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CONSPECTUS

Heme is not only just the binding site
responsible for oxygen transport by i
hemoglobin, but it is also the prosthetic group
of many different heme-containing enzymes,
such as cytochromes P450, peroxidases, cata-

activation by
lase, and several proteins involve‘d in electron Fel-heme anticancer
transfer. Heme plays a key role in the mech-

anism of action of many different antimalarial “ u
drugs. In degrading the host's hemoglobin, the

peroxide antimalarial

malaria parasite Plasmodium and several other 0
heme-eating parasites are faced with this Artemisinin,
redox-active metal complex. Heme is able to endoperoxide from Artemisia annua

induce the toxic reductive cascade of molecu-

lar oxygen, which leads to the production of

destructive hydroxyl radicals. Plasmodium detoxifies heme by converting it into a redox-inactive iron(lll) polymer called
hemozoin.

Artemisinin, a natural drug containing a biologically important 1,2,4-trioxane structure, is now the first-line treatment
for multidrug-resistant malaria. The peroxide moiety in artemisinin reacts in the presence of the flat, achiral iron(ll)-heme;
the mechanism does not reflect the classical “key and lock” paradigm for drugs. Instead, the reductive activation of the per-
oxide function generates a short-lived alkoxy radical, which quickly rearranges to a C-centered primary radical. This radi-
cal alkylates heme via an intramolecular process to produce covalent heme—drug adducts. The accumulation of non-
polymerizable redox-active heme derivatives, a consequence of heme alkylation, is thought to be toxic for the parasite. The
alkylation of heme by artemisinin has been demonstrated in malaria-infected mice, indicating that heme is acting as the
trigger and target of artemisinin. The alkylation of heme by artemisinin is not limited to this natural compound: the mech-
anism is invoked for a large number of antimalarial semisynthetic derivatives. Synthetic trioxanes or trioxolanes also alky-
late heme, and their alkylation ability correlates well with their antimalarial efficacy.

In addition, several reports have demonstrated the cytotoxicity of artemisinin derivatives toward several tumor cell lines.
Deoxy analogues were just one-fiftieth as active or less, showing the importance of the peroxide bridge. The involvement
of heme in anticancer activity has thus also been proposed. The anticancer mechanism of endoperoxide-containing mole-
cules, however, remains a challenging area, but one that offers promising rewards for research success. Although it is not
a conventional biological target, heme is the master piece of the mechanism of action of peroxide-containing antimalarial
drugs and could well serve as a target for future anticancer drugs.

Introduction gen-carrier protein by Hiinefeld' in 1840 and its

. 2
Among the landmarks of the vast number of X-ray structure by Perutz et al.“ in 1959 should

publications related to heme-containing pro- be mentioned. Heme not only is the active site
teins, the discovery of hemoglobin as an oxy-  for oxygen-binding hemoglobin but also is the
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FIGURE 1. Structure of heme.

prosthetic group of many different heme-containing
enzymes, cytochromes P450,3 peroxidases,* catalase,” and
several heme-containing proteins involved in electron trans-
fer.® All these metalloproteins or metalloenzymes have the
same flat iron-tetrapyrrolic motif, namely, heme (see Fig-
ure 1 for structure), as the active site with a fast interac-
tion with molecular oxygen when the central iron is
reduced to the oxidation state +II.

Heme is not only a prosthetic group of proteins or
enzymes, but it plays also an essential role in the mechanism
of action of many different antimalarial drugs. Plasmodium is
a hematophagous parasite responsible for deadly forms of
malaria disease. During the infection of erythrocytes, the par-
asite is able to digest 60—80% of the hemoglobin to collect
amino-acids for its own protein production. The released heme
is efficiently polymerized by the parasite to hemozoin, the
malaria pigment that is easily recognized by optical micros-
copy within infected erythrocytes.” Hemozoin is the result of
the aggregation of heme dimers® mediated by different par-
asitic proteins including HRP (histidine-rich protein) and the
recently characterized HDP (heme detoxification protein).%'©
A lipidic environment has also been proposed to play a role
in the nucleation of hemozoin crystals.” So, heme is inti-
mately related to malaria and to many antimalarial drugs able
to interact with free heme such as quinine, chloroquine, and
artemisinin.

