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a b s t r a c t

Antitumor and antiviral properties of the antimalaria drug artemisinin from Artemisia annua have been

reported. Novel artemisinin derivatives (AD1–AD8) have been synthesized and evaluated using in vitro

models of liver/colon cancer and viral hepatitis B and C. Cell viability assays after treating human cell

lines from hepatoblastoma (HepG2), hepatocarcinoma (SK-HEP-1), and colon adenocarcinoma (LS174T)

with AD1–AD8 for a short (6 h) and long (72 h) period revealed that AD5 combined low acute toxicity

together with high antiproliferative effect (IC50 = 1–5 lM). Since iron-mediated activation of peroxide

bond is involved in artemisinin antimalarial activity, the effect of iron(II)-glycine sulfate (ferrosanol)

and iron(III)-containing protoporphyrin IX (hemin) was investigated. Ferrosanol, but not hemin,

enhanced antiproliferative activity of AD5 if the cells were preloaded with AD5, but not if both compouds

were added together. Five derivatives (AD1 > AD2 > AD7 > AD3 > AD8) were able to inhibit the cytopathic

effect of bovine viral diarrhoea virus (BVDV), a surrogate in vitro model of hepatitis C virus (HCV), used

here to evaluate the anti-Flaviviridae activity. Moreover, AD1 and AD2 inhibited the release of BVDV-RNA

to the culture medium. Co-treatment with hemin or ferrosanol resulted in enhanced anti-Flaviviridae

activity of AD1. In HepG2 cells permanently infected with hepatitis B virus (HBV), AD1 and AD4, at

non-toxic concentrations for the host cells were able to reduce the release of HBV-DNA to the medium.

In conclusion, high pharmacological interest deserving further evaluation in animal models has been

identified for novel artemisinin-related drugs potentially useful for the treatment of liver cancer and viral

hepatitis B and C.

! 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Primary and secondary liver cancers, whose most frequent

origin is colon cancer, are among the main causes of death due

to cancer worldwide.1 Advances in surgery and radiotherapy per-

mit to cure a certain number of these patients nowadays, however

these approaches cannot always be applied, and pharmacological

regimens are of limited usefulness because drugs available may eli-

cit undesirable side effects, initial chemoresistance or the develop-

ment of drug refractoriness during treatment.2,3

Hepatitis B virus (HBV), which belongs to the genus Ortho-

hepadnavirus of the family Hepadnaviridae, causes chronic infection

in the host liver that may result in cirrhosis and eventually hepato-

cellular carcinoma.4 The WHO estimates that, in spite of the avail-

ability of a safe vaccine, there are 300 million people infected with

HBV.5 Currently the most commonly used drugs to treat chronic

hepatitis B are pegylated interferon and nucleoside analogues, such

as lamivudine and adefovir, which are not fully effective in many

cases, owing to a wide range of adverse effects6 and the appearance

of viral mutant strains that are resistant to the drug.7

Infection by hepatitis C virus (HCV), which belongs to the genus

Hepacivirus of the family Flaviviridae, is another important health

problemwith 130million people affected worldwide. The probabil-

ity of this people to become chronically infected is high (50–85%).8

Unfortunately, in approximately 20% of these patients this condi-

tion may evolve to cirrhosis and hepatocellular carcinoma.9
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Moreover, no safe vaccine against HCV has yet been developed.

Treatment of chronic hepatitis Cwith pegylated interferon and riba-

virin lack complete efficacy and good tolerability, whichmay be fur-

ther complicated by the emergence of strains resistant to currently

available drugs. Together these factors account for a frequent failure

of the pharmacological treatments of these patients.10

Artemisinin (ART) is a drug obtained from the plant Artemisia

annua that has been recently recommended by the WHO in combi-

nation with other antimalaria drugs to treat drug-resistant Plasmo-

dium falciparum strains, cerebral malaria and malaria in children.11

In an attempt to improve ART bioavailability and efficacy, several

derivatives have been synthesized such as dihydroartemisin

(DHA), a reduced lactol that is more active but thermally less stable

than ART; and artesunate (ARS), which is more active and less toxic

than its parent drug. All these derivatives belong to a large family

of compounds named artemisinins or artemisinin-like derivatives

(ADs) that share the endoperoxide bridge and hence are expected

to keep part of the pharmacological properties of ART.12 Based on

their cytotoxic activity against Plasmodium falciparum, ART and

its semi-synthetic derivatives have shown promising results when

they have been evaluated in vitro as anticancer and antiviral

drugs.13,14 More precisely, activity against viruses responsible for

viral hepatitis B15 and C16 has been reported.

Recently several novel ADs with different bulky groups at posi-

tion C10 of DHA have been synthesized (Fig. 1). The initial aim to

synthesize this group of derivatives was to mimic the ability of

ARS to be transformed into DHA through the cleavage of the ester

moiety at different rates. The rational was that slower release of

the active agent would improve the pharmacokinetic properties

of the drug. Indeed these compounds have demonstrated in vitro

cytotoxic effect against leukaemia cells, anti-angiogenic activity

in vivo and ability to overcome chemoresistance mediated by

multidrug resistance protein 1 (MDR1).17 In the light of these

remarkable characteristics further in vitro evaluation of eight of

these novel drugs was recommended. The aim of the present work

was therefore to investigate their antiproliferative effect against

cells derived from primary liver cancer and colon adenocarcinoma

as the most frequent origins of secondary liver cancer, and their

antiviral activity versus the Hepadnaviridae and Flaviviridae fami-

lies, accounting for viral hepatitis B and C. Since ART exerts its anti-

malarial activity through activation by iron, the activity of ADs in

these in vitro models has been also investigated in the presence

of iron(II)-glycine sulfate (ferrosanol) and iron(III)-containing pro-

toporphyrin IX (hemin).

