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The peroxide function of artemisinin has been activated by
iron(II)-heme generated in situ from iron(III)-protopor-
phyrin-IX and glutathione, a biologically relevant reductant.
In mild conditions, this reaction produced a high yield (85%)
of heme derivatives alkylated at a-, b-, and d-meso positions
by a C4-centered radical derived from artemisinin.

Artemisinin (1, Fig. 1) and its derivatives are highly active
against multidrug resistant strains of malaria parasites. Their
pharmacological activity is undoubtfully due to the endoper-
oxide function, since an artemisinin derivative lacking the
peroxide function (namely deoxyartemisinin) is devoid of
antimalarial activity.1 Within red blood cells, Plasmodium
falciparum digests the host hemoglobin to provide itself with
aminoacids and to build its own proteins. Then, to avoid the
accumulation of the released and potentially toxic iron(II)-heme,
Plasmodium polymerizes this redox active species as a
microcrystalline, non-toxic, iron(III) polymer, called hemozoin
or malaria pigment.2 The possible reactivity of the peroxide
function of artemisinin with this unique metabolic pathway has
been considered as the key factor of the pharmacological
activity.3,4

The heme-promoted reductive homolysis of the peroxide
function of artemisinin and structurally related trioxanes
leading to C4-centered alkylating radicals has been documented
in studies on the mechanism of action of these antimalarial

drugs.5,6 The alkylation of proteins,7 or heme8 was observed
after incubation of pharmacologically relevant concentrations
of radiolabelled artemisinin derivatives in cultured parasites,
but no structure was proposed for these heme–artemisinin or
protein–artemisinin adducts. The in vitro alkylation of a
synthetic metalloporphyrin used as a heme model by artemisi-
nin and other synthetic pharmacologically active trioxanes has
been reported9,10 and, more recently, alkylation of the dimethy-
lester derivative of heme has also been evidenced.11 These
alkylation reactions using heme models involve a C-centered
radical 3 generated by reductive activation of the peroxide bond
of artemisinin, followed by C3–C4 b-scission.12 The alkylation
of glutathione by the primary C4-centered radical derived from
artemisinin to produce a thioether adduct has been recently
reported.13

Here, we report the alkylation of heme itself, one of the main
targets of artemisinin, in the presence of glutathione, a reducing
agent present in high concentration in erythrocytes. Artemisinin
was incubated for 1 h at 37 °C with iron(II)-heme 2 generated in
situ by reduction of hemin with glutathione in dimethyl
sulfoxide (final concentrations: [artemisinin] = [hemin] = 30
mM, [glutathione] = 300 mM). Under these mild conditions,
quantitative alkylation of three of the meso positions of the
protoporphyrin-IX ligand was readily achieved. Water was
added to the reaction mixture, the precipitate so obtained was
filtered, washed with water and acetonitrile. The crude product

Fig. 1 Alkylation of iron(II)-heme by artemisinin in the presence of glutathione. In mass spectrometry, M+ is detected for iron(III) complexes without axial
ligand. The oval stands for the protoporphyrin-IX macrocycle.
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was analyzed by ES+-MS. The molecular peak was detected at
m/z = 898.3 (M+, compound 4), corresponding to the expected
mass for a 1+1 iron(III)-heme–artemisinin adduct. The identi-
fication of the alkylation positions was carried out after
demetallation reaction (see below). The parent peak (m/z =
838.4, M+ for compound 5) was due to the loss of an acetic acid
molecule from 4 within the mass spectrometer, and the sodium
carboxylate derivative 6 (m/z = 860.4, M+) was also detected.
Only a small amount of non-alkylated hemin (11% of the parent
peak, m/z = 616.2) was detected. As minor compounds (@5%),
the C12-methoxylated derivative (m/z = 870.3, M+ for the
iron(III) complex, not shown in the Figure) and its monosodium
carboxylate analogue (m/z = 882.4) were also detected. These
two latter compounds were generated within the spectrometer
by nucleophilic attack at C12 of the methanol used as solvent for
the MS analyses.