This Account is focused on heme as a trigger and target of
peroxide-containing antimalarial drugs. After a rapid summary
of current hypothesis on the mechanism of action of artemisi-
nin, we will try to address the following questions: (i) How are
trioxane antimalarials able to alkylate heme in vitro? (ii) Is
heme alkylation observable in vivo? (i) What are the possi-
ble correlations with heme alkylation by trioxane antimalari-
als and their mechanisms of action? (iv) Is heme activation of
trioxane-containing drugs limited to malaria or can it be at the
origin of new antitumoral drugs?
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Ry Ry

1 Artemisinin: Ry,R,=0
2 Dihydroartemisinin: R =H, Ry = OH
3 Artemether: R, = H, R, = B-OCHj5
4 Artesunic acid: R; = H
Ry = 0-OCO(CH,),-COOH

FIGURE 2. Structures of artemisinin 1, dihydroartemisinin 2,
artemether 3, and artesunate 4.

Mode of Action of Artemisinin: Main
Hypotheses

Artemisinin is extracted from the leaves of Artemisia annua
and is now widely used for the treatment of multidrug-resis-
tant strains of Plasmodium falciparum in endemic zones.'?
Artemisia plant has been identified in traditional Chinese phar-
macopoeia for the treatment of fevers since the Ming
Dynasty.'>'* The research of antimalarial drugs was
prompted in China by the Vietnam war. China was support-
ing North Vietnam, and malaria greatly reduced the combat
strength. The determination of artemisinin structure and its
early clinical development was performed during the “Cul-
tural Revolution” with tasks identified by the authorities as
“Project 523”. Many unknown researchers have been involved
in that antimalarial program.

Artemisinin is one of the few examples of natural sesquit-
erpene containing a 1,2,4-trioxane as a pharmacophore. The
removal of one O-atom of the peroxide bridge is associated
with complete loss of the antimalarial activity of the drug (see
Figure 2 for structure of artemisinin, dihydroartemisinin, arte-
mether, and artesunate).’>~ 7 After more than two decades of
intensive studies, the mechanism of action of artemisinin is
still controversial. Three main hypotheses have been consid-
ered: (i) generation of reactive oxygen species (ROS) induc-
ing reduction of the level of antioxidants such as
glutathione'®'? or specific mitochondrial activation,'>2° (i)
inhibition of PfATP6, a Pf-sarco/endoplasmic reticulum cal-
cium ATPase homologous to the mammalian sarco/endoplas-
mic reticulum ATPase (SERCA1a),?" and (iii) alkylation of heme
by a C-centered radical resulting from the reductive activa-
tion of the endoperoxide function.??~2°

In the present Account, the role of ROS directly generated
by the peroxide will not be extensively described. However, it
should be mentioned that free heme itself (released from
hemoglobin), if not quickly polymerized to hemozoin, is a cat-
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alytic source of ROS. Fe(ll)-heme is indeed readily oxidized by
dioxygen to generate Fe(lll)-heme and superoxide anion Oy,
which dismutates to produce hydrogen peroxide and dioxy-
gen. The produced Fe(lll-heme is easily reduced to Fe(ll)-heme
by all biological reductants (glutathione, NADPH, ascorbic acid,
etc.), thus generating reduced oxygen species in a catalytic
fashion. In addition, hydroxyl radicals can be produced by the
reductive activation of hydrogen peroxide by Fe(ll)-heme.?”
Such a catalytic cycle is dependent on the regeneration of glu-
tathione by the glutathione reductase, explaining the antima-
larial activity of glutathione reductase inhibitors.?82° A
dramatic production of ROS may alter membrane potential
and electron transport chain of parasite mitochondria.?°

As an alternative pathway, Krishna and colleagues®'
reported that artemisinin inhibits PfATP6, a calcium-depen-
dent ATPase overexpressed in Xenopus oocytes, whereas
deoxyartemisinin had no effect on PfATP6 activity. An antag-
onistic interaction was also reported between artemisinin and
thapsigargin, a specific SERCA1a inhibitor. However, the inhib-
itory constant of 0Z277, an antimalarial synthetic trioxolane
as active as artemisinin, on PfATP6 is very weak (7700 nM)
compared to that of artemisinin (79 nM), creating doubt on the
validity of calcium carrier protein as a general target for
endoperoxidic antimalarials.*®3" Additional studies suggested
that mutations on PfATP6 were able to modulate the affinity
of artemisinin for the protein.>>33 However, contradiction was
brought out by a genetic analysis indicating the absence of
mutation in atp6 genes of artemisinin-resistant P. falciparum
and P. chabaudi.?*3>