2. Materials and methods

2.1. Chemicals

ART, and ARS were obtained as previously described.18 DHA and

the ADs were synthesized following the methodology published

elsewhere.17 Dulbecco’s modified Eagle’s medium (DMEM), genta-

micin, 3-amino-7-dimethylamino-2-methylphenazine (Neutral

Red), NaHCO3, L-glutamine, minimum essential medium (MEM),

thiazolyl blue tetrazolium bromide (MTT), hemin and dimethyl-

sulphoxide (DMSO) were provided by Sigma–Aldrich Quimica (Ma-

drid, Spain). MEM GLUTAMAX™ was obtained from Invitrogen

(Barcelona, Spain). Dodecyl sulphate sodium salt (SDS) was from

Merck (Barcelona, Spain). Ciprofloxacine (Baycip") was supplied

by Bayer (Leverkusen, Germany). 4-(2-Hydroxyethyl)-1-piperazi-

neethansulphonic acid (HEPES), trypsin and geneticin" (G418)

were from Roche (Barcelona, Spain). Ferrosanol was purchased

form UCB Pharma, S.A. (Madrid, Spain). Fetal calf serum (FCS)

was obtained from TDI (Madrid, Spain).

Figure 1. Chemical structure of artemisinin (ART), artesunate (ARS), dihydroartemisinin (DHA) and novel ART derivatives (AD1–AD8).
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2.2. Evaluation of in vitro antiproliferative activity

The following human cell lines from the American Type Culture

Collection (Manassas, VA, USA) were used: HepG2 (from hepato-

blastoma, HB-8065), SK-HEP-1 (from hepatocarcinoma, HTB-52),

and LS174T (from colon adenocarcinoma, CL-188). They were cul-

tured with appropriate media in a humidified CO2:air (5:95%)

atmosphere at 37 #C. ART, ARS, ADs, ferrosanol and hemin were

dissolved in DMSO, which was used at <0.2% final concentration

in culture medium.

Formazan formation from the tetrazolium salt by living cells

was used to evaluate the drug-induced non-specific acute toxic-

ity (short-term incubation, 6 h) or the antiproliferative effect

(long-term incubation, 72 h) by measuring the reduction of cell

viability after the exposure to the desired drug. Approximately

5 ! 103 or 15 ! 103 cells/well (depending on the cell line) were

seeded in 96-wells plates. In some experiments the effect of fer-

rosanol or hemin was investigated by combining one of these

compounds with AD5 before being added to the culture or after

preloading the cells with AD5 for 1 h to prevent potential perox-

ide activation in the media prior to the uptake of AD5 by the

cells.

2.3. Evaluation of anti-Flaviviridae activity

EBTr cells were culture as previously described.16 Cells were

seeded in 96-wells plates (15 ! 103 cells/well) and left to attach

for 2 h before adding the desired dilution of BVDV (the cytopathic

strain Oregon C24V, genotype I, sugenotype b) to reach 40% cyto-

pathic effect in infected non-treated cells. The BVDV inoculum

was removed after 48 h and the cells were incubated for 72 h with

fresh virus-free culture medium containing the desired ADs to

study their anti-Flaviviridae activity. In some experiments ferrosa-

nol or hemin were added after incubation with the AD for 1 h. Cell

viability was then measured by the MTT test to determine drug-in-

duced toxicity in non-infected host cells and drug-induced protec-

tion in BVDV-infected EBTr cells. Determination of BVDV-RNA

release to the medium was carried out by real-time quantitative

PCR. As normalizer to calculate absolute values of BVDV-RNA the

addition of a known amount of previously synthesized cRNA corre-

sponding to the rat bile salt export pump (Bsep, gene symbol

Abcb11) was carried out as reported elsewhere.16

2.4. Evaluation of anti-Hepadnaviridae activity

HepG2 2.2.15 cells permanently infected with HBV were de-

rived from hepatoblastoma HepG2 cells.19 They were cultured

as previously described.15 During the experimental period

(21 days), the culture medium was replaced by a fresh one,

without (control conditions) or with the compound to be tested,

previously dissolved in DMSO (<0.2% final concentration in cul-

ture medium), every 3 days. Using the Neutral Red test20 as pre-

viously described,15 drug-induced cell toxicity was evaluated by

measuring the amount of living cells in the culture medium after

drug exposure for 21 days. To determine the abundance of HBV-

DNA in the culture medium released from host cells, real-time

quantitative PCR was used. The supernatant of HepG2 2.2.15

cells was collected on day 21 and the DNA was extracted using

an adaptation of the alkaline digestion method as previously

reported.21

2.5. Statistical analysis

Data points were obtained from at least 3 different cell cultures,

in which each condition was assayed at least in 3-well. To calculate

the statistical significance of differences the paired t-test was used.

3. Results

3.1. In vitro antiproliferative activity

The antiproliferative activity of eight ADs (see structure in

Fig. 1) was determined in 3 human cancer cell lines derived from

liver (HepG2 and SK-HEP-1) and colon (LS174T) cancer, and this

was compared with that of ART, ARS and DHA whose antiprolifer-

ative effect has been previously demonstrated.22–24

ART, at least at the doses assayed here, was not able to induce a

significant antiproliferative effect in these cells. Only at very high

concentrations of ART a modest reduction in cell viability was ob-

served (Fig. 2). However, treatment with increasing doses of ARS

and DHA showed a significantly ability to reduce cell viability after

incubation with the drug for 72 h (Fig. 2). ARS had stronger anti-

proliferative effect than DHA showing IC50 values below or equal

to 20 lM in the 3 cell lines assayed (Table 1).

