinese researchers isolated, by extraction at low
temperature from this plant, a crystalline compound
that they named qinghaosu [the name artemisinin (4a)
is preferred by Chemical Abstracts, Registry No. 63968-
64-9]. The source of artemisinin is the plant A. annua
(Sweet wormwood), and the fact that artemisinin is a
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stable, easily crystallizable compound renders the ex-
traction and purification processes reasonably straight-
forward.10 In Vietnam, the total amount of artemisinin
produced in 1999 was approximately 3 tonnes. It is
difficult to estimate production in China, but figures
close to 5 tonnes per year (from wild A. annua) have
been reported.11 Thus, as cultivation of A. annua
increases, artemisinin should prove to be a cheap and
readily available building block for improved analogue
synthesis.12-14 In this Perspective, we will review
aspects of the chemistry, mechanism of action, metabo-
lism, and toxicity of the endoperoxide class of drugs and
will focus on lead compounds (semisynthetic and syn-
thetic) that have emerged as potential next-generation
analogues. We will also briefly cover artemisinin com-
bination therapy (ACT) and will discuss the potential
of drug hybrids and prodrugs as new approaches to
delivering combination chemotherapy through a single
chemical entity.

Artemisinin and First-Generation Derivatives
Although artemisinin (4a, qinghaosu) has been used

clinically in China for the treatment of multidrug-
resistant Plasmodium falciparum malaria, the thera-
peutic value of 4a is limited to a great extent by its low
solubility in both oil and water. Consequently, in the
search for more effective and soluble drugs, Chinese
researchers prepared a number of derivatives of the
parent drug.15 Reduction of artemisinin produces dihy-
droartemisinin (4b), which has in turn led to the
preparation of a series of semisynthetic first-generation
analogues that include artemether (4c, R ) -Me) and
arteether (4d, R ) -Et). Both of these compounds are
more potent than artemisinin but have short plasma
half-lives and produce fatal central nervous system
(CNS) toxicity in chronically dosed rats and dogs.16-18

Although neurotoxicity is an issue in animal models,
recent studies by White and co-workers have shown a
lack of neuronal death in patients who had received high
doses of artemether by intramuscular injection.19 De-
spite these observations, there is no comparative data
on oral dosing with first-generation alkyl ether prodrugs
(i.e., artemether, arteether) of the neurotoxic dihydroar-
temisinin.

For treatment of advanced cases of P. falciparum
malaria, a water-soluble derivative of artemisinin is
desired. A water-soluble derivative can be injected
intravenously (iv), and thus, the drug can be delivered
more quickly than by intramuscular (im) injection (Lin
et al., 1989).20 The sodium salt of artesunic acid (4e) is
such a water-soluble derivative, capable of rapidly
diminishing parasitaemia and restoring consciousness
of comatose cerebral malaria patients.20 Because of the
high recrudescence rate, however, sodium artesunate
(4e) is normally administered in combination therapy,
most often with mefloquine.21 Out of all the first-
generation derivatives, sodium artesunate (4e) is cur-
rently the drug of choice.22

Sodium artelinate (4f), the sodium salt of artelinic
acid, was designed to overcome the hydrolytic instability
experienced with artesunate.23,24 In comparison to ar-
temether and arteether, 4f not only is more stable in
aqueous solution but also has a much longer half-life
(1.5-3 h) than oil-soluble analogues. In addition, recent
findings suggest that 4f is substantially less CNS-toxic

in rats and dogs than either of the first-generation
ethers 4c and 4d.25

Current Theories on the Mechanism of Action
Figure 1 illustrates the life cycle of Plasmodium

falciparum, one of the four species of parasite that are
pathogenic in man (and also the most dangerous). As
can be seen, a portion of the life cycle occurs within the
erythrocyte (red blood cell) of the human host. During
this stage of the cycle, the parasite utilizes host hemo-
globin as a food source. Hemoglobin is imported into a
specialized acidic compartment in the parasite, known
as a food vacuole (FV), and broken down by proteolytic
enzymes called plasmepsins26 to peptides that are
subsequently degraded to amino acids by a number of
food vacuole cysteine proteases, known as falcipains.27-32

In the process an amount of 4 equiv of heme [ferropro-
toporphyrin IX, or Fe(II)PPIX] is released and oxidized
to hematin Fe(III)PPIX. Hematin in its reduced ferrous
state [Fe(II)PPIX will be referred to as heme in this
review] is toxic to microorganisms in its free form and,
in the parasite, is detoxified by conversion to an
insoluble compound known as malaria pigment or
hemozoin. Recent evidence suggests that disruption of
this detoxification process is the chemical mechanism
of action of chloroquine and related drugs.33-36 As we
will see below, it has been widely proposed that hema-
tin, upon reduction to heme, is the source of ferrous iron
that is responsible for bioactivation of the endoperoxide
bridge of artemisinin to cytotoxic radical species (vide
infra).

Artemisinin and its derivatives are toxic to malaria
parasites at nanomolar concentrations, but micromolar
concentrations are required for toxicity to mammalian
cells. One reason for this selectivity is the enhanced
uptake of the trioxane drug by the parasite; P. falci-
parum infected erythrocytes concentrate [3H]-dihy-
droartemisinin and [14C]-artemisinin to a >100-fold
higher concentration than do uninfected erythrocytes.37

An artemisinin derivative lacking the endoperoxide
bridge (deoxyartemisinin) is devoid of antimalarial
activity, indicating that this peroxide functionality is
the key factor of the pharmacological activity of these
trioxanes.8

Figure 1. Life cycle of the malaria parasite. Site X is the
principal point of attack for peroxide-based antimalarials.
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Oxidative Stress. Artemisinin-mediated oxidative
stress has been proposed as a mechanism of action on
the basis of in vitro experiments with infected human
red blood cells or with parasite membranes.38 In fact,
the intraerythrocytic activation of the trioxane peroxidic
bond by iron(II)-heme produced during hemoglobin
degradation should generate oxygen radical species. In
vitro, heme catalyzes the reductive decomposition of
artemisinin and dihydroartemisinin.39 When incubated
with normal erythrocytes, artemisinin was shown to
increase the concentration of methemoglobin and to
slightly reduce the intracellular glutathione and mem-
brane fatty acid concentrations, resulting in a dose-
dependent increase of cell lysis. However, these experi-
ments were made at concentrations ranging from 50 to
1000 mM, that is, at doses 103-105 times higher than
effective in vitro drug concentrations.40

Biomimetic studies by Berman and Adams have
clearly demonstrated that artemisinin can effect a 6-fold
increase in heme-mediated lipid membrane damage.41

