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Abstract

We report that the antimalarial drug artemisinin inhibits hepatitis C virus (HCV) replicon replication in a dose-dependent manner in
two replicon constructs at concentrations that have no effect on the proliferation of the exponentially growing host cells. The 50% effec-
tive concentration (EC50) for inhibition of HCV subgenomic replicon replication in Huh 5-2 cells (luciferase assay) by artemisinin was
78 ± 21 lM. Hemin, an iron donor, was recently reported to inhibit HCV replicon replication [mediated by inhibition of the viral poly-
merase (C. Fillebeen, A.M. Rivas-Estilla, M. Bisaillon, P. Ponka, M. Muckenthaler, M.W. Hentze, A.E. Koromilas, K. Pantopoulos,
Iron inactivates the RNA polymerase NS5B and suppresses subgenomic replication of hepatitis C virus, J. Biol. Chem. 280 (2005)
9049–9057.)] at a concentration that had no adverse effect on the host cells. When combined, artemisinin and hemin resulted, over a
broad concentration range, in a pronounced synergistic antiviral activity. Also at a concentration (2 lM) that alone had no effect on
HCV replication, hemin still potentiated the anti-HCV activity of artemisinin.
� 2006 Elsevier Inc. All rights reserved.
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Hepatitis C virus (HCV) is an enveloped single stranded
(+) RNA virus that belongs to the genus Hepacivirus of the
family Flaviviridae [1]. HCV causes acute and chronic liver
disease, including chronic hepatitis, cirrhosis, and hepato-
cellular carcinoma [2]. Worldwide more than 170 million
people are chronically infected with HCV and are thus at
increased risk of developing serious life-threatening liver
disease [3]. Current standard therapy for chronic hepatitis
C consists of the combination of pegylated interferon alpha
(IFN-a) in combination with ribavirin [4]. Unfortunately,
this standard treatment results in only 50–60% of the
patients in a sustained virological response and is associat-
ed with important side-effects. Thus, there is an urgent need
for new therapeutic strategies.
0006-291X/$ - see front matter � 2006 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2006.07.014

* Corresponding author. Fax: +32 16 337340.
E-mail address: johan.neyts@rega.kuleuven.be (J. Neyts).
Artemisinin is a sesquiterpene lactone (Fig. 1) that was
isolated from Artemisia annua L. or Sweet wormwood [5].
In traditional Chinese herbal medicine, infusions of Sweet
wormwood were the remedy for a variety of ailments and
illnesses. More detailed studies revealed that artemisinin
elicits antimalarial, but has also antibacterial, anti-inflam-
matory, and anti-angiotensin, activity, as well as anti-
proliferative activity against a variety of tumor cell lines
[6–8]. The various biological activities of artemisinin
originate from the same molecular mechanism namely a
Fe(II) Fenton reaction [9], in which the endoperoxide
bridge in artemisinin is cleaved leading to the generation
of reactive oxygen species (such as hydroxyl radicals,
superoxide anions, and carbon-centered radicals). These
radical species contribute to damaging membranes and to
the alkylation of proteins. Some reports suggest that
heme-iron(II) and oxidative stress are not the only mecha-
nisms by which artemisinin exerts its antimalarial activity
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Fig. 1. Structural formula of artemisinin.
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[10]. Specific inhibition of Falcipain 2 [11], a papain family
cysteine protease of malaria, and the inhibition of the sar-
co/endoplasmic reticulum Ca2+-ATP orthologue of Plas-

modium falciparum [12] were proposed as potential
targets for artemisinin.