To determine whether the binding affinity of artemisinin
and synthetic peroxides to PfATP6 can be correlated to their
in vitro antiplasmodial activity, we performed a docking study
of a series of structurally different antimalarial drugs, into the
thapsigargin binding cleft of a PfATP6 model. This study
included peroxide- and quinoline-based antimalarials. The pre-
dicted binding affinity for PFATP6 of these drugs correlates nei-
ther with their antimalarial activity nor with the reported
inhibition of the protein overexpressed in Xenopus laevis
oocytes reported by Krishna et al. In addition, the binding
energy could not be correlated with the stereochemistry of the
drugs, but is probably mainly due to hydrophobic properties
rather than stereospecific interactions with a chiral protein
pocket.*®

It should be noted that the PfATP6 inhibition by artemisi-
nin in Xenopus oocytes was reported to be iron-dependent,
although the role of iron was not investigated.?' Results of
docking study concern the affinity of drugs with PfATP6, but
they do not take into account the possible iron(ll) induced

reaction of peroxide-containing drugs with PfATP6. When dis-
cussing the role of iron in Ca%*-pump inhibition, Karlish and
co-workers carried out the Fe?*-catalyzed oxidative cleavage
of a mammalian SERCA by the Fenton reaction.®”-3® Further
docking study should include a possible iron site in the pro-
tein structure. A recently reported method of purification of
ATPases will also facilitate further direct studies of the action
of peroxide-containing antimalarial drugs with isolated
PfATP6.3°

How Are Trioxane Antimalarials Able to
Alkylate Heme in Vitro?

The flat nonchiral heme is a target out of the “key and lock”
paradigm for drugs. However, it is present at a 20 mM con-
centration in erythrocytes and contains a redox-active metal
center.

Alkylating species generated by ferrous iron-mediated
homolytic cleavage of the endoperoxide function of artemisi-
nin, in particular the alkyl radical centered at C4 of artemisi-
nin (or related 1,2,4-trioxanes), were early proposed to be
important, and the reactivity with iron salts was extensively
studied.*® However, at pH 7 under aerobic conditions, “free”
iron ions should be [Fe(OH)s],, which is highly insoluble
(Ks = 10739), and the concentration of “free” iron in living cells
is then close to zero. Then reaction of artemisinin with heme
is more relevant than reaction with “free” iron salts.

Heme as Trigger and Target for Trioxane-Containing
Antimalarial Drugs. After preliminary experiments with syn-
thetic metalloporphyrins,>* we have reported that iron(lll)-
heme [iron(lll)-protoporphyrin(IX)] incubated with artemisinin,
in the presence of a reducing agent able to generate iron(ll)-
heme, was readily converted in high yield to heme—arte-
misinin covalent adducts (5 and 6, Figure 3). These adducts
result from alkylation of the four meso positions of the mac-
rocyclic ligand by the C4-alkyl radical derived from artemisi-
nin.?> The reductive cleavage of artemisinin is initiated by an
electron transfer from the low-valent iron(ll)-heme to the anti-
bonding ¢ LUMO orbital of the peroxide bond. This reduc-
tive activation generates a short-lived alkoxy radical which
quickly rearranges, via g-fragmentation, to a C4-centered pri-
mary radical thermodynamically facilitated by concomitant
formation of an ester functionality. Intramolecular addition of
this akylating species occurs without regioselectivity on the
four meso carbons of the protoporphyrin ligand. After demeta-
lation of the heme moiety, complete NMR characterization of
these adducts was obtained.*'

The alkylating ability of artemisinin is not limited to this
natural compound. A number of active semisynthetic deriva-
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FIGURE 3. Alkylation of heme by artemisinin in vitro and in vivo.
tives modified at position C10 (either with o or 8 configura-
tion) were found to react in the same way.**~*°> Synthetic
trioxanes or trioxolanes were also able to alkylate heme or a
synthetic heme model, and their alkylation ability correlates
well with their antimalarial efficacy.*®~*° The ovals stand for
the tetrapyrrolic ring of heme.

Is Heme Alkylation Observable in Vivo?

Is the formation of heme—artemisinin adducts a laboratory
curiosity or is it biologically relevant and related to the mech-

Vol. 43, No. 11
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anism of action of the drug in vivo? To address this question,
we orally or intraperitoneally treated Plasmodium vinckei
infected mice with artemisinin at pharmacological doses. The
covalent adducts heme—artemisinin 5 and 6 (Figure 3) were
identified in the spleen of all treated mice, and the hydroxy-
lated and glucuroconjugated derivatives of heme—artemisinin
adducts 7 and 8 were identified in the urine. These adducts
were not detected after treatment of healthy mice.>°