Regarding the antiproliferative activity of ADs, AD1 and AD7

exhibited the weakest effect (Fig. 2 and Table 1), whereas AD2,

AD3 and AD8 have moderate activity (Fig. 2 and Table 1). They

effect was more marked in SK-HEP-1 cells. In the rank of anti-

proliferative activity the next two compounds were AD4 and

AD6 with similar effect on the 3 cell lines to that found for

ARS and DHA. The strongest activity was found for AD5. This

compound, even at very low concentrations, induced a marked

reduction in the viability of the 3 cell lines assayed (Fig. 2 and

Table 1).

To determine whether compounds that gave positive results in

the antiproliferative test induced reduction in culture size due to

drug-induced general toxicity the viability of the cells was mea-

sured after short-term (6 h) exposure to IC50 of these compounds

(Fig. 3). This acute toxicity test revealed that only ARS, but not

any AD, was mildly toxic for SK-HEP-1 and LS174T cells (Fig. 3).

To study the mechanism accounting for the AD antiproliferative

activity, the effect of ferrosanol and hemin in combination with

this derivative was analyzed using the most active compound

(AD5) and the most sensitive cell line (SK-HEP-1) (Fig. 4). No effect

of ferrosanol and hemin on the antiproliferative activity of ARS or

AD5 was observed when the compounds were combined before

being added to the culture medium (Fig. 4A and C). In contrast,

when SK-HEP-1 cells were preloaded with ARS (Fig. 4B) or AD5

(Fig. 4D) for 1 h before adding the iron-containing compounds, fer-

rosanol, but not hemin, significantly enhanced the antiproliferative

activity of both ARS and AD5.

3.2. Anti-Flaviviridae activity

When toxicity in non-infected bovine epithelial cells obtained

from embryonic trachea (EBTr) host cells was investigated, as de-

scribed above for human cancer cells, the ADs exhibited very low

toxicity at the assayed concentrations (Fig. 5). Only DHA, AD4,

AD5 and AD6 induced a moderate although significant reduction

in cell viability. This was not seen, at least up to 100 lM, for

AD1, AD2, AD3, AD7 and AD8 (Fig. 5). Infection with the cytopathic

strain of bovine viral diarrhoea virus (BVDV) in this experimental

conditions caused an approximately 40% reduction in the number

of living cells (data not shown), as has been documented

previously.16

Study of the antiviral protection induced by these drugs re-

vealed that AD5 did not protect the host cells against the cyto-

pathic effect of the virus (Fig. 5). In contrast, a moderate

protection, as indicated by the recovery of cell viability, was ob-

served when the cells were treated with DHA, AD3, AD4 or AD6

(Fig. 5). Additionally, AD1, AD2, AD7 and AD8 induced a strong

dose-depending protective effect (Fig. 5).
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To study whether the antiviral protection was due to a virostatic

effect, a single dose of the compounds (50 lM)was used in different

culture conditions (6-well plates) to compare the degree of protec-

tion afforded to infected cells on the same plate and the release of

BVDV-RNA to the culture medium as an indirect evidence of reduc-

tion in viral propagation (Fig. 6). Under similar conditions toxic ef-

fect on non-infected cells was also determined. The results

regarding drug-induced toxicity in non-infected cells (Fig. 6A) and

the recoveryof cell viability in infected cells (Fig. 6B)were consistent

with those found in dose-dependent studies carried out in 96-well

plates (Fig. 5). Moreover, 3 compounds, DHA, AD1 and AD2, able to

induce antiviral cell protection did also inhibit BVDV-RNA release.

Another 3 compounds, AD3, AD7 and AD8 induced antiviral cell

protection but without significant reduction in BVDV-RNA release,

whereas AD4, AD5 and AD6 were able to inhibit BVDV-RNA release

but did not induce antiviral cell protection (Fig. 6C).

To further investigate whether the effect of AD1 on BVDV was

enhanced by iron, a set of experiments were performed in the pres-

ence of iron-donors using a single dose of AD1 (50 lM) in combi-

nation with hemin (0.5 lM) or ferrosanol (2.5 lg/ml) (Fig. 7).

These concentrations were selected due to their absence of toxic

effect on non-infected EBTr cells based on preliminary dose–re-

sponse studies (data not shown). Hemin and ferrosanol were able

to increase the protective effect of AD1 against the cytopathic ef-

fect of BVDV. In contrast, the anti-Flaviviridae effect of 50 lM

ART was inhibited by hemin and ferrosanol (Fig. 7).

Figure 2. Effect of artemisinin (ART), artesunate (ARS), dihydroartemisinin (DHA) and novel ART derivatives (AD1–AD8) on the viability of human cells derived from

hepatoblastoma (HepG2 cells; open circles), hepatocarcinoma (SK-HEP-1 cells; closed circles) and colon adenocarcinoma (LS174T cells, open squares) determined by the

formazan test. Cells were incubated with the increasing doses of each compound for 72 h. Values are means ± SD of 9 wells per data point obtained in 3 separate cultures.
!(HepG2), ⁄(SK-HEP-1) and "(LS 174T), p <0.05 as compared with untreated cells.