Because of the less favorable pharmacokinetic proper-
ties, low solubility, and in order to further improve the
antimalarial and antitumor activity of artemisinin, a num-
ber of first generation derivatives, i.e., artesunate, arteme-
ther, arteether, artelinate and later generation derivatives,
i.e., deoxoartemisinin, artemisinin dimers, trimers, tetra-
mers, cyanoarylmethyl-artemisinin, and others [13–15],
were generated. Besides improved antimalarial and antitu-
moral activity, some artemisinin analogues were reported
to exhibit also antiviral activity against the human cyto-
megalovirus (HCMV) and the hepatitis B virus (HBV)
[16–18]. The anti-HCMV activity of artesunate (the pro-
drug of dihydroartemisinin) is probably mediated through
the perturbation of cellular activation pathways (NF-jB)
that play an essential role in virus replication [16]. Further-
more, it was shown that the anti-HCMV activity of
artesunate can be augmented by combining artesunate with
ferrous iron, i.e., Ferrosanol or holo-transferrin [17]. Simi-
larly, the neurotoxicity of artemisinin against neuroblasto-
ma cells can be enhanced by the addition of hemin [19,20].
Clinical data suggest that iron has a negative influence on
the outcome of chronic HCV [21–23]. Iron administration
was recently shown to inhibit HCV replicon replication;
an effect that was explained by the fact that iron binds with
high affinity in the Mg2+ binding pocket of the RNA-de-
pendent RNA polymerase [24]. Thus increased intracellular
iron concentrations (i) inhibit HCV replicon replication
and (ii) stimulate the antiviral (and antitumoral) activity
of artemisinin, and analogues. Here, we report that arte-
misinin inhibits the replication of HCV replicons in a con-
centration-dependent manner, that this inhibition is largely
independent of the cytotoxic properties of artemisinin and
that the antiviral activity can be potentiated by combining
artemisinin with the iron donor hemin.

Materials and methods

Compounds. Artemisinin was from Sigma–Aldrich (St. Louis, USA).
Hemin chloro(7,12-diethenyl-3,8,13,17-tetramethyl-21H,23H-porphine-
2,18-dipropanoato(4-)-N(21),N(22),N(23),N(24))ferrate(2-)dihydro-
gen was purchased from Sigma (Bornem, Belgium), 2 0-C-methyl-cytidine
was synthesized by standard methods [25].
Cells and viruses. Huh 7 cells containing subgenomic HCV replicons
I389luc-ubi-neo/NS3-3 0/5.1 (Huh 5-2) [26–29] or HuH 6 cells containing
I341PI-Luc/NS3-3 0/Con1/ET [30] were grown in Dulbecco’s modified
Eagle’s Medium (DMEM; Gibco, Merelbeke, Belgium) supplemented
with 10% heat-inactivated fetal bovine serum (FCS) (Integro, Zaandam,
The Netherlands), 1· non-essential amino acids (Gibco), 100 IU/ml pen-
icillin (Gibco), 100 lg/ml streptomycin (Gibco), and 250 lg/ml Geneticin
(G418, Gibco) for Huh 5-2 cells, 1000 lg/ml G418 for HuH 6 cells.

Anti-HCV assay in Huh 5-2 cells. Huh 5-2 cells were seeded at a density
of 5 · 103 per well in a tissue culture treated white 96-well view plate
(Canberra, Zellik, Belgium) in complete DMEM supplemented with
250 lg/ml G418. Following incubation for 24 h at 37 �C (5% CO2)
medium was removed and 3-fold serial dilutions in complete DMEM
(without G418) of the test compounds were added in a total volume of
100 ll. After 4 days of incubation at 37 �C, cell culture medium was
removed and luciferase activity was determined using the Steady-Glo
luciferase assay system (Promega, Leiden, The Netherlands); the luciferase
signal was measured using a Luminoskan Ascent (Thermo, Vantaa, Fin-
land). The 50% effective concentration (EC50) was defined as the con-
centration of compound that reduced the luciferase signal by 50%.

Anti-HCV assay in HuH 6 cells. HuH 6 cells were seeded at a density of
1 · 104 cells per well in 96-well cell culture plates in complete DMEM
supplemented with 1000 lg/ml G418. Following incubation for 24 h at
37 �C cell culture medium was removed and 3-fold serial dilutions of the
test compounds in complete DMEM without G418 were added in a total
volume of 100 ll. After 4 days of incubation at 37 �C, cell culture fluid was
removed and monolayers were washed once with phosphate-buffered
saline. Cells were lysed in 100 ll Cells-to-cDNA II lysis buffer (Ambion,
Huntingdon, United Kingdom) according to the manufacturer’s instruc-
tions. Lysates were denatured for 15 min at 75 �C and diluted with 100 ll
water. Thereafter, lysates were used immediately without further storage.

