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Abstract—The reaction of hemin with three well known artemisinin analogues, namely dihydroartemisinin, artemether and arte-
sunate, was independently analysed by visible spectrophotometry and by ESI-MS/HPLC. A very similar reaction pathway emerges
for all these compounds that matches closely the reaction profile previously described for artemisinin. In the course of the reaction
characteristic isomeric 1:1 drug–hemin adducts are formed as in the case of artemisinin; eventual disruption of the porphyrin ring
takes place in all cases, most likely through oxidative degradation.
# 2003 Elsevier Ltd. All rights reserved.
The efficacy of artemisinin and its congeners as anti-
malarial agents has received considerable attention in
recent years, in particular for the treatment of the
chloroquine-resistant forms.1 Artemisinin is a sesqui-
terpene lactone containing an unique endoperoxide
bridge that is primarily responsible for the antimalarial
activity.2 The mechanism of action of artemisinin, still
object of much debate,3 most likely involves the forma-
tion of free radical intermediates, originating from the
direct interaction of the endoperoxide group with the
heme iron.4�8 It is still controversial whether the plas-
mocidal effect derives from inhibition of hemin poli-
merisation into non-toxic hemozoin or from direct
damage to Plasmodium proteins through alkylation.

Unfortunately, both the low solubility and the poor oral
bioavailability of artemisinin severely impair its ther-
apeutic efficacy. Chemical modifications of artemisinin
have resulted into new derivatives that combine higher
antimalarial activity and higher solubility. For instance,
derivatization of artemisinin (Fig. 1a) at C10 has yielded
compounds such as artemether and sodium artesunate
that have already entered the clinics9,10 (Fig. 1b and c).
Another important derivative, in clinical use, is dihy-
droartemisinin (Fig. 1d).11 All these drugs are char-
acterised by important plasmocidal activities with IC50

values falling in the micromolar range.12

We have recently described the direct reaction of arte-
misinin with hemin, carried out in the absence of redu-
cing agents (thus with the iron center in the oxidation
state +3), and gained new insight into the underlying
molecular mechanisms.13 Isomeric artemisinin–hemin
adducts were clearly identified; in addition, our studies
showed that the reaction eventually leads to hemin
degradation, most likely through an oxidative pathway.13

To further support the results obtained on the artemisi-
nin/hemin system, we have analysed in detail, by joint
use of spectrophotometry and ESI-MS/HPLC, the cor-
responding reactions of dihydroartemisinin, artemether
and artesunate with hemin.

At 37 �C, the reaction is very slow for all derivatives and
does not reach completion even within 24 h (data not
shown). To reduce the duration of the experiments, the
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spectrophotometric determinations were carried out at
higher temperature (70 �C). Remarkably, no significant
modifications of the spectral shapes were observed
compared to the experiments performed at 37 �C.

The time dependent spectrophotometric profiles are
shown in Figure 2. Notably, the spectrophotometric
patterns obtained for the three derivatives are very simi-
lar to one another implying a virtually identical reaction
mechanism. In all cases, addition of the trioxane drugs
produces a progressive decrease in intensity of the Soret
band until disappearance. At 70 �C the reaction is com-
plete within ca. 12 h for all compounds, being sligthly fas-
ter for dihydroartemisinin. In all cases, a clear isosbestic
point is detected at 340 nm; a modest red shift of the Soret
band is observed as well. On turn, the present spectral
profiles match very closely those of the direct reaction of
artemisinin with hemin, previously reported.10,13

The reactions of the three artemisinin derivatives with
hemin were independently assayed by the ESI-MS/
HPLC technique, an approach particularly suitable to
analyse complex reaction mixtures.14 Samples were
analysed at various time intervals over 24 h working
again at 70 �C. In all cases the reaction results into slow
formation of a series of characteristic drug-hemin
adducts. Representative profiles of the different drug/
hemin samples, analysed 3 h after mixing, are shown in
Figure 3. Remarkably, the peak of hemin, the first
component to elute (Rt=12.7 min), progressively
decreases in intensity with time whereas new peaks
appear with longer retention times, characterised by
molar masses that roughly correspond to the 1:1
adducts of the individual drugs with hemin. Details of
the HPLC–MS results of the three investigated systems
are provided in ref 15.

The visible spectra of these adducts exhibit modest but
significant red shifts of the Soret band in line with the
above spectrophotometric results. On turn, after a few
hours, the peaks of the 1:1 adducts decrease in intensity,
in agreement with the progressive decrease in intensity
of the Soret band. We interpret this peculiar behavior
in terms of progressive disruption of the porphyrin
ring, most likely through oxidative degradation.16,17

Again, strict similarities in the behavior of these three
compounds are evident as well with the behavior of
artemisinin.13

Thus, we can state that all the artemisinin analogues
considered in this work manifest very similar spectral
features in their reaction with hemin. The observed
reaction profiles match quite closely that of artemisi-
nin, implying a virtually identical interaction
mechanism. The reaction essentially consists of two
steps: first 1:1 drug–hemin adducts are formed that
conserve the Soret band; then these adducts further
evolve with concomitant loss of the Soret band. In
our opinion the modest differences observed in the
respective reactivities with hemin do not account for
the important differences observed in their biological
activity. It is likely that the improved pharmacologi-
cal properties of these artemisinin analogues must be
primarily referred to differences in bioavailability and
pharmacokinetics.
Figure 1. Schematic drawing of artemisinin, artemether, artesunate
and dihydroartemisinin.
Figure 2. Spectrophotometric profiles of the reaction between hemin
(1�10�5 M) and the three artemisinin analogues (2�10�5 M) in
DMSO at 70 �C followed during 24 h: (a) artemether; (b) artesunate
and (c) dihydroartemisinin.
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Figure 3. HPLC profiles of the adduct between hemin and artemether (a), artesunate (b) and dihydroartemisinin (c) after 3 h at 70 �C.
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