Table 1

Antiproliferative activity of artemisinin, artesunate dihidroartemisinin and the novel artemisinin derivatives (AD) as determined by IC50 values (in lM) for human

hepatoblastoma (HepG2), human hepatocarcinoma (SK-HEP-1) and human colon adenocarcinoma (LS174T)

Code Artemisinin derivatives HepG2 SK-HEP-1 LS174T

ART Artemisinin >200 >200 >200

ARS Artesunate 20 10 10

DHA Dihydroartemisinin 70 30 120

AD1 Anhydrodihydroartemisinin 200 30 >200

AD2 10-Dihydroartemisinyl acetate 60 4 70

AD3 10-Dihydroartemisinyl butyrate 100 2 130

AD4 10-(20-Butyloxy) dihydroartemisinin 50 10 70

AD5 10-Dihydroartemisinyl 20-propylpentanoate 3 1 5

AD6 10-Dihydroartemisinyl 20 , 20-dimethylpropionate 40 9 70

AD7 10-Dihydroartemisinyl perfluoropropionate 200 150 >200

AD8 10-Dihydroartemisinyl dimethylcarbamate 70 25 100

The IC50 was defined as the drug concentration required to reduce the amount of living cells by 50% after incubation with 0-to-200 lM drug concentration for 72 h. Values are

mean ± SD from 9 wells per data point obtained in 3 separate cultures.
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3.3. Anti-Hepadnaviridae activity

Before carrying out the study of the effect on HBV production by

permanently infected HepG2 2.2.15 cells, the toxicity of AD1–AD8

on host cells was determined. Only compounds with low toxicity

on HepG2 2.2.15 cells were further analyzed regarding their antivi-

ral activity. For most ADs (except AD1 and AD4) a significant

reduction in cell viability at concentrations as low as 0.1 lM

(AD2, AD7 and AD8) or 1 lM (DHA, AD3, AD5 and AD6) was found

(Fig. 8). In contrast, AD1 and AD4 were markedly less toxic (Fig. 9).

For these two compounds the range of non-toxic concentrations

was >10-fold larger. This characteristic allowed us to determine

the anti-HBV activity of AD1 and AD4, which was very strong for

both compounds. Both AD1 and AD4 at concentrations below

0.1 lM were able to reduce by 50% the release of HBV-DNA to

the culture medium (Fig. 9). Owing to the fact that 21-days culture

was required in this model, long-term iron supplementation mark-

edly interferes with host cells biology (data not shown). Accord-

ingly, neither hemin nor ferrosanol was tested in this in vitro

model.

4. Discussion

Owing to the promising pharmacological characteristics of ART,

an important effort has been done in the development of ART

derivatives with enhanced beneficial properties regarding their

physical-chemical and biological characteristics. In this respect,

changes in the molecule aimed to increase ART solubility and its

circulating half-life, have resulted in several new ADs (Fig. 1) with

a bulky group linked at C10 position of DHA, which is expected to

reduce the hydrolysis rate and hence result in a slower DHA re-

lease. Previous studies have shown cytotoxic and anti-angiogenic

properties for some of these compounds.17 In the present study

Figure 3. Acute drug-induced toxicity in human cancer cells derived from

hepatoblastoma (HepG2 cells), hepatocarcinoma (SK-HEP-1 cells), and colon

adenocarcinoma (LS174T cells) determined by the formazan test. Cells were

incubated for 6 h with the indicated artemisinin derivative (AD) at concentrations

of IC50 for antiproliferative effect. Values are means ± SD of 16 wells per data point

obtained from 4 different cultures. ⁄p <0.05 as compared with untreated control

cells.

Figure 4. Effect of hemin and ferrosanol on the antiproliferative effect of artesunate (ARS) and 10-dihydroartemisinyl 20-propylpentanoate (AD5) in SK-HEP-1 cells (derived

from human hepatocarcinoma). Cells were incubated for 72 h with increasing doses of ARS (A and B) or AD5 (C and D) with or without of hemin (1 lM) or ferrosanol (5 lg/ml)

added together (A and C) or after 1 h of incubation with either ARS (B) or AD5 (D). Values (means ± SD), determined by the formazan test in 12 wells per data point obtained in

3 separate cultures, are expressed as the percentage of untreated cells. ⁄p <0.05 as compared with AD5 or ARS alone.
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we have tested in vitro their activity as potential drugs against li-

ver/intestinal cancer and viral hepatitis B and C. The findings of the

present study suggest that some of these novel ADs, mainly AD5,

are promising agents to be further investigated against primary

(hepatoblastoma and hepatocarcinoma) and secondary (derived

from colon adenocarcinoma) liver cancer, whereas others, such

as AD1 and AD4 might be useful for the treatment of HBV infec-

tions. Finally, AD1, AD2 and AD7 afford protection against BVDV,

which suggest a potential usefulness against other members of this

family of viruses, such as HCV (Table 2).

The pharmacological interest of ADs for the treatment of liver

cancer and viral hepatitis is supported by 3 facts:

(1) The antimalarial and antiproliferative activity of ART and its

derivatives is due to iron-mediated cleavage of their peroxide

bridges. The radicals produced in this Fenton reaction are not

only the classical hydroxyl and superoxide anions, but also car-

bon-centered radicals, which confers to ART alkylating proper-

ties.25 Thus, ART forms covalent adducts with proteins, but not

with DNA. Damage in cell proteins trigger apoptosis,26,27

through a mechanism that requires the presence of heme,27,28

which is particularly abundant in parenchyma liver cells.

(2) ART and several of its derivatives have been evaluated in large

population of people suffering chemoresistant forms ofmalaria.