Of importance to this observation are the findings of
Fitch and colleagues who have recently demonstrated
that unsaturated lipids coprecipitate with hematin in
the parasite’s acidic food vacuole and also dissolve
sufficient monomeric hematin to allow efficient polym-
erization.42,43 A possible mechanism of artemisinin-
induced lipid peroxidation is depicted in Scheme 1, and
this mechanism provides access downstream to typical
reactive oxygen species such as the hydroxyl radicals
and the superoxide anion. Interaction of lipid solubilized
heme with artemisinin followed by ferrous-mediated
generation of oxyl and carbon radicals places these
reactive intermediates in the vicinity of target allylic
hydrogens of unsaturated lipid bilayers. Hydrogen
abstraction and allylic carbon radical formation with
subsequent triplet ground-state oxygen capture result
ultimately in the formation of lipid hydroperoxides. The

explicit mechanism depicted in Scheme 1 is supported
by the work of Berman and Adams and others, and it
was proposed that the damage caused to the parasite’s
FV membrane leads to vacuolar rupture and parasite
autodigestion.41 This mechanism is consistent with the
observed oxygen dependence of antimalarial action of
artemisinin and the morphological changes seen follow-
ing artemisinin administration to parasites in vitro.44

The biological significance of hydroperoxides in relation
to biological hydroxylation and autoxidation of, for
example, lipids and membrane bilayers is well estab-
lished. The generation of unsaturated lipid hydroper-
oxides provides a means of initiation of such processes.
In contrast to these proposals, other workers in the field
have suggested that membrane-bound heme may have
a role to play in reducing the effectiveness of endoper-
oxides such as dihydroartemisinin. Further work is
required to clarify the role of vacuolar membrane bound
heme in the mechanism of action of endoperoxide
antimalarials.45 An alternative nonlipid “artemisinin
derived source of hydroperoxide” is discussed below.

Although Scheme 1 would appear chemically plau-
sible, several workers have proposed that the parasite
death in the presence of artemisinin is probably not due
to nonspecific or random cell damage caused by freely
diffusing oxygen radical species but might involve
specific radicals and targets, some of which are de-
scribed later in this review. The following section details
the specific “transitory” species that may be responsible
for the antimalarial mechanism of action of artemisinin.
Targets of these species are discussed and will conclude
with the most recent studies by Eckstein-Ludwig who
suggest that artemisinin derivatives target the PfATP6,
the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA)
of the parasite.46

Transitory Species Mediating the Antimalarial
Activity of Artemisinin: Carbon Radicals, Car-
bocations, Hydroperoxides, and High-Valent Iron-
Oxo Species. On the basis of the seminal work of
Posner and co-workers in the early 1990s, the free
radical chemistry of artemisinin is now very well-
defined and has been shown to involve an initial
chemical decomposition induced by heme Fe(II) (reduced
hemin) or other sources of ferrous iron within the
malaria parasite to produce initially an oxy radical that
subsequently rearranges into one or both of two distinc-
tive carbon-centered radical species.47 Scheme 2a sum-
marizes the main radical pathways available for arte-
misinin following endoperoxide-mediated bioactivation.
Since artemisinin is an unsymmetrical endoperoxide,
the oxygen atoms of the peroxide linkage can associate
with reducing ferrous ions in two ways. Association of
Fe(II) with oxygen 1 provides an oxy radical that goes
on to produce a primary carbon-centered radical (5a).
A surrogate marker for the intermediacy of this radical
species is the ring-contracted tetrahydrofuran (RCT)
product 5b. Alternatively, association with oxygen 2
provides an oxy radical species that, via a 1,5-H shift,
can produce a secondary carbon-centered radical (5c).
Again, like the previous route, a stable end-product,
hydroxydeoxoartemisinin (HDA) (5d), functions as a
surrogate marker for this secondary carbon-centered
radical species.

It has been proposed that final alkylation by these
reactive intermediates of biomacromolecules such as

Scheme 1. Proposed Chemical Mechanism for the
Observed Artemisinin Mediated Lipid Peroxidation of
Cell Membranesa

a Carbon radicals, generated from artemisinin, abstract allylic
hydrogen atoms from unsaturated lipid bilayers to set in motion
the downstream generation of a variety of reactive oxygen species
by a classic lipid peroxidation mechanism. Heme or hematin/thiols
associated with the lipid bilayer may be the catalysts responsible
for initiation of these processes.
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heme, specific proteins, and other targets result in the
death of malaria parasites.48,49 The secondary C-radical
intermediate (5c) has also been implicated as the
precursor to a high-valent iron-oxo species (5e), and
several experimental results support the intermediacy
of such a potentially toxic species.50,51 Although Varotsis
has provided Raman spectroscopic support for the
generation of a high-valent iron-oxo species during
ferrous-mediated endoperoxide decay,52,53 the groups of
Meunier54 and Jefford have contested this chemical
mechanism.55,56

For artemisinin, Wu has argued that since the forma-
tion of the surrogate markers 5b and 5d proceeds in
an intramolecular fashion, only a small proportion of
the carbon radicals generated during iron-mediated
cleavage have the ability to react with biological targets
in a less favorable intermolecular sense.57 This theory
may not be unreasonable because, although there are
now over 100 publications on biomimetic iron-mediated
degradations on endoperoxide-based systems, to date
there are only a handful of model studies where C
radicals have been shown to be capable of alkylating
protein models. (A literature review using ISI Web of
Knowledge reveals that carbon radicals are poor protein
alkylators). Models presented by Wu, where carbon
radical species can react in a favored intramolecular
sense with thiol residues of amino acid derivatives,
include the reaction of the primary radical intermediate
5a with iron sulfur chelates.58,59 It follows that C-S
bond formation at the enzyme active site remains a
plausible but unproven chemical mechanism of action
for the artemisinin class of antimalarial. At this point
in the discussion, it is important to note that many
endoperoxides and spirotrioxanes have been identified
that can generate carbon radicals but are not antima-
larially active. In our view, this does not rule out the

role of carbon radicals in the mechanism of action of
endoperoxide antimalarials, since careful examination
of many endoperoxides that generate carbon radical
species but are poor antimalarials reveal that structur-
ally their endoperoxide function is chemically exposed
and not protected (sterically shielded) compared with
the trioxane bridge in artemisinin. It is likely that such
systems can be detoxified by direct reaction with the
parasites’ antioxidant defense system or by glutathione
before they have the opportunity to gain entry to the
parasite cytosol and ferrous-rich food vacuole.60,61

Further objections to the C-4 carbon centered radical
hypothesis have been put forward on the basis of careful
considerations of the SAR of a ring-opened/rearranged
derivative of dihydroartemisinin 5g and Avery’s seco-
4,5-artemisinin analogues 5h-k (Figure 2).62 First, it
is claimed that rearranged 5g, which retains substantial
antimalarial activity, cannot generate C-4 radicals in a
manner analogous to that of artemisinin.49 The main
problem with this proposal is that in acid, 5g can be
rearranged back to the parent drug dihydroartemisinin
(DHA) by an acid-catalyzed unzipping recyclization
process. Thus, the activity of this analogue may stem
from its reconversion to DHA (4b). Two of the seco
analogues, 5h and 5k, have poor antimalarial activity,
but remarkably 5i has activity equivalent to that of
artemisinin. Clearly 5i cannot generate either a second-
ary or primary C-4 radical in the same manner as the
parent drug artemisinin. However, this analogue still
has the capacity to extrude a primary methyl radical
by C-C scission after homolytic cleavage by association
of reducing Fe(II) with oxygen O1. For association of
ferrous iron with O2, it is not unreasonable in this case
to suggest that the oxyl radical generated, without the
option to generate a carbon radical in an intramolecular
sense, may well be involved in intermolecular H-

Scheme 2. Homolytic and Heterolytic Mechanisms of Bioactivation of the Endoperoxide Bridge of Artemisinin and
Derivatives
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abstractions with target proteins or lipids. Further work
is required here, but what these diverse antimalarial
SAR results certainly indicate is that very minor chemi-
cal changes have a profound effect on activity, suggest-
ing that a specific biological target may indeed be
involved and that no simple explanation can be used to
fully explain the results for these seco analogues,
particularly the extraordinary beneficial effect of C-10
R methyl substitution in 5i that leads to a 5-fold (15-
fold versus W-2 strain) increase in antimalarial activity
versus the D2 strain of Plasmodium falciparum in vitro.