The alkylation of heme occurred also in infected mice
treated with the trioxaquine DU1301, an efficient 1,2,4-triox-
ane based antimalarial drug which was designed to have alky-
lating properties.>' The presence of these heme—drug adducts
should therefore be considered as the signature of the strong
alkylating capacity of the trioxane-containing drugs triggered
by the presence of the parasite in mice. This result confirms
that artemisinin and trioxaquines share similar heme-alkylat-
ing properties and supports the importance of this ability for
their antimalarial activity. In addition, artemisinin and the cit-
rate salt of DU1301 are both active on the same stages of
synchronized P. falciparum parasites (ring, trophozoite, and
gametocyte),>* suggesting that their common alkylating reac-
tivity might a key factor of their antimalarial activity. The role
of heme alkylation in the mechanism of action of artemisi-
nins is still a matter of debate.>*

Possible Correlations between Heme
Alkylation and the Mechanism of Action of
Trioxane Antimalarial

In vitro, heme polymerizes to 5-hematin, a synthetic analogue
of hemozoin. Heme—artemisinin adducts treated in vitro under
p-hematin synthesis conditions were unable to polymerize.
The bulky artemisinin residue linked at the meso-positions of
the porphyrin ring probably prevented the coordination of the
propionate side chain on the iron atom, an initial step required
for the polymerization process.>* Monomeric heme—arte-
misinin adducts, that retain the redox activity of any heme
derivative in a glutathion rich medium, may therefore acti-
vate molecular oxygen, leading to the production of toxic
reduced oxygen species (Figure 4, route 1). Unlike artemisi-
nin itself, heme—artemisinin adducts were able to completely
inhibit the polymerization of heme in vitro, suggesting that
free heme may also accumulate in parasites treated by arte-
misinin, thus increasing oxidative stress.>* It was also sug-
gested that heme—artemisinin adducts were able to inhibit the
formation of 5-hematin in the presence of histidine-rich pro-
tein.>> Trioxaquines have been designed to combine the
quinoline nucleus of chloroquine and the 1,2,4-trioxane of
artemisinin.>® Beside their alkylating ability toward heme, tri-
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FIGURE 4. Possible relation between heme alkylation by
endoperoxide drugs and antimalarial mechanism of action.

oxaquines DU1301 and PA1103 prevent s-hematin forma-
tion like chloroquine, thus being able to interfere with the
heme detoxification process (Figure 4, route 2).*%>* Artemisi-
nin treatment of cultured parasites caused no mesurable
change in hemozoin content.®” However, the concentration of
the heme pool that accumulates within the food vacuole dur-
ing hemoglobin proteolysis may be as high as 400 mM, and
free heme can damage cells at micromolar concentration.
Consequently, a very small portion that escapes the aggrega-
tion process (for example, 1 molecule over 10% should be suf-
ficient to Kill the parasite without having a detectable effect on
hemozoin content.”®

Role of the Cytosolic Labile Iron Pool in the
Mechanism of Action of Artemisinin. The cytosolic labile
iron pool (LIP, also referred to as the chelatable iron pool), as
possibly the first compartment of iron release from ferritin, has
an impact on the iron regulatory protein (IRP) as well as iron
homeostasis. The putative role of non-heme iron species from
the LIP for antimalarial activity of artemisinin was based on in
vitro antagonist activities of artemisinin and the bacterial sid-
erophore deferoxamine (DFO).>® The antagonist effect was
also reported for chloroquine and DFO,°° despite the fact that
the mechanism of antimalarial action of chloroquine is differ-
ent from that of artemisinin derivatives.®’ In addition, other
series of siderophores such as catecholates had no effect on
the activities of chloroquine, quinine, and artemether.®? In
addition, Pradines et al. underline that antagonism is usually
assessed with construction of isobolograms which should
apply to combinations of different agents “if they had similar
modes of action and similar dose—response curves.”®? This is
not the case for DFO, chloroquine, and artemisinin derivatives.

Artemisinin derivatives with an iron chelator covalently
linked at C10 have been synthesized. However, the presence

of iron chelator in vicinity of artemisinin did not potentiate the
antimalarial activity of such conjugated drugs, but only
decreased their stability.%® DFO decreases the ferritin level in
lysosomes and disturbs the H-/L-ferritin subunit ratio in human
leukemia K562 cells, and this effect is partially reversed by
chloroquine which is a lysosomotropic compound.®* It was
recently reported that DFO affects ferritin degradation by a
route that is different from the iron exporter ferroportin
expression or the more membrane-permeable oral iron chela-
tors (deferriprone and desferasirox); and chloroquine, by
affecting lysosomal pH, prevents ferritin loss in DFO-treated
cells.®®> These data suggest that the interaction between DFO
and any other treatment cannot be limited to iron depriva-
tion and is still misunderstood.