RT-qPCR. A 25 ll RT-qPCR contained 12.5 ll of 2· reaction buffer
(Eurogentec, Seraing, Belgium), 6.3 ll H2O, 5 ll total cellular RNA
extract and in the case of HuH 6 samples 300 nmol/l neo-forward primer
[5 0-CCG GCT ACC TGC CCA TTC-3 0], 300 nmol/l neo-reverse primer
[5 0-CCA GAT CAT CCT GAT CGA CAA G-3 0], and 300 nmol/l
neo-probe [5 0-FAM-ACA TCG CAT CGA GCG AGC ACG TAC-T
AMRA-3 0]. The RT step was performed at 48 �C for 30 min, 15 min at
95 �C and subsequent PCR amplification of 40 cycles of denaturation at
94 �C for 20 s and annealing and extension at 60 �C for 1 min in an ABI
7000 sequence detector.

Cytostatic assay. Huh 5-2 cells were seeded at a density of 5 · 103 cells
per well and HuH 6 cells were seeded at a density of 1 · 104 cells per well
of a 96-well plate in complete DMEM with the appropriate concentrations
of G418. Serial dilutions of the test compounds in complete DMEM
without G418 were added 24 h after seeding. Cells were allowed to
proliferate for 3 days at 37 �C, after which the cell number was determined
by means of three different assay methods: (i) by the (3-(4,5-dimethylthia-
zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)/
phenazinemethosulfate (MTS/PMS) method (Promega), (ii) by pooling
the cells from three wells and counting the cells with a Z1 series Coulter
counter (Beckman Coulter, Buckinghamshire, United Kingdom), and (iii)
by determining the 18S ribosomal gene content by qPCR using the 18S
genomic control kit (Eurogentec). The 50% cytotoxic concentration
(CC50) was defined as the concentration that inhibited the proliferation of
exponentially growing cells by 50%.

Drug combinations. The effects of drug–drug combinations were eval-
uated using the method of Prichard and Shipman [31]. In brief, the the-
oretical additive effect is calculated from the dose-response curves of
individual compounds by the equation Z = X + Y(1 � X), where X rep-
resents the inhibition produced by artemisinin alone and Y represents
hemin alone. Z represents the effect produced by the combination of
artemisinin with hemin. The theoretical additive surface is subtracted from
the actual experimental surface, resulting in a horizontal surface that
equals the zero plane when the combination is additive, a surface that lies
above the zero plane indicates a synergistic effect of the combination, and
a surface below the zero plane indicates antagonism. The antiviral assay
was carried out essentially as described above for HuH 6 cells except that
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compounds were added in checkerboard format. For each compound six
replicate plates were used to measure the dose–response curve of each
individual compound and the combinations thereof. The data obtained
from all six plates were used to calculate the theoretical additive surface
and the experimentally observed surface. Prior to using the data to cal-
culate the dose-response curves the data were analyzed for variance by the
ANOVA test.
Results

Antiviral activity of artemisinin and hemin in HCV

subgenomic replicon containing cells

Artemisinin (Fig. 1) inhibited HCV replication in a con-
centration-dependent manner in Huh 5-2 cells (Fig. 2, as
monitored by measuring the luciferase activity). The 50%
effective concentration (EC50) of artemisinin was calculated
to be 78 ± 21 lM. At a concentration of 177 lM artemisi-
nin inhibited HCV replicon replication by 65%. None of
the concentrations of artemisinin tested inhibited the pro-
liferation of exponentially growing Huh 5-2 cells
Table 1
Inhibitory Effect of artemisinin and hemin on various HCV replicons