An alternative view to the iron-induced homolytic
endoperoxide cleavage hypothesis is that artemisinin
acts as a masked source of hydroperoxide (Scheme 2,
b).63-65 Heterolytic cleavage of the endoperoxide bridge
and formation of an unsaturated hydroperoxide is
followed by capture by water (or other nucleophile).
Subsequent Fenton like degradation of the hydroper-
oxide produces the hydroxyl radical, a species that can
go on to oxidize target amino acid residues; this alterna-
tive pathway provides a mechanism of producing a
whole host of reactive oxygen species (ROS) that may
have an equally important role to play in the antima-
larial activity of these compounds. It has been proposed
that the heterolytic step is aided by the nonendoperoxide
bridging oxygen of the trioxane ring, where the car-
bocation can be stabilized by resonance.63 Presumably,
this species as shown can readily react with water to
provide a neutral source of hydroperoxide following loss
of a proton (direct loss of a proton could also generate a
neutral species).49 Haynes and co-workers have dem-
onstrated that artemisinin can mediate N-oxidation of
tertiary alkylamine derivatives via the intermediacy of
such a ring-opened peroxide form of artemisinin.63 If at
this point we return to the difficulties in explaining the

activity of seco-4,5-artemisinin analogues by the carbon-
centered radical hypothesis, it is clear that the hetero-
lyic cleavage mechanism is supported by the excellent
activity of 5i but not by analogue 5h. The two seco
analogues 5h and 5i should have no difficulty in
undergoing a heterolytic cleavage step to form virtually
the same carbocation, yet they have very different
antimalarial activities, thereby providing some evidence
against an initial heterolytic cleavage mechanism.

Definitive evidence for the generation of carbon radi-
cal intermediates during ferrous-mediated endoperoxide
degradation of both artemisinin and arteflene has been
provided by EPR spin-trapping techniques.66 For arte-
misinin, both the primary and secondary carbon-
centered radicals have been efficiently spin-trapped
after iron-mediated activation.67,68 In contrast, the en-
doperoxide arteflene (6a) cleanly generates only a
secondary carbon-centered radical (6c), again via the
intermediacy of an oxy radical (6b), that has been
trapped by the nitroso compounds DBNBS and DMPO
(Scheme 3).68 For 6a, carbon radical formation is ac-
companied by formation of enone (6b), a compound
capable of acting as a potential Michael acceptor of
thiols.69

While heterolytic cleavage may be possible in the
trioxane class of antimalarial, it does not appear to be
operative, in biomimetic studies at least, in the endop-
eroxide class of antimalarial (e.g., arteflene) on the basis
of TEMPO spin-trapping experiments that clearly show
that homolysis is the only route of degradation with no
evidence of heterolytic retro-Michael addition of the
endoperoxide bridge. Heterolytic cleavage of arteflene
would necessitate the formation of a carbon-carbon

Figure 2. (a) Interconversion of a ring-opened form of DHA
to DHA by an acid-catalyzed unzipping, recyclization pathway
and (b) variations in the antimalarial activities for seco-4,5-
artemisinin derivatives. (c) Possible routes of ferrous mediated
degradations of a seco analogue 5i.

Scheme 3. (a) Ferrous Mediated Bioactivation of
Arteflene and (b) Spin-Trapping of Secondary
Carbon-Centered Radical 6c with the Water-Soluble
Nitroso Spin-Trap DBNBS
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double bond containing a cyclohexyl secondary carbon-
centered radical fragment (6h). This is not observed in
spin-trapping studies conducted with TEMPO using
MnTPP (or FeCl2‚4H2O) as reductants (Scheme 4), and
the only TEMPO adduct characterized was 6g with no
evidence for the formation of 6i or the double bond
reduced 6j.70

There is no question that carbon-centered radicals are
generated during ferrous-mediated cleavage of triox-
anes, but are these species simply intermediates en
route to the ultimate electrophilic species responsible
for the observed alkylation of proteins? An alternative
mechanism that also renders degradation of the triox-
ane bridge catalytic in ferrous iron involves oxidation
of the carbon radical species to an electrophilic carboca-
tion by a single electron transfer (SET); for artemisinin
this process can formally regenerate ferrous iron (Fe-
(II)) and carbocation species 7a and 7b that would
appear to be better candidates as potential protein
alkylating agents (Scheme 5). Bachi has recently dem-
onstrated that oxidation of carbon radicals readily
occurs during biomimetic Fe(II) degradation reactions
of bicyclic endoperoxides.71

We have seen that artemisinin and endoperoxide-
based drugs have the ability to generate a range of
different reactive intermediates, and many of these have
been proposed as the mediators of the phenomenal
antimalarial activity of this class of drug, and we will
now briefly summarize the main suggested biological
targets.

Target(s) of Artemisinin Derivatives

When artemisinin or other active trioxanes were
incubated at pharmacologically relevant concentrations
within human red blood cells infected by P. falciparum,
a heme-catalyzed cleavage of the peroxide bond was
reported to be responsible for the alkylation of heme39

and a small number of specific parasite proteins,72,73 one
of which has a molecular size similar to those of a
histidine-rich protein (42 kDa).74 Another possible target
protein is the P. falciparum translationally controlled
tumor protein (TCTP).75,76 Artemisinin may also be
involved in the specific inhibition of malarial cysteine
protease activity77 (vide infra). Furthermore, the incu-
bation of purified hemozoin with artemisinin at a pH
value close to that of the parasite vacuole (pH 5.5)
resulted in the loss of hemozoin, indicating that hemo-
zoin may be dismantled by drug interactions, leading
to the building up of the free hematin pool.77,78

Heme and Heme Model Alkylation. Alkylation of
heme by artemisinin was first reported by Meshnick
after identification of heme-drug adducts by mass
spectrometry, but no structures were proposed for the
resulting covalent adducts.39,78 Because of the variety
of possible alkylation sites on iron protoporphyrin IX,
Meunier studied the alkylating activity of artemisinin
with manganese(II) tetraphenylporphyrin, a synthetic
metalloporphyrin having a fourth-order symmetry and
only the eight equivalent â-pyrrolic positions as possible
alkylation sites. When MnIITPP was reacted with ar-
temisinin (or artemether and several related synthetic
trioxanes) in dichloromethane, a chlorin-type adduct
(e.g., 7c) was formed by reaction of the macrocycle with
an alkyl radical generated by reductive activation of the
drug endoperoxide (Scheme 6).79

From studies with synthetic trioxanes it was also
shown that analogues bearing a bulky substituent on
the R face close to the endoperoxide (i.e., on the same
side of the endoperoxide with respect to the mean drug
plane) were inactive toward malaria infected cells and
also unable to alkylate the macrocycle (Figure 3). This
work suggested that (i) a close interaction between the
metal center and the peroxide bond is required, sug-
gesting that this activation occurred through an inner-
sphere electron transfer, and (ii) alkylation ability is
crucial for the antimalarial activity of artemisinin and
is a general feature required for the biological activity
of endoperoxide-containing antimalarial drugs.54,80

Scheme 4. Mn(II) Mediated Degradation of Arteflenea

a (a) Manganese(II) TPP mediated bioactivation of arteflene and
subsequent TEMPO spin-trapping and derivatization of the adduct
by acetylation. Only adduct 6g derived from a homolytic cleavage
pathway was detected, ruling out (b) the heterolytic pathway that
would result in adducts 6i and/or 6j.