The results indicate that, in general, they are safe compounds

with onlymild side effects. Indeed, the good tolerability of these

drugsmakepossible theiruse incombinedregimes for the treat-

ment of malaria in children29 and pregnant women.30

(3) There is a considerable proportion of people affected by viral

hepatitis B and C as well as by liver cancer, both primary—

including hepatocellular carcinoma due to hepatitis viruses

B and C—or secondary—including metastasis from colon can-

cer—tumors who do not respond to available pharmacologi-

cal regimes.3,31

These facts explain why over the last decade the antiprolifera-

tive activity of ART and its derivatives have been investigated

against a large panel of tumors including hepatocellular carcinoma

and cholangiocarcinoma.32 Findings from the present study re-

vealed that novel ADs were stronger inhibitors of in vitro liver can-

cer cell growth than ART. This may be due in part to their enhanced

water solubility and/or to their slower transformation into DHA or

other active product resulting from peroxide homolysis,17 which

has been proposed to determine the antiproliferative activity of

ARS.22,33,24,34 The results of the present work show IC50 values for

the most potent AD about 10-fold lower than those found by us

and others24 for ARS in liver cancer cells. Although the antiprolifer-

ative activity of AD5 in SK-HEP-1 cells was lower than that of many

chemotherapeutic drugs this was 50-fold more potent than cis-

platin35 and fivefold more potent than sorafenib,36 which, at pres-

ent is the drug of choice for these type of tumors.37

In the light of the marked heterogeneity regarding their acute

toxicity, the magnitude of their antiproliferative effect and the

selective sensitivity of hepatoblastoma, hepatocarcinoma and co-

lon adenocarcinoma cells to these compounds, they could be clas-

sified according to their potential pharmacological interest as

shown in Table 2. Thus, AD5 was considered as the most interest-

ing compound because of its low IC50 in the 3 cell lines tested here

as compared with ART, ARS and DHA. Moreover AD5 did not induce

acute toxic effect. Since the addition of a bulky moiety at position

C10 of ART decreases the rate of hydrolysis and hence DHA is

slower released which results in enhanced therapeutic efficacy,17

Figure 5. Effect of dihydroartemisinin (DHA) (A) and novel artemisinin derivatives: AD1 (B), AD2 (C), AD3 (D), AD4 (E), AD5 (F), AD6 (G), AD7 (H), and AD8 (I), on the viability

of EBTr cells incubated in the presence or absence of bovine viral diarrhoea virus (BVDV; cytopathic strain Oregon C24V, genotype I, subgenotype b). Drug-induced toxicity on

host cells was determined in uninfected (open circles) cells incubated with the indicated drug concentrations for 72 h. Similar experiments were carried out in EBTr cells

previously infected by exposure to BVDV for 48 h before adding the drug (closed circles). Values are means ± SD of 12 wells per data point obtained from 3 different cultures.

Comparisons with cells cultured in the absence of AD were carried out in infected (⁄p <0.05) or non-infected ("p <0.05) cells.
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it can be suggested that the chemical properties of the R-substitu-

ent at position C10 in AD5, a propylpentanoate, could also help to

increase both the alkylating properties of the molecule, once its

endoperoxide bridge is cleaved, and/or to reduce the rate of DHA

formation which may account for the enhanced pharmacological

activity of this compound.

Regarding the effect of iron-donors on AD antiproliferative

activity there are controversial data in the literature.27,38,39 This

apparent discrepancy may be due in part to differences in the

expression in the in vitro models used in these studies of genes in-

volve in heme homeostasis,38 which are well expressed in SK-HEP-

1 cells40 used here; and to differences in the experimental design.

Indeed, we have observed that the ability of ferrosanol to enhance

AD5 antiproliferative activity was abolished if both compounds

were combined before adding them to the culture, probably due

to the lack of resulting compound to be taken up by the cells.

In previous studies we have explored the antiviral activity of

ART and ARS (for a review see14). By reason described above, this

activity could be particularly important against viruses infecting

parenchyma liver cells. Indeed, using different experimental

in vitro models—that is, cytophatic BVDV as an easy-to-use mem-

ber of the Flaviviridae family41 and the HCV replicon42,43—the po-

tential interest of ART in the treatment of hepatitis C has been

reported.16,44 Interestingly, additive effect of ART to interferon

and ribavirin was found.16 In the present study AD1, AD2 and

AD7 were stronger anti-BVDV agents than DHA, AD3 and AD8,

whereas AD4, AD5 and AD6 were without anti-BVDV activity.

Studies on cytomegalovirus revealed that ART derivatives, such

as ARS, seem to interfere with some critical points in the cell cycle

regulatory process, namely NF-kB and Sp1, which are critical for

the survival of the virus.18 Moreover, the effects are increased in

the presence of iron.45 This is in agreement with results of Figure 7,

Figure 6. Anti-flavivirus effect of dihydroartemisinin (DHA) and novel artemisinin derivatives (ADs). Drug-induced toxicity was determined by measuring cell viability after

incubating non-infected EBTr cells with 50 lM of drug for 72 h (A). Drug-induced protection was determined as the recovery in the viability of EBTr cells that had been

previously infected by exposure to bovine viral diarrhoea virus (BVDV; cytopathic strain Oregon C24V, genotype I, subgenotype b) for 48 h before incubating with 50 lM drug

for 72 h (B). Effect of treatment in infected cells with DHA and ADs on BVDV-RNA release to the culture medium (C). The abundance of BVDV-RNA was measured by real-time

quantitative RT-PCR. The results were normalized by the addition to the sample of a fixed amount (77.5 pg) of an exogenous RNA (rat Abcb11). Values are means ± SD of 9

wells per data point obtained from 3 different cultures. ⁄p <0.05 as compared with untreated control cells.
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which demonstrated that hemin improves AD1 cytoprotection