Cell line Artemisinin Hemin

EC50 (lM) CC50 (lM) EC50 (lM) CC50 (lM

Huh 5-2 78 ± 21 >177 22 ± 4 >50
HuH 6 14 ± 21 >177 4 ± 2 >50

EC50 is the concentration of compound required to reduce the replicon content
the concentration of compound required to inhibit the exponential proliferation
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Fig. 2. Effect of artemisinin (open bars) or artemisinin combined with
2 lM hemin (filled bars) on HCV replicon replication in Huh 5-2 cells
(measured as luciferase signal; bars) and the effect of artemisinin (open
diamonds) or artemisinin combined with 2 lM hemin (open circles) on the
proliferation of exponentially growing cells. Data are expressed as
percentage of untreated controls (UTC) and are mean values ± SD of
six independent experiments. #P < 0.01 (% luminescence obtained after
treatment with artemisinin vs % luminescence obtained after treatment
with artemisinin + 2 lM hemin).
[CC50 > 177 lM] as assessed by the MTS method. This
was further corroborated by cell counting [CC50 > 177 lM]
and quantifying the levels of 18S ribosomal RNA by qPCR
[CC50 = 124 ± 46 lM]. The EC50 of hemin for the inhibi-
tion of HCV replicon replication was 22 ± 4 lM (data
not shown); the compound reduced replicon replication
by 82% at a concentration of 50 lM without being cyto-
static (CC50 > 50 lM). For comparative reasons the antivi-
ral activity of a nucleoside HCV polymerase inhibitor, i.e.,
2 0-C-methyl-cytidine [25], was determined in Huh 5-2 cells.
The EC50 value for the inhibition of HCV replicon replica-
tion by 2 0-C-methyl-cytidine was 0.8 ± 0.2 lM and the
CC50 > 30 lM. The anti-HCV activities of artemisinin
and hemin were confirmed in HuH 6 cells. HuH 6 replicons
have the same genetic make-up as Huh 5-2 replicons, but (i)
carry different adaptive mutations, (ii) HCV replicon repli-
cation is not inhibited by IFN-c in HuH 6 cells, and (iii)
HCV replication is independent of the cell proliferation.
Both artemisinin and hemin resulted in a concentration-de-
pendent decrease in HCV RNA levels in HuH 6 cells as
measured by RT-qPCR with EC50 values of 14 ± 21 and
4 ± 2 lM, respectively (Table 1) without being cytostatic
(Table 2). A similar EC50 value (0.7 ± 0.5 lM) for the inhi-
bition of HCV replicon replication by 2 0-C-methyl-cytidine
was obtained in HuH 6 cells as for Huh 5-2 cells (Table 1).

Hemin potentiates the anti-HCV activity of artemisinin

It was next studied whether hemin can potentiate the
anti-HCV activity of artemisinin at a concentration of
hemin (2 lM) that alone had no inhibitory effect on Huh
5-2 replicon replication (Fig. 2). Hemin (at 2 lM) resulted
in a significant increase in the anti-HCV activity of those
concentrations of artemisinin that had the most pro-
nounced anti-HCV activity. Overall, the combination
resulted in a 5-fold decrease of the EC50 value as compared
to artemisinin when used alone (Table 1). The combined
effect of both molecules did not result in any cytostatic or
cytotoxic activities (Table 2).

Drug combinations

To further corroborate the stimulatory activity of hemin
on the anti-HCV activity of artemisinin, we evaluated the
combined activity over a broad concentration range of
Artemisinin + 2 lM hemin 2 0-C-Me-cytidine

) EC50 (lM) CC50(lM) EC50 (lM) CC50(lM)

14 ± 4 >177 0.8 ± 0.2 >30
1.8 ± 0.2 >177 0.7 ± 0.5 >30

by 50% as measured by either the luciferase or the RT-qPCR assay. CC50 is
of the host cells by 50% as determined by the (3-(4,5-dimethylthiazol-2-yl)-
osulfate (MTS/PMS) assay. Data are mean values ± SD for at least four



Table 2
Effect of artemisinin and hemin on host cell proliferation and 18S ribosomal RNA content

Cell line CC50 (lM)

Artemisinin Hemin Artemisinin + 2 lM hemin

MTS Cell counts qPCR MTS Cell counts qPCR MTS Cell counts qPCR

Huh 5-2 >177 >177 124 ± 46 >50 >50 22 ± 18 >177 >177 106 ± 53
HuH 6 >177 >177 >177 43 ± 7 >50 >50 >177 >177 >177