Scheme 5. Oxidation of Carbon Radicals to Potentially
Toxic Carbocations via Fe(III) Reduction to Fe(II)
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A vitally important exception to the generalizations
discussed above is the observation that the 4,4′-gem-
dimethyl-substituted trioxane 7d is smoothly isomerized
by hemin in the presence of benzyl mercaptan as
reducing agent. Neither hemin alone or benzyl mercap-
tan alone converts trioxane 7d into RCT product 7e.81

That mercaptan-reduced hemin can mediate isomeriza-
tion of 7d suggests that 4R substitution does not block
trioxane docking on heme and that other factors must
account for the antimalarial inactivity of such com-
pounds. Clearly 7d has generated a carbon radical en
route to the observed RCT product 7e but cannot form
a secondary radical in a manner analogous to that of
artemisinin. Additionally, this analogue should have no
problem undergoing heterolytic cleavage to an open
hydroperoxide. It would appear difficult to provide a
convincing explanation for the inability of the radical
species from 7d to alkylate heme or to explain this
compound’s antimalarial inactivity (Scheme 7). Indeed,
Scheme 7 and the lack of antimalarial activity of the
4,4-dimethyltrioxane 7d have been used to support the

importance of C-4 secondary carbon centered radical
intermediates for high antimalarial activity of any
trioxane. Likewise, the antimalarial inactivity of the
corresponding 4R-methyltrioxane and the very potent
antimalarial activity of the corresponding 4â-methyl-
trioxane both support the critical role of the secondary
C-4 radical intermediate.81

Further studies involved the investigation of the
reactivity of artemisinin toward the pharmacologically
more relevant iron(II)-containing model of ferriproto-
porphyrin IX.82 For this purpose, iron(III) protoporphy-
rin IX dimethyl ester was exposed to artemisinin in the
presence of a hydroquinone derivative (or a thiol) as
reducing agent to generate the requisite iron(II) heme
species (Scheme 8). Heme was readily converted in high
yield to heme-artemisinin adducts.83 The demetalation
of this mixture of three adducts to facilitate the NMR
characterization indicated that the R, â, and δ meso
carbons were alkylated. Such results prompted Meunier
to suggest that the low and transient concentration of
free heme generated by hemoglobin degradation in vivo
may be responsible for the reductive activation of the

Figure 3. Detrimental effect of 5a substitution on the docking
of trioxane derivatives on heme.

Scheme 6. Reaction of an Artemisinin-Derived Primary
Carbon Centered Radical with MnIITPP To Give Chlorin
Adduct 7c

Scheme 7. Hemin/Benzyl Mercaptan Mediated
Isomerization of a 4,4′-gem-Dimethyltrioxane Analogue
of Artemisinina

a The formation of 7e clearly demonstrates that 4-R-methyl
substitution does not prevent close docking on heme.

Scheme 8. Reaction of an Artemisinin-Derived Primary
Carbon Centered Radical with Fe(III) Protoporphyrin IX
Dimethyl Estera

a Adducts are also obtained from reaction at the R and δ carbon
atoms.
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endoperoxide function of active trioxanes. This pathway
generates alkylating species, such as the primary carbon
radical (5a), which are likely to disrupt vital biochemical
processes of the parasite via alkylation of biomolecules
located in the vicinity of the free heme. This proposal
is based on the assumption that the primary C radical
has sufficient lifetime to migrate from the face of the
porphyrin metallocycle and subsequently to interact
with its biological target.49

Although it is clear in model systems that artemisinin
can efficiently alkylate heme-based models, the role of
this event in the mechanism of action of artemisinin has
been questioned. For example, it has been proposed that
the formation of heme-artemisinin adducts of the type
described could result in the prevention of heme polym-
erization to nontoxic hemozoin. The resultant buildup
of redox active alkylated porphyrins could in theory lead
to parasite death by a mechanism similar to that
proposed for the quinoline-based antimalarials. How-
ever, Haynes and co-workers have ruled out this poten-
tial mechanism by demonstrating clearly that although
artemisinin (4a) and dihydroartemisinin (4b) have the
ability to inhibit â-hematin formation in vitro, the
closely related and antimalarially potent C-10 deoxoar-
temisinin (4g) has no effect on polymerization. Thus, it
was proposed that the observed inhibitory activities in
the heme polymerization inhibitory assay (HPIA) for 4a
and 4b are a reactivity or property not related to the
inherent antimalarial mode of action of this class of
drugs.84

Other workers have questioned the role of heme as
the catalyst for artemisinin bioactivation on the basis
of isobologram analysis with a variety of different
protease inhibitors and artemisinin derivatives. By use
of a number of peptide-based inhibitors, it has clearly
been shown that inhibition of hemoglobin proteolysis
does not antagonize the antimalarial mechanism of
dihydroartemisinin. This is in sharp contrast to the
situation with chloroquine, where protease inhibition
results in marked antimalarial antagonism (this result
provides evidence to support the widely accepted theory
that hematin is the target for the 4-aminoquinoline class
of drugs).85,86 This result implies that heme may not be
the iron source responsible for endoperoxide bioactiva-
tion. If there are catalytic amounts of heme present after
protease inhibition, then the efficient alkylation pro-
cesses described above54,83,87 would be expected to
rapidly consume any residual quantities of “free heme”,
thus rendering further endoperoxide cleavage impos-
sible. Apparently, this is not observed.

Other evidence against the “alkylation of heme theory”
includes the fact that arteflene and other endoperoxide
analogues do not form covalent adducts with iron-
based69 and manganese-based heme models.70

It is emphasized that virtually all of the above
discussion is based on biomimetic chemistry where the
Fe(II) source varies from salts such FeSO4 to the more
reactive FeCl2‚4H2O as well as heme mimetics (TPP)
and ester hematin variants. When heme models are
used, since porphyrin alkylation is a favored process,
end-product distributions of products can be very dif-
ferent from when a free ferrous ion source is employed.
Furthermore, solvent has been shown to have a pro-
found effect on the products obtained in iron-mediated

endoperoxide degradation. Thus, all of these studies are
truly only approximate models of the actual events
within the malaria parasites.48,57 Future work is needed
to correlate the results of biomimetic chemistry with the
actual situation within the parasite. In our view, the
endoperoxide class of drugs should be viewed as an iron-
triggered “cluster bomb” with many of the reactive
intermediate species that we have described having
some role to play in the expression of the observed
potent antimalarial activity. It also seems reasonable
that specific noncovalent interactions with the biological
targets are involved prior to the iron-triggered release
of the toxic entities we have described. It may be
necessary to postulate such drug-target interactions to
explain the observed and very diverse SAR in this field.