against BVDV. In contrast, antiviral effect of ART was reduced in

the presence of hemin (Fig. 7), which differs from previous results

found by other authors using HCV replicon as an experimental

model.44 Our results indicate that antiviral effect could be associ-

ated with a strong inhibition of viral propagation (DHA, AD1 and

AD2). However, protection against the cytopathic activity of BVDV

was also seen even in absence of any decrease in the release of

BVDV-RNA to the medium (AD3, AD7 and AD8). This suggests that

in the case of some ADs the maturation of infective virions could be

impaired by ADs in absence of changes in the number of BVDV-

RNA copies, whereas other ADs may affect more profoundly viral

life cycle by impairing genome replication. These differences in

the mechanism of action could be due to the nature of a bulky

group at C10 position. Thus, shorter and less hydrophilic side chain

in AD1 and AD2 could determine a more effective interference with

viral life cycle than longer (AD3) or more hydrophilic (AD7 and

AD8) variants. Furthermore, in some cases (AD4, AD5 and AD6),

Figure 7. Effect of hemin and ferrosanol on the anti-flavivirus effect of anhydrodihydroartemisinin (AD1) and artemisinin (ART). Drug-induced protection was determined as

the recovery in the viability of EBTr cells that had been previously infected by exposure to bovine viral diarrhoea virus (BVDV; cytopathic strain Oregon C24V, genotype I,

subgenotype b) for 48 h before incubating with 50 lM drug in the presence or absence of 0.5 lM hemin or 2.5 lg/ml ferrosanol for 72 h. These compounds were added after

preloading the cells with AD1 or ART for 1 h. Values (means ± SD) were determined by the formazan test in 12 wells per data point obtained from 3 different cultures. ⁄p <0.05

as compared with untreated control cells; "p <0.05 as compared with 50 lM of AD1 or ART.

Figure 9. Toxic effect on host cells and antiviral effect on the replicative model of

hepatitis B virus (HBV) in HepG2 2.2.15 cells of novel artemisinin derivatives (ADs).

Effect on cell viability (open circles) and on the release of HBV-DNA to the culture

medium (closed circles) after 21 days of culture in the presence of increasing

concentrations (from 0.1 to 100 lM) of AD1 (A) or AD4 (B). The culture mediumwas

replaced every 3 days by a fresh one containing the same amount of drug. On day

21, cell viability was measured by the Neutral Red retention test and HBV-DNA in

the culture medium was determined by real-time quantitative PCR. Values are

means ± SD of 9 wells per data point obtained from 3 different cultures. Compar-

isons with non-treated cells regarding HBV-DNA release (⁄p <0.05) and cell viability

("p <0.05) were carried out.

Figure 8. Toxic effect of dihydroartemisinin (DHA) and novel artemisinin deriva-

tives (ADs) in HepG2 2.2.15 cells. These were cultured for 21 days in the presence of

increasing concentrations (from 0.1 to 100 lM) of DHA, AD2, AD3, AD5, AD6, AD7

and AD8. The culture medium was replaced every 3 days by a fresh one containing

the same amount of drug. On day 21, cell viability was measured by the Neutral Red

retention test. Values are means ± SD of 9 wells per data point obtained from 3

different cultures. ⁄p <0.05 on comparing cell viability with non-treated Control

cells.
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in spite the reduction of BVDV release no protection was observed,

which could be due in part to the toxicity of these compounds on

host cells.

Recently, the anti-HBV properties of ART and ARS have been

demonstrated in an in vitro model of HepG2 2.2.15.15 In the micro-

molar range ("10 lM), similar to those described for ARS to be ac-

tive against cytomegalovirus,18 both ART and ARS were able to

reduce the amount of HBsAg released to the culture medium. Inter-

estingly, synergic effect with lamivudine was found.15 The present

results revealed that AD1 and AD4 have stronger anti-HBV activity

than previously described ART derivatives. These improved charac-

teristics could be due to the chemical properties conferred by the

substituents at position C10. Thus strong antiviral properties ob-

served can be accounted for in terms of the absence of a bulky

group (AD1) or the presence of an ether group instead an ester

group with a branched short chain (AD4). In addition to factors that

can likely affect the activity of these compounds, such as water sol-

ubility and the ability to cross the plasma membrane of the host

cells, changes in the molecular structure could influence the con-

version in liver cells of the AD into the activated agent via different

cytochromes46 or could generate different types of carbon centered

radicals with different therapeutic efficacies.47

The fact that some AD analogues were more potent than DHA it-

self does not rule out that these cannot be transformed into DHA to

become active. Several factors may account for this difference,

which may include the differential ability of the drug and prodrug

to be taken up by the target cells, the differential effect of initial high

concentrations versus slower release over incubation time and the

marked instability of the lactol group in DHA.12 In addition, it is also

possible that these derivatives generate other active agents different

to DHA by cleavage of the endoperoxide bridge.26

In conclusion, high pharmacological interest deserving further

evaluation in animal models has been identified for novel artemis-

inin-related drugs potentially useful for the treatment of liver can-

cer and viral hepatitis B and C.

5. Funding source

This study was supported in part by the Ministerio de Ciencia e

Innovación (Grant SAF2010-15517); the Instituto de Salud Carlos

III, FIS (Grant PI11/0337) and the Junta de Castilla y Leon (Grants

SA023A11-2, SA070A11-2 and Biomedicina-2011), Spain. The

group is member of the Network for Cooperative Research on

Membrane Transport Proteins (REIT), co-funded by the Ministerio

de Educación y Ciencia, Spain and the European Regional Develop-

ment Fund (ERDF) (Grant BFU2007-30688-E/BFI) and belongs to

the CIBERehd (Centro de Investigación Biomédica en Red de Enfer-

medades Hepáticas y Digestivas), Instituto de Salud Carlos III,

Spain. L. Sanchez-Vicente was supported by PhD grant from the

‘‘Fondo Social Europeo/Junta de Castilla y Leon’’.