Alkylable Target(s) Other than Heme. When incubated
in Plasmodium cultures, radiolabeled artemisinin alkylates
heme and also some unidentified but specific parasitic pro-
teins.®® The artemisinin-induced inhibition of a parasite homo-
logue of the antiapoptotic protein TCTP®” was clearly heme-
dependent.®® Alkylation by artemisinin may also be involved
in the specific inhibition of malarial histidine-rich protein® or
cysteine protease.®® The reported iron-dependent inhibition of
PfATP6 may also be due to protein alkylation.

In vitro, the C4 centered radical of artemisinin can react
with the thiol function of cysteine or glutathione to alkylate
the peptide through a thioether linkage,”® indicating that a
covalent heme—protein coupling may occur by this way. How-
ever, no artemisinin—protein adduct has been characterized
up to now, and in vitro these reactions are much less efficient
than heme alkylation.”"

Artemisinin Derivatives as New
Antitumoral Drugs: Is Heme Also Involved?

After early Chinese articles,”? the cytotoxicity of artemisinin
derivatives toward several tumor cell lines was reported.”>”#
Iron metabolism is likely to play a central role in the antican-
cer activity of artemisinin. Since cancer cells have higher iron
influx via the transferrin receptor mechanism, cancer cells
should be more susceptible to the cytotoxic effect of artemisi-
nin, under conditions of high iron availability. Preloading
tumor cells with iron or inclusion of holotransferrin enhances
the activity of artemisinin derivatives toward human breast
cancer cells.”” In order to deliver both artemisinin and iron “as
one package” to cancer cells, artemisinin-tagged transferrins,
bearing ~16 artemisinins attached to the N-glycoside chains
of transferrin, were tested on prostate carcinoma DU145
cells.”® However, the cytotoxicity per artemisinin unit did not
increase by conjugation to transferrin. In contrast to the case

1448 = ACCOUNTS OF CHEMICAL RESEARCH = 1444-1451 = November 2010 = Vol. 43, No. 11



of artemisinin, the cytotoxicity of dihydroartemisinin is inde-
pendent of the level of transferrin receptor expression on
DU145 cells. Thus, endosomal iron in the endocytosis of
holotransferrin is unlikely to participate in the activation of
dihydroartemisinin in the cell.”®

More interesting than monomers, C10-artemisinin dimers
or trimers were found active at submicromolar concentration
(30—300 nM) in a panel of tumor cell lines.”” 8" Artemisi-
nin dimers were >1000 times more active than artemisinin,
and treatment was associated with an indiscriminate genera-
tion of oxidative stress as a consequence of heme-mediated
endoperoxide cleavage, activation of caspases, and conse-
quent apoptosis.?? Deoxy analogues were at least 50 times
less active, thus emphasizing the importance of the peroxide
bridge. The involvement of heme in anticancer activity was
supported by (i) a decline in expression for the ferritin trans-
porter, (i) upregulation of heme oxygenase HMOX1 involved
in the catabolism of heme to bilirubin, and (iii) down regula-
tion of genes involved in heme biosynthesis.

TCTP (also named fortilin) is an antiapoptotic protein over-
expressed in many human cancers, which is considered as a
putative target of artemisinin derivatives.2 The reversible
binding of dihydroartemisinin to TCTP (K4 = 38 uM) results in
the shortening of the half-life of TCTP, via ubiquitination and
subsequent proteasome-mediated degradation. However, the
heme-mediated alkylation of TCTP by dihydroartemisinin,
resulting in an irreversible linkage between both entities,
should be considered too.

Other hypotheses on the mechanism of action of artemisi-
nin derivatives against cancer include (i) inhibition of angio-
genesis,®* (ii) inhibition of topoisomerase lla,® (jii) inhibition
of the hyperactive Wnt/s-catenin pathway of human colorec-
tal carcinoma,®® (iv) down regulation of estrogen receptor ERa
in MCF7 human breast cancer,®” or (v) transcriptional down
regulation of cyclin-dependent kinase-4 (CDK4) expression in
prostate cancer.®®

Conclusion

The small flat heme is not only the prosthetic group of a con-
siderable number of metalloproteins, but is also the master
piece of the mechanism of action of peroxide-containing anti-
malarial drugs and probably also a target for future antican-
cer drugs. So, heme will be continue to be a unique iron
complex in biology and pharmacology.
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cles on antimalarial drugs (artemisinin and trioxaquines). B.M.
warmly thanks his collaborators at Palumed for their strong
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