Enzymes as Targets. As described earlier, erythro-
cytic malaria parasites degrade hemoglobin to acquire
amino acids for protein synthesis. Falcipain 2 (FP-2)29

is a papain family cysteine protease that appears to act
in concert with other enzymes including two aspartic
proteases88,89 to degrade hemoglobin. Incubation of
erythrocytic parasites with inhibitors of FP-2 blocks
hemoglobin degradation and parasite development.
Pandey has demonstrated that, in purified digestive
vacuoles from P. yoelli, cysteine protease activity can
be inhibited by artemisinin in a manner similar to that
of the potent cysteine protease inhibitor E-64.77 Inhibi-
tion of falcipain-mediated cleavage of the fluorogenic
peptide substrate Z-Phe-Arg-AMC was also demon-
strated in a continuous fluorometric assay, and surpris-
ingly protease inhibition was increased in the presence
of heme (suprising in the sense that strong arguments
have been made that the heme-generated radical species
cannot escape the porphyrin macrocycle and hit biologi-
cal targets after reductive endoperoxide cleavage).

To fully validate falcipain 2 and falcipain 3 as targets
for endoperoxide drugs, it is essential that these studies
be expanded to human forms of the parasite. In addi-
tion, it would be of great interest to compare the
efficiency of falcipain inhibition with the known anti-
malarial activities of a series of artemisinin analogues
of varying potency.

Krishna and co-workers46 have very recently provided
compelling evidence that artemisinins act by inhibiting
PfATP6, the sarco/endoplasmic reticulum Ca2+-ATPase
(SERCA) orthologue of Plasmodium falciparum. When
expressed in Xenopus oocytes, Ca2+-ATPase activity of
PfATP6 is inhibited by artemisinin with potency similar
to that of thapsigargin (another sesquiterpene lactone
and highly specific SERCA inhibitor) but not by quinine
or chloroquine. As predicted from this observation,
thapsigargin antagonizes the parasiticidal activity of
artemisinin. Desoxyartemisinin is ineffective as an
antimalarial and was not shown to inhibit PfATP6
activity. Chelation of iron by desferrioxamine abrogates
the antiparasitic activity of artemisinins and corre-
spondingly attenuates inhibition of PfATP6. Single-cell
imaging of living parasites with BODIPY-thapsigargin
demonstrates cytosolic labeling that is competed for by
an excess of artemisinin. Furthermore, similar labeling
is observed with a novel fluorescent artemisinin deriva-
tive. These studies support PfATP6 as a target of
artemisinins operating via an Fe2+-dependent activation
mechanism. This information may allow, for the first
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time, rational biological target-guided drug design ef-
forts to be carried out.90

If trioxanes and endoperoxides mediate their activity
through hitting a single enzyme target such as falcipain
or the SERCA, then why has resistance to these
derivatives not been rapidly developed?91 The most
probable answer to this question is that artemisinin
derivatives do not exert their antimalarial effects by
hitting a single biological target but rather by simulta-
neously hitting several targets with very high precision
and efficiency.90 These obviously involve enzyme inhibi-
tion, lipid peroxidation, membrane damage in the vicin-
ity of vital enzymes, and some effect on heme detoxifi-
cation (this is clearly analogue-dependent). That artemi-
sinin derivatives’ activities are mediated solely by
interaction with a single enzyme seems unlikely, and
this can be critically addressed by the use of enantio-
merically enriched 1,2,4-trioxane analogues.92 These
should have very different Kd values for the enzyme and
potentially should have differential in vitro activities.
Conveniently, the authors have developed routes to
chiral nonracemic 1,2,4 trioxane alcohols and C-3 aryl-
trioxanes 8a and 8b (Scheme 9),92 and methods are also
in place for the synthesis of nonracemic endoperoxide
analogues to test some of these newly suggested enzyme
targets.

Chemical Stability and Drug Metabolism
Human plasma concentrations of oral, intravenous,

or intrarectal artemisinin and its derivatives arte-
mether, arteether, and artesunate reach a maximum
within 1-3 h when the concentration of the metabolite
DHA is included.93 Intramuscular administration of the
ethers in sesame oil or peanut oil results in a different
plasma profile because of the slow release from the
injection depot. Time-dependent first-pass metabolism
in the gut and liver is observed for artemisinin deriva-
tives.94 In addition to metabolic degradation, artesunate
has also been shown to hydrolyze to dihydroartemisinin
in vitro.95 Thus, its half-life is several minutes, whereas
that of DHA, at 40-60 min, is similar to that of
artemether. As a hemiester, artesunate is intrinsically
unstable, and it seems likely that its hydrolysis in vivo
may not be enzyme-mediated. Artemisinin undergoes
phase I metabolism by CYP2B6, CYP2C19, CYP3A4,
and at least one other member of the P-450 enzyme
superfamily.96

CYP3A4 is primarily involved in artemether metabo-
lism, and apart from oxidative dealkylation to DHA,97,98

the prime pathway is hydroxylation in the liver and
intestine. Some but not all of the B- and C-ring hy-
droxylated metabolites derived from artemisinin deriva-
tives are active antimalarials, although these may be
eliminated through phase II metabolism via generation
of water-soluble conjugates such as glucuronides. For-
example, Maggs and co-workers have demonstrated that
the major biliary metabolite of artemether in rats is the
7R-hydroxyglucuronide.99 Hydroxylation by P-450 in-
volves substrate, reducing cofactor, and heme iron that
proceeds through the Fe(II) and Fe(III) oxidation states.
Oxygen transfer occurs from a perferryl Fe(V)dO spe-
cies generated by a reaction between dioxygen (O2) and
the Fe(II) complex. The sites of hydroxylation are
derived from presentation of the B- or C-ring end of the
artemisinin tetracycle to the reactive perferryl center
of the P450 enzyme active site (Scheme 10). It is
remarkable to note that in all mammalian drug me-
tabolism studies to date, there is no evidence for
artemisinin analogues acting as irreversible inhibitors
of the cytochrome P450 subfamily. In other words,
heme-based P450 iron does not reductively activate
artemisinins to radical species that subsequently alky-
late the protein cavity surrounding the active site of the
enzyme. The restrained metabolism of endoperoxides
contrasts with their reactivity to inorganic(II), which
exceeds that of simple dialkyl peroxides.100

The basis for the very minor reductive isomerization
that has been observed in drug metabolism studies on
artemisinin or artemether (ie formation of RCT, 5b and
HAD, 5d, Scheme 2) may be as a result of prostacyclin
and thromboxane synthase heme thiolate enzymes
(compare with the reductive isomerizations of 1,3-
endoperoxide PGH2 in the prostacyclin (PGI2) and
thromboxane (TXA2) biosynthetic pathways)101 or may
be the result of trace amounts of non-transferrin-bound
iron. Overall, it is clear that cytochrome P450 catalyzes
extensive hydroxylation and O-dealkylation without
obtaining effective access to the shielded endoperoxide
bridge. In addition, these observations emphasize the
fact that heme, in its redox active form in the food
vacuole, is unlikely to be associated with protein and is
likely to be in an environment very different from that
of the CYP P450 active site.