CC50 is the concentration of compound required to inhibit the exponential proliferation of the cells by 50% as determined by (i) the (3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)/phenazinemethosulfate (MTS/PMS) assay or (ii) by cell counts or (iii) the
levels of 18S ribosomal RNA determined by a qPCR assay. Data are mean values ± SD for at least four independent experiments.
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Fig. 3. Antiviral effect of drug combinations in HuH 6 cells: artemisinin
(X-axis) and hemin (Y-axis). The different colors represent different ranges
of values: white: 0–20%, light grey: 20–40%, grey: 40–60%, dark grey:
60–80%, and black: 80–100%. A volume below the zero plane would
indicate an antagonistic effect.
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both molecules (0.1–177 lM for artemisinin and 0.6–
50 lM for hemin) in HuH 6 cells using the method of
Prichard and Shipman [31]. All combinations resulted in
an antiviral effect that was 25–80% above the expected the-
oretical value and thus led to a synergistic antiviral activity
(Fig. 3). Prior to analysis we subjected the entire dataset to
ANOVA. The dataset showed significant (P < 0.05) statis-
tical interaction which indicates the dependence of the
observed effect of a certain artemisinin concentration on
the amount of hemin present in that particular condition.

Discussion

We report the inhibitory activity of artemisinin on sub-
genomic HCV replicon replication [32]. It was recently
reported that (the iron sequestered in) hemin is able to sup-
press HCV subgenomic replicon replication by an inhibito-
ry effect on the HCV RNA-dependent RNA polymerase
[24]. Although both artemisinin and hemin when used
alone exhibit in our hands a moderate antiviral effect, their
combination results in a synergistic anti-HCV activity. This
synergism suggests a role of iron in the anti-HCV activity
of artemisinin, as is the case for the antimalarial activity
of artemisinin. This peculiar mechanism of action could
be advantageous in anti-HCV drugs regime. Choi et al.
reported that reactive oxygen species disrupt active HCV
replication complexes and rapidly inhibit HCV RNA repli-
cation in human hepatoma cells [33]. The anti-HCV activ-
ity of artemisinin may thus be directly related to the
production of reactive oxygen species and alkylation of
HCV proteins. HCMV replication is indirectly inhibited
by artemisinin through interference with the host cell
kinase cascade, i.e., NF-jB [16,17]. Expression of HCV
NS5A results in an alteration of intracellular events and
the constitutive activation of NF-jB [34–36]. Waris and
colleagues suggested that the perturbation of the cellular
environment by HCV leads to an alteration in gene expres-
sion to facilitate HCV replication [35]. It cannot be exclud-
ed that artemisinin interferes with such altered gene
expression, thus hampering HCV replication.

A concern, when evaluating potential anti-HCV mole-
cules in the replicon system, is that the activity is indirectly
caused by cytostatic activities. It was shown that the HCV
replicon replication rate is dependent on the metabolic
state of the host cell; minor toxic effects could result in a
similar reduction in replicon replication [37,38]. Since arte-
misinin is known to have antitumoral activity, we
employed multiple methods to measure the potential
adverse effects of artemisinin, hemin or their combination
on the host cell. Furthermore, we employed HuH 6 cells
in which HCV replicon replication is independent of the
metabolic state (cell cycle) of the cells. Overall, both com-
pounds or the combinations thereof had little or no adverse
effect on the host cell.

Since both artemisinin and hemin are extensively used in
the clinical setting (artemisinin is used against malaria and
hemin is used in the clinical setting to correct heme defi-
ciency in the liver and repress the production of porphyrin
precursors), the use of these drugs could be considered as a
supplemental therapy with interferon and ribavirin in
future therapies for HCV. However, patients with
cirrhosis may already have elevated iron levels [39] and
intrahepatic iron could be implicated in a poor response
to interferon therapy [21] and in worsening the liver dam-
age due to HCV infection [22,23]. Hemin could thus be
contraindicated in HCV-infected patients with progressive
liver disease.
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