6. Disclosure statement

The authors disclose they do not have any actual or potential

conflict of interest including any financial, personal or other

relationships with other people or organizations within 3 years of

beginning the work submitted that could inappropriately influence

their work.

Acknowledgment

The authors thank the revision of the English spelling, grammar

and style of the manuscript by N. Skinner.

References and notes

1. Ferlay, J.; Shin, H. R.; Bray, F.; Forman, D.; Mathers, C.; Parkin, D. M. Int. J. Cancer
2010, 127, 2893.

2. Marin, J. J.; Romero, M. R.; Blazquez, A. G.; Herraez, E.; Keck, E.; Briz, O.
Anticancer Agents Med. Chem. 2009, 9, 162.

3. Marin, J. J.; Romero, M. R.; Martinez-Becerra, P.; Herraez, E.; Briz, O. Curr. Mol.
Med. 2009, 9, 1108.

4. Iino, S. Oncology 2002, 62, 18.
5. Schutte, K.; Bornschein, J.; Malfertheiner, P. Dig. Dis. 2009, 27, 80.
6. Schalm, S. W. Verh. K. Acad. Geneeskd. Belg. 2009, 71, 87.
7. Wilt, T. J.; Shamliyan, T.; Shaukat, A.; Taylor, B. C.; MacDonald, R.; Yuan, J. M.;

Johnson, J. R.; Tacklind, J.; Rutks, I.; Kane, R. L. Evid. Rep. Technol. Assess. (Full
Rep.) 2008, 1.

8. Di Bisceglie, A. M. Hepatology 2000, 31, 1014.
9. McHutchison, J. G.; Bacon, B. R. Am. J. Manag. Care 2005, 11, S286.
10. Pereira, A. A.; Jacobson, I. M. Nat. Rev. Gastroenterol. Hepatol. 2009, 6, 403.
11. Yeung, S.; Pongtavornpinyo, W.; Hastings, I. M.; Mills, A. J.; White, N. J. Am. J.

Trop. Med. Hyg. 2004, 71, 179.
12. Meshnick, S. R.; Taylor, T. E.; Kamchonwongpaisan, S. Microbiol. Rev. 1996, 60,

301.
13. Efferth, T.; Kahl, S.; Paulus, K.; Adams, M.; Rauh, R.; Boechzelt, H.; Hao, X.;

Kaina, B.; Bauer, R. Mol. Cancer Ther. 2008, 7, 152.
14. Efferth, T.; Romero, M. R.; Wolf, D. G.; Stamminger, T.; Marin, J. J.; Marschall, M.

Clin. Infect. Dis. 2008, 47, 804.
15. Romero, M. R.; Efferth, T.; Serrano, M. A.; Castano, B.; Macias, R. I.; Briz, O.;

Marin, J. J. Antiviral Res. 2005, 68, 75.
16. Romero, M. R.; Serrano, M. A.; Vallejo, M.; Efferth, T.; Alvarez, M.; Marin, J. J.

Planta Med. 2006, 72, 1169.
17. Soomro, S.; Langenberg, T.; Mahringer, A.; Konkimalla, V. B.; Horwedel, C.;

Holenya, P.; Brand, A.; Cetin, C.; Fricker, G.; Dewerchin, M.; Carmeliet, P.;
Conway, E. M.; Jansen, H.; Efferth, T. J. Cell Mol. Med. 2011, 15, 1122.

18. Efferth, T.; Marschall, M.; Wang, X.; Huong, S. M.; Hauber, I.; Olbrich, A.;
Kronschnabl, M.; Stamminger, T.; Huang, E. S. J. Mol. Med. 2002, 80, 233.

19. Sells, M. A.; Zelent, A. Z.; Shvartsman, M.; Acs, G. J. Virol. 1988, 62, 2836.
20. Fautz, R.; Husein, B.; Hechenberger, C. Mutat. Res. 1991, 253, 173.
21. Romero, M. R.; Martinez-Diez, M. C.; Larena, M. G.; Macias, R. I.; Dominguez,

M.; Garcia-Monzon, C.; Serrano, M. A.; Marin, J. J. Antivir. Chem. Chemother.

2002, 13, 371.
22. Efferth, T.; Dunstan, H.; Sauerbrey, A.; Miyachi, H.; Chitambar, C. R. Int. J. Oncol.

2001, 18, 767.
23. Galal, A. M.; Gul, W.; Slade, D.; Ross, S. A.; Feng, S.; Hollingshead, M. G.; Alley,

M. C.; Kaur, G.; ElSohly, M. A. Bioorg. Med. Chem. 2009, 17, 741.
24. Hou, J.; Wang, D.; Zhang, R.; Wang, H. Clin. Cancer Res. 2008, 14, 5519.
25. Zhang, F.; Gosser, D. K., Jr.; Meshnick, S. R. Biochem. Pharmacol. 1992, 43, 1805.
26. Mercer, A. E.; Maggs, J. L.; Sun, X. M.; Cohen, G. M.; Chadwick, J.; O’Neill, P. M.;

Park, B. K. J. Biol. Chem. 2007, 282, 9372.
27. Efferth, T.; Benakis, A.; Romero, M. R.; Tomicic, M.; Rauh, R.; Steinbach, D.;

Hafer, R.; Stamminger, T.; Oesch, F.; Kaina, B.; Marschall, M. Free Radic. Biol.