From a medicinal chemistry perspective, the coupled
phase 1 and phase 2 conjugation reactions (Scheme 10,

Scheme 9. Asymmetric Synthesis of Chiral
1,2,4-Trioxanes92

Scheme 10. Sites of P450 Monohydroxylation on the
Artemisinin Tetracyclea

a For artemether, P450-catalyzed oxidation on the methyl group
of the C-10 methoxy function liberates a hemiacetal, which
collapses to DHA. Subsequently, DHA is rapidly glucuronidated
and excreted.
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shown for artemether) of 4c-e are the principal means
through which these derivatives have a short half-life.102

As a result, a huge amount of work has been carried
out to improve the potency and stability of the first-
generation analogues. The following section summarizes
the main lead compounds that have emerged as poten-
tial next-generation peroxide analogues.

Semisynthetic and Synthetic Endoperoxide
Analogues

The synthesis of metabolically more robust C-10 carba
analogues 9a and C-10 aryl analogues 9b of DHA has
been the focus of medicinal chemists for the past 10
years.103 Notable analogues that emerged include the
C-10 alkyldeoxo analogues prepared by Haynes,104,105

Posner,103,106-108 O’Neill,109-111 Jung,112-114 and
Ziffer115-117 and the C-10 aryl or heteroaromatic deriva-
tives 9b and 9c prepared by the groups of Haynes118

and Posner103 (Chart 1). Equally impressive in terms
of antimalarial activity profiles are the C-14 modified
analogues 9d prepared by elegant total synthesis and
semisynthesis by the Avery119-121 and Jung122 groups,
respectively. With an ever-expanding data set for arte-
misinin analogues, Avery has recently developed a
predictive 3-D QSAR for artemisinin analogues, and this
is being used to design even more potent peroxide
derivatives.123,124 Future work in this area will no doubt
combine the computer-guided C-10 and C-14 functional
group optimization of antimalarial activity coupled with
careful incorporation of functional groups that provide
both water solubility and resistance to first-pass me-
tabolism.

It is important to stress that a factor not taken into
account by many of the C-10 and C-14 analogues
described above is the concern about potential neuro-

toxicity. Any analogue with a log P higher than that of
artemether (3.3-3.5) can cross the blood-brain barrier.
Recently, with this in mind, Haynes and co-workers
have succeeded in preparing new analogues that have
considerably reduced neurotoxicity. By use of the ADME
(absorption, distribution, metabolism, and excretion)
paradigm for enhancing efficacy through increased
absorption, the application of “Lipinski’s Rule of Five”
to the design of new semisynthetic analogues has been
employed with the exception that the new semisynthetic
derivatives do not have a log P greater than 2.5.11,125

As discussed in a recent review by Haynes, there are
many ways in which a medicinal chemist can achieve
such criteria by the incorporation of suitable polar
residues and their isosteres. Artemisone is undergoing
development by Baeyer as an analogue with much
improved properties over the first-generation analogues
and represents the success of the ADME approach to
drug design.

Recently, in research in collaboration with WHO, a
C-10 carba analogue (TDR 40292) 9e has been compared
with artemether. This compound cannot form DHA as
a metabolite and contains a side chain that can be form-
ulated as a water-soluble salt. In addition, antimalarial
assessment both in vitro and in vivo demonstrates that
this compound is superior to artemether and artesu-
nate.110 Furthermore, from initial pharmacokinetic data,
4d has a higher volume of distribution than artemether
and is considerably more orally bioavailable (16% versus
1.5% for artemether) (unpublished results).

On the basis of the chemical instability of artesunate
and the improved stability of artelinate, Lin prepared
new water-soluble analogues 9f and 9g.126 Analogue 9f
was shown to be superior by oral administration to
artelinate in in vivo studies against Plasmodium berghei
in the mouse model of malaria.

An alternative approach to preventing the formation
of dihydroartemisinin by simple P450 metabolism is to
replace the methyl function in artemether with an aryl
function. Phenoxy analogues of DHA can easily be
prepared in a one-step synthesis from 4b.127 In addition
to having in vivo activity superior to that of artesunate
and artemether, analogues substituted with a p-fluoro
(9h, R ) p-F) or trifluoromethyl group (9i, R ) p-CF3)
resist metabolism to DHA. To improve water solubility,
a novel meta carboxylic acid phenoxy derivative (9k, R
) m-CO2H) has recently been prepared as a metaboli-
cally more robust alternative to artesunate and artelinic
acid. Preliminary in vivo assessment of this analogue
is encouraging. Finally and closely related to 9e, Haynes
has recently patented several C-10 R-amino analogues
(9l, 9m) of dihydroartemisinin.11 Several of these ana-
logues are reported to have exceptional antimalarial
activity both in vivo and in vitro.

Attempts to increase the metabolic and chemical
stability of arteether and DHA by fluorine substitution
have been reported. For example, the stability of DHA
can be markedly increased by the incorporation of a
C-10 CF3 group. Bonnet-Delphon and co-workers have
revealed that the CF3 analogue of arteether is 45 times
more stable than arteether itself under “simulated
stomach acid conditions”.128

Finally, apart from monomeric semisynthetic deriva-
tives, C-10 non-acetal carba dimers have attracted
attention,107 and representative lead compounds (9n,114

Chart 1. Second-Generation Artemisinin Derivatives
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9o,129 and 9p130) are depicted in Chart 2. Not only are
these analogues potent as antimalarials, both in vitro
and in vivo, but several of these dimers also have potent
in vitro anticancer properties against a variety of
different cell lines. Furthermore, very recent studies
have demonstrated that water-soluble dimer 9p has a
therapeutic index (maximum tolerated dose/EC50) of
167. This value compares favorably with that for sodium
artesunate, which has an MTD of only 23. Further work
is ongoing with these lead dimeric trioxanes.

The disadvantage of all of the semisynthetic com-
pounds described is that their production requires 1 as
starting material.131,132 As noted in the Introduction,
artemisinin is extracted from the plant Artemisinia
annua in low yield, a fact that necessitates significant
crop production. To circumvent this problem, a number
of groups have attempted to produce totally synthetic
peroxide analogues, some of which demonstrate remark-
able antimalarial activity.103,119,133 These include the
synthetic 1,2,4-trioxane, fenozan B0-7 (10),56,134 the
dispiro tetraoxanes [10a, 10b],135-137 and the endoper-
oxide analogues such as arteflene (6a),138 a synthetic
analogue of the naturally occurring yingzhaozu A
(10c).139 More recently, tetraoxane (10d) with an IC50
as low as 3 nM has been discovered (artemisinin ) 10
nM) and analogues in this class have been shown to be
effective when given orally in mice infected with Plas-
modium berghei with no observable toxic side effects
(Chart 3).140

Following a considerable amount of SAR work in the
trioxane area, a number of potent, water-insoluble
3-substituted trioxanes (e.g., 11a, R ) F) were disclosed
by the Posner group in a U.S. patent and subsequently
in a full paper.141 These compounds retain the A, B, and
C rings of the tetracyclic natural product artemisinin.
Carboxylic acid 11b was shown to be efficacious and
have lower toxicity than artelinic acid.141 Although in
most cases synthetic trioxanes are superior to endop-

eroxide derivatives, Bachi and co-workers have very
recently discovered bicyclic endoperoxide analogues 12
with oral activity (ED50) as low as 0.5 mg/kg.142 Further
work is ongoing with these exciting derivatives.