For further characterization, the crude mixture of heme–
artemisinin regioisomer adducts was submitted to demetallation
with iron(II) sulfate (20 mol. equiv.) and HCl 12 M in glacial
acetic acid at room temperature.14 Demetallation was im-
mediate as attested by UV-visible spectroscopy. The reaction
mixture was then diluted with water and the alkylated
protoporphyrin-IX ligand 8 was extracted with ethyl acetate,
and precipitated by addition of hexane. The covalent adducts 8
were characterized by UV-visible spectroscopy [lmax (rel.
intensity) in acetone: 410 (100), 510 (8), 542 (4), 584 (3)] and
ES+-MS spectroscopy [m/z (rel. intensity) = 845.3 (6, MH+),
785.4 (100, MH+–CH3COOH). As in the case of the iron
adducts, the nucleophilic attack of methanol in MS conditions
gave rise to the C-12 methoxylated adduct with m/z = 817.4 (5,
MH+)]. The structure of 8 was confirmed by 1H NMR (250
MHz, acetone-d6) with intracyclic NH detected at 23.03 ppm
and vinyl protons at 5.86–6.34 (Ha + Hb) and 7.96–8.24 (Hc).
The covalent coupling between artemisinin and heme moieties
was attested by the resonance of H2C4 at 5.05 and 5.37. The
resonance of H12 as a sharp singlet at 5.62 ppm comfirmed the
retention of the ortho ester structure of the artemisinin derived
fragment. The molar ratio between covalent adducts and non-
alkylated protoporphyrin-IX was 85+15.

Actually, these alkylation adducts were found to be unstable
because of their ortho ester structure, and hydrolyzed to the
mixture of adducts 9, even in mild conditions, e.g. a mixture
acetone–water. Adducts 9 were characterized by ES+-MS [m/z
(rel. intensity) = 803.5 (15, MH+), 785.4 (100, MH+2 H2O)].
It should be mentioned that the only molecular peak allows the
spectra of 8 and 9 to be distinguished. In fact, the fragment
cation at m/z = 785.4 (compound 10, Fig. 1) present in both
spectra can be produced by protonation and loss of acetic acid
or water from 8 and 9, respectively. However, the three major
adducts 9 were characterized by 1H NMR at 500 MHz (acetone
d6, 318 K). They correspond to the alkylation of heme at the a-,
b- and d-meso positions without regioselectivity (25%, 28%,
33%). The amount of adduct at g positions was low (13%). The
NH resonances were detected at 22.99 ppm, strongly de-
shielded with respect to the protoporphyrin-IX (24.12 ppm).
The meso protons were detected in the region 10.1–10.3 ppm,
with a low resolution. However, the methylene group H2C4 was
detected at 5.24 and 5.50 (broad signals) as expected for binding
to meso positions of the porphyrin ring, and these signals
exhibited NOE with the b-pyrrolic methyls (3.58–3.81 ppm)
indicating the alkylation at a-, b-, and d- meso positions. Vinyl
Hc resonances resulted in a complex pattern in the range
8.16–8.40 ppm, and Ha and Hb appeared as six different
multiplets, confirming the presence of three different major
adducts (5.98, 6.18, 6.23, 6.27, 6.35, and 6.44 ppm). On the
artemisinin moiety, H3C–C9 resonance was detected as three

doublets at 1.03, 1.05, and 1.06 ppm (3J = 7.8 Hz) coupled with
H9 (2.80 ppm). For the minor adduct resulting from alkylation
at g, the resonances of H3C–C9 and H9 were detected at 1.02
and 2.56 ppm, respectively, the other signals being overlapped
with those of the three major adducts.

Some of the products characterised in the present work have
been obtained but not identified by Meshnick et al. when
artemisinin was incubated with hemin, isolated hemozoin, or
cultured P. falciparum.8 These authors isolated adducts with m/
z = 838, 856, 857, and 871, corresponding to adducts 5, 7, the
iron(II) analogue of 7 (MH+), and the iron(II) complex bearing a
methoxy substituent at C12 (MH+), respectively, all these
compounds resulting from alkylation of heme by the drug
[reduction of iron(III) porphyrin complexes to iron(II) analogues
is frequently observed under mass spectrometry conditions].

Both structures 7a–c and 9a–c have been depicted with a
lactone cycle, but an open form with an aldehyde function at
C12 and a free acid at C10 is also possible. Further NMR
investigation will answer this question.

It should be noted that the alkylation of heme by artemisinin
is observed in high yield in the presence of an excess of
glutathione, a compound which has been proposed as a key
target of artemisinin.13 This result indicates that, in a mixture
where heme and glutathione are possible competitive targets,
85% of artemisinin preferentially alkylates heme instead of
glutathione.

In infected erythrocytes, free heme is generated by hemoglo-
bin digestion in the presence of glutathione, which is present at
millimolar concentration. Under these conditions, the reductive
activation of artemisinin may produce covalent heme–artemisi-
nin adducts in high yield in a very short time (compatible with
the short half-life of artemisinin in plasma) via a carbon-
centered radical generated at C4 position of artemisinin. This
alkylation process should be toxic for Plasmodium by accumu-
lation in the parasite of non-polymerizable redox-active heme–
drug adducts. Such alkylation process can also probably be
extented to essential proteins of the parasite.
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