Med. 2004, 37, 998.
28. Yang, Y. Z.; Little, B.; Meshnick, S. R. Biochem. Pharmacol. 1994, 48, 569.
29. Bar-Zeev, N.; White, N. J. Trop. Pediatr. 2006, 52, 78.
30. McGready, R.; Cho, T.; Cho, J. J.; Simpson, J. A.; Luxemburger, C.; Dubowitz, L.;

Looareesuwan, S.; White, N. J.; Nosten, F. Trans. R. Soc. Trop. Med. Hyg. 1998, 92,
430.

31. Da Silva, L. C.; da Fonseca, L. E.; Carrilho, F. J.; Alves, V. A.; Sitnik, R.; Pinho, J. R.
Rev. Inst. Med. Trop. Sao Paulo 2000, 42, 189.

32. Firestone, G. L.; Sundar, S. N. Expert Rev. Mol. Med. 2009, 11, e32.
33. Dell’Eva, R.; Pfeffer, U.; Vene, R.; Anfosso, L.; Forlani, A.; Albini, A.; Efferth, T.

Biochem. Pharmacol. 2004, 68, 2359.

Table 2

Classification of the potential pharmacological interest of novel artemisinin derivatives (AD) to be selected for further characterization and in vivo preclinical studies

Pharmacological interest of artemisinin derivatives

High Medium Low

Hepatoblastoma AD5 — AD2, AD4, AD6

Hepatocellular carcinoma AD5 >AD2, AD3, AD4, AD6 AD1, AD8 —

Colon Adenocarcinoma AD5 — AD2, AD4, AD6

Viral Hepatitis B AD1, AD4 — —

Viral Hepatitis C AD1 AD2, AD7 AD3, AD8

4440 A. G. Blazquez et al. / Bioorg. Med. Chem. 21 (2013) 4432–4441



34. Li, W. F.; Jiang, J. G.; Chen, J. Arch. Med. Res. 2008, 39, 246.
35. Martinez-Becerra, P.; Vaquero, J.; Romero, M. R.; Lozano, E.; Anadon, C.; Macias,

R. I.; Serrano, M. A.; Grane-Boladeras, N.; Munoz-Bellvis, L.; Alvarez, L.; Sangro,
B.; Pastor-Anglada, M.; Marin, J. J. Mol. Pharm. 2012, 9, 1693.

36. Zhai, J. M.; Yin, X. Y.; Lai, Y. R.; Hou, X.; Cai, J. P.; Hao, X. Y.; Liang, L. J.; Zhang, L.
J. Cancer Chemother. Pharmacol. 2013, 71, 1255.

37. Bruix, J.; Raoul, J. L.; Sherman, M.; Mazzaferro, V.; Bolondi, L.; Craxi, A.; Galle, P.
R.; Santoro, A.; Beaugrand, M.; Sangiovanni, A.; Porta, C.; Gerken, G.; Marrero, J.
A.; Nadel, A.; Shan, M.; Moscovici, M.; Voliotis, D.; Llovet, J. M. J. Hepatol. 2012,
57, 821.

38. O’Neill, P. M.; Barton, V. E.; Ward, S. A. Molecules 2010, 15, 1705.
39. Stockwin, L. H.; Han, B.; Yu, S. X.; Hollingshead, M. G.; ElSohly, M. A.; Gul, W.;

Slade, D.; Galal, A. M.; Newton, D. L.; Bumke, M. A. Int. J. Cancer 2009, 125, 1266.
40. Lu, Q.; Teng, G. J.; Zhang, Y.; Niu, H. Z.; Zhu, G. Y.; An, Y. L.; Yu, H.; Li, G. Z.; Qiu,

D. H.; Wu, C. G. Cancer Biol. Ther. 2008, 7, 218.

41. Buckwold, V. E.; Beer, B. E.; Donis, R. O. Antiviral Res. 2003, 60, 1.
42. Lindenbach, B. D.; Evans, M. J.; Syder, A. J.; Wolk, B.; Tellinghuisen, T. L.; Liu, C.

C.; Maruyama, T.; Hynes, R. O.; Burton, D. R.; McKeating, J. A.; Rice, C. M. Science
2005, 309, 623.

43. Wakita, T.; Pietschmann, T.; Kato, T.; Date, T.; Miyamoto, M.; Zhao, Z.; Murthy,
K.; Habermann, A.; Krausslich, H. G.; Mizokami, M.; Bartenschlager, R.; Liang, T.
J. Nat. Med. 2005, 11, 791.

44. Paeshuyse, J.; Coelmont, L.; Vliegen, I.; Van hemel, J.; Vandenkerckhove, J.;
Peys, E.; Sas, B.; De Clercq, E.; Neyts, J. Biochem. Biophys. Res. Commun. 2006,
348, 139.

45. Kaptein, S. J.; Efferth, T.; Leis, M.; Rechter, S.; Auerochs, S.; Kalmer, M.;
Bruggeman, C. A.; Vink, C.; Stamminger, T.; Marschall, M. Antiviral Res. 2006,
69, 60.

46. Piedade, R.; Gil, J. P. Expert Opin. Drug Metab. Toxicol. 2011, 7, 1185.
47. Tonmunphean, S.; Parasuk, V.; Kokpol, S. Bioorg. Med. Chem. 2006, 14, 2082.

A. G. Blazquez et al. / Bioorg. Med. Chem. 21 (2013) 4432–4441 4441