Out of all the synthetic endoperoxide projects to date,
the most significant discovery in the past 5 years has
been the revelation by Vennerstrom and co-workers that
ozonides (1,2,4-trioxolanes) substituted with an ada-
mantane ring (13a-c) are not only chemically stable
but active against P. falciparum in the low nanomolar
range.143 Furthermore, these compounds are orally
active in mice and have a prolonged duration of action
when compared with the currently available synthetic
and semisynthetic derivatives. Currently this research
is supported by the Medicines for Malaria Venture
(MMV, Geneva, Switzerland, http: http://www.mmv.org/
pages/page_main.htm) and a 2-year objective is under-
way to advance this project from preclinical develop-
ment to phase 1 clinical trials. Ranbaxy (an Indian
pharmaceutical company) has been identified as a
partner to help MMV move the project forward. This
project was the MMV project of the year in 2001, and
excellent progress has been made since then. Water-
soluble compounds that retain good oral activity in the
P. berghei mouse model have been identified. These
compounds generate longer-lasting activity than current
artemisinin derivatives, suggesting that treatment
courses of 3 days or less are feasible (see http://
www.mmv.org/pages/page_main.htm).

Chart 2. Lead Antimalarial and Antitumor C-10
Non-Acetal Dimers

Chart 3. Structure of the Natural Product Yingzhaosu
A and Lead Synthetic Endoperoxides
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In contrast to the notion that the preparation of
synthetic endoperoxides may not be cost-effective, sev-
eral new methodologies have now been developed that
incorporate the peroxide function by use of efficient
radical144,145 and catalytic aerobic oxidation processes146

and controlled use of ozonolysis to incorporate the key
endoperoxide function.143 Table 1 summarizes features
of the leading synthetic trioxanes, endoperoxides, tet-
raoxanes, and trioxolanes that have been prepared in
the past 10 years. Clearly, compounds of the type 10,
10d, 11b, 12, and 13a-c are analogues with profiles
that warrant further investigation.

Strategies To Combat Resistance Development

Artemisinin Combination Therapy (ACT). The
idea of combining antimalarials in order to prevent the
emergence of resistant organisms is not new. Work by
Peters et al. has elegantly shown how the judicious
combination of drugs can delay the selection of resistant
mutants in vitro.147 During treatment with two (or
more) drugs, the chance of a mutant emerging resistant
to both drugs can be calculated from the product of the
individual per parasite mutation rates (assuming that
the resistance mutations are not “linked”). The prin-
ciples of drug combinations have also been applied to
the treatment of bacterial infections such as tubercu-
losis, for HIV/AIDS,148 and for the chemotherapy of
certain cancers.149 Earlier examples of combination
therapy in malaria include pyrimethamine/sulfadoxine,
pyrimethamine/dapsone, and quinine plus tetracyclines.
More recently, mefloquine has been combined with
pyrimethamine/sulfadoxine and atovaquone with progua-
nil. However, resistance to all these combinations has
emerged. This is either because the compounds used had
linked modes of action (i.e., were susceptible to the same
parasite mutations) or because resistance had developed
already to one of the compounds.150,151

The artemisinin derivatives reduce the parasite bio-
mass by around 4 log units for each asexual cycle. This
makes them the most rapidly efficacious antimalarial
drugs in use.152,153 This rapid reduction of the parasite
biomass has a major theoretical role when artemisinin
derivatives are combined with another antimalarial
drug (artemisinin combination therapy (ACT));4,151,154-160

the parasite population available to develop mutations

to the second drug is reduced by several log orders. As
an example of the success of the ACT approach, when
mefloquine was used in combination with ARTs in
Thailand, the rate of development of mefloquine resis-
tance was reduced.161 WHO recommends ACT as part
of the “ideal” strategy for malaria control in Africa, but
there are practical concerns over the cost of such
combinations, and although ACT approaches have been
shown to be successful in Thailand, it is still not fully
established that this will be the case in Africa. A further
concern is the fact that artemisinins are embryotoxic
in rats and rabbits, and this will mean that such drug
combinations will have to undergo careful scrutiny
before they can be widely advocated.162 Table 2 lists the
drugs that are currently undergoing investigation for
use in ACT.151

Drug Hybrid and Prodrug Approaches.
Combination Chemotherapy

Trioxaquines and Trioxolaquines. The hemoglo-
bin degradation pathway in P. falciparum is a special-
ized parasite process with a proven history as an
exploitable therapeutic target as exemplified by
the 4-aminoquinolines and the endoperoxide deriva-
tives.36,77,86,163

Meunier and co-workers recently prepared new chi-
meric molecules by covalent attachment of a trioxane
moiety to a 4-aminoquinoline entity. These molecules,
named trioxaquines (14a, 14b, Figure 4), were designed
according to the current knowledge of the mechanism
of action of artemisinin derivatives: they combine in a
single molecule a peroxidic entity that can function as
a potential alkylating agent and an aminoquinoline,
known to easily penetrate infected erythrocytes.40,164-167

It was proposed that this “covalent bitherapy” would be
expected to considerably reduce the risk of drug-
resistant antimalarial compounds. The first synthesized
trioxaquines demonstrated potent activity in vitro against
a variety of chloroquine-resistant parasites. Preliminary
results indicated that some trioxaquines are active by
oral administration to infected mice. The main draw-
backs with these first-generation chimeras are the facts
that diastereomers are formed in the synthetic ap-
proaches used and that antimalarial testing has been
done thus far using such diastereomeric mixtures of the
trioxaquines.

Table 1. Lead Synthetic Endoperoxide Antimalarialsa

endoperoxide
analogue

no. of
synthetic

steps
(NR, A, or R)b

method of O2
incorporation

in vitro IC50 (nM)c and
in vivo ED50 (oral) (mg/kg)d

metabolism and
toxicity studies refs

10 4 (R) dye-sensitized
photooxygenation

4nM (K1)
2.7 mg/kg

Not reported. 134

10d 3 (A) hydrogen
peroxide/ozone

25 nM (FCR-3)
20 mg/kg

Not reported. 140

11a,b 5 (R) dye-sensitized
photooxygenation

30 nM (NF54)
10 mg/kg

Toxicity studies reveal that 11b has a
therapeutic index similar to
that of artelinic acid.

141, 177

12 4 (NR) molecular oxygen
(TOCO) reaction

9.4 nM (NF54)
0.43 mg/kg

Initial toxicity studies reveal no
observable toxicity in mice at doses
up to 200 mg/kg.

142

13a-c 2 (A) ozone 3-10 nM (K1)
1-3 mg/kg

Ongoing in a project sponsored
by MMV.

143

a The table compares the antimalarial activities, the method of synthesis, and the number of synthetic steps required for drug synthesis.
b NR, nonracemic; A, achiral; R, racemic. c In vitro assays were performed by the method of Desjardins as reported in refs 134, 140, 141,
177. d In vivo assays were performed using the Peters 4-day test. The activity refers to oral antimalarial activity and reflects the
concentration of drug required to reduce parasitaemia in mice infected with Plasmodium berghei by 50% of the control.
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More recently and on the basis of the same concept,
O’Neill et al. have prepared a series of related systems
(15a-c, Figure 4) based on Vennerstrom’s adamantyl-
trioxolane unit.168 These derivatives, which are synthe-
sized in only three steps from adamantanone, have
activity in the low nanomolar region (<3 nM versus K1
P. falciparum). Like the prototype synthesized by Meu-
nier, these compounds can be formulated as water-
soluble salts, and it is anticipated that these agents may
have the capacity to hit the parasite by two distinctive
mechanisms. Indeed, any chemical or metabolic degra-
dation of the endoperoxide bridge in these compounds
will result in metabolites that may still have the ability
to function as inhibitors of heme polymerization pro-
vided that they do not become covalently attached to
proteins in the bioactivation process.

Endoperoxide Cysteine Protease Inhibitor
(ECPI) Prodrugs. Among potential new targets for
antimalarial drugs is the FV Plasmodium falciparum
hemoglobinase falcipains 2 and 3.29,169-171 Molecular
modeling studies using the ligand identification algo-
rithm DOCK and homology-based models of the tropho-
zoite malaria cysteine protease have identified several
novel antimalarial cysteine protease inhibitors that
include the bisaryl chalcones 16a.172 At about the same
time as this work, a paper was published on the potent
antimalarial activity of the natural product licochalcone
A 16b.173 These derivatives have good antimalarial
potency both in vitro against chloroquine-resistant P.
falciparum and in vivo versus Plasmodium berghei in
mice.174 Despite the promising antimalarial activities
of these derivatives, a potential concern with the chal-
cone class of drug is that they might be expected to react
with host proteins, thereby causing toxicity. In line with
this, researchers have shown that, in vitro, licochacone
A 16b readily reacts with sulfur-based biological nu-
cleophiles.175 Therefore, a masked prodrug based ap-
proach to delivering the chalcone selectively to the
parasite would be desirable.51

As described earlier, O’Neill et al. have recently
defined the mechanism of action of the second-genera-
tion peroxide arteflene (6a, Ar ) 2,4-bistrifluorometh-
ylphenyl), which involves ferrous-mediated fragmenta-

tion to a stable enone system and a cyclohexyl carbon
centered radical.68,69 On the basis of this knowledge, we
have designed a novel class of endoperoxide-chalcone
based prodrugs, 16c, and have recently completed the
synthesis of several prototypes, 16d-f. It was proposed
that these prodrugs will selectively deliver the chalcone-
based cysteine protease inhibitor to its site of action by
means of ferrous-catalyzed unmasking in the parasite
food vacuole. This represents an exciting and totally new
approach to antiparasitic drug design in that besides
the selective generation of C-centered radicals in the
parasite, a second drug molecule with a different

Figure 4. Trioxaquines (14a,b) and trioxalaquines (15a-c).

Scheme 11. Ferrous-Mediated Degradation of an
Endoperoxide Chalcone Prodrug 16ca

a Ferrous-mediated activation of the prodrug releases not only
carbon radicals and other noxious reactive species but also a
chalcone, a species reported to inhibit parasite cysteine proteases.

Scheme 12. Preliminary Results of Ferrous-Mediated
(FeCl2‚4H2O) Degradation of Prodrug 16d
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mechanism of drug action will be produced. Scheme 11
depicts the Fe(II)-mediated fragmentation of a generic
prototype 16c, a compound that is a structural analogue
of the Roche antimalarial arteflene 6a.

In effect, antimalarial “Trojan horse” drugs of this
type should deliver a double blow to the parasite by
exploiting the presence of high concentrations of ferrous
ion present in the parasite food vacuole as the trigger
for protease inhibitor release. In model studies with
prototype 16d, in the presence of ferrous ions, these
systems readily degrade to produce the desired chalcone
(16a, R ) H, 45% yield from 16d) in tandem with
secondary carbon centered radical 17 (Scheme 12).
Furthermore, analogues 16d-f have in vitro antima-
larial activity superior to that of arteflene.

Currently, O’Neill and Bachi groups are synthesising
new versions of endoperoxide-chalcone prodrugs incor-
porating chalcone units that have already been shown
to display potent activity versus Plasmodium falci-

parum both in vitro and in vivo to fully validate this
novel approach to combination chemotherapy.176

This “prodrug” approach provides a paradigm for
future antimalarial drug discovery efforts in the sense
that this approach can be extended to any protease
inhibitor that contains a carbonyl group as the reactive
protease inhibitor “warhead”. Simply masking the car-
bonyl group within a trioxane or endoperoxide provides
a unique and selective mechanism for targeting the
malaria parasite by two different mechanisms (Scheme
13A). One such example undergoing investigation is the
peptide-based falcipain 2 inhibitor shown in Scheme
13B.

Conclusion

As described in this review, significant progress has
been made in the elucidation of the chemical mecha-
nisms of action and identification of potential biological
targets for the endoperoxide class of drug. Equally,
medicinal chemists have had success in the preparation
of both semisynthetic artemisinin analogues and simpli-
fied cyclic peroxides; new design strategies encompass-
ing hybrid drugs and identification of chemically and
metabolically stable artemisinin derivatives have been
explored. These efforts are now producing candidates
worthy of further preclinical evaluation. Future efforts
on establishing lead compounds should focus on in vivo
efficacy, pharmacokinetics, neurotoxicity, in vivo toxic-
ity, and direct head to head comparisons of the most
promising drug candidates. Successful development of
many of the lead synthetic analogues described will
require a large investment of money and time, and the
overriding issue in this area is that for use in the Third
World the compounds should be cheap to prepare.
Critical appraisal of the candidates prepared to date
reveals that only a few synthetic and semisynthetic
derivatives can be prepared cheaply enough to be

Scheme 13. Fe(II)/Heme Fe(II) Mediated Degradation Reactions of 1,2,4-Trioxanes and Endoperoxide Prodrug Designa

a (a) Known degradation of endoperoxides to carbonyls and carbon radicals. Pathway a is the major route for these systems, resulting
in good yields of ketone/aldehyde products. Route b is also possible, and this type of C-C cleavage has been observed for artemisinin and
other endoperoxides. The whole process can be achieved by using catalytic ferrous ions (<1 mol %) in the presence of glutathione. (b) In
order to mask the reactive carbonyl function of the known fluoro ketone falcipain 2 inhibitor, incorporation into a 1,2,4-trioxane or 1,2,4-
trioxalane provides a prodrug that should be activated by iron in the ferrous-rich parasite food vacuole to release the inhibitor and free
radicals at the cellular location of the malarial cysteine proteases.
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worthy of entering full-scale drug development. How-
ever, with the establishment of the Medicines for
Malaria Venture (MMV) and with the increasing par-
ticipation of pharmaceutical companies in antimalarial
drug research, the resources may now be available for
development of effective, affordable, and improved
peroxide-based antimalarial drugs.
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