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Abstract

The antiviral effect against hepatitis B virus (HBV) of artemisinin, its derivative artesunate and other compounds highly purified from
traditional Chinese medicine remedies, were investigated. HBV production by permanently transfected HepG2 2.2.15 cells was determined
by measuring the release of surface protein (HBsAg) and HBV-DNA after drug exposure (0.QIM1L8r 21 days. The forms of HBV-

DNA released were investigated by Southern-blotting. Neutral Red retention test was used to evaluate drug-induced toxicity on host cells. The
compounds were classified according to their potential interest as follows: (i) none: they had no effect on viral production (daidzein, daidzin,
isonardosinon, nardofuran, nardosinon, tetrahydronardosinon and quercetin); (ii) low: they were able to markedly reduce viral production, but
also induced toxicity on host cells (berberine and tannic acid) or they had no toxic effect on host cells but only had a moderate ability to reduce
viral production (curcumin, baicalein, baicalin, bufalin, diallyl disulphide, glycyrrhizic acid and puerarin); (iii) high: they induced strong
inhibition of viral production at concentrations at which host cell viability was not affected (artemisinin and artesunate). Moreover, artesunate
in conjunction with lamivudine had synergic anti-HBV effects, which warrants further evaluation of artemisinin/artesunate as antiviral agents
against HBV infection.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction between the Bends of the two stranddViplnar-Kimber et
al., 1984. One member of this family, the human hepatitis
The Hepadnaviridae family is formed by a group of highly B virus (HBV), is characterized by its high hepatotropism.
species-specific viruses, that share the presence of an endogé&rhis virus belongs to the gen@sthohepadnavirus and is not
nous DNA polymerase with reverse transcriptase activity cytopathic itself, although it may cause acute fulminant hep-
(Fang et al., 1981; Lien et al., 1987; Wang and Seeger, atitis (Bartholomeusz and Locarnini, 2001; Kalinina et al.,
1993 and whose genome in the mature virions is formed 2001) or chronic liver disease that may evolve to cirrhosis
by a circular partially double-stranded DNA (pdsDNA) in and, eventually, to hepatocellular carcinortiag, 2002.
which both strands are held together by hydrogen bonding  In spite of the availability of an effective and safe vaccine
against HBV, infection by this virus is an important world-
Abbreviations: DMSO, dimethylsulfoxide; HBV, hepatitis B virus; ~ wide health problemRBeasley and Hwang, 1991; The EASL
HBsAg, HBV surface antigen; NR, Neutral Red; PCR, polymerase chain Jury, 2003. Although several pharmacological strategies are
reactior_1; QPCR, quantitative real-time PCR; Ct, QPCR, c_y_cle at which currently being implemented to treat affected patients, no
:Tk:gd?(r;?nlterary fluorescence threshold is reached; TCM, traditional Chinese effective antiviral therapy against HBV infection has yet been
* Corresponding author. Tel.: +34 923 294674; fax: +34 923 294669,  fully developed. Thus, new drugs to be used alone or in com-
E-mail address: jjgmarin@usal.es (J.J.G. Marin). bination with existing treatments are needed. In this respect,
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“in vitro” screening of potentially active compounds, as that the compounds tested in the present study were chemi-
carried out here, is a useful step in the preclinical develop- cally purified to more than 95% (usually 98%), as described

ment of novel drugs. previously Efferth et al., 2002a The scientific names of
A stably HBV-transfected HepG2 2.2.15 cell line was plants and animals that were the source of these compounds
derived from hepatoblastoma HepG2 cefis(s et al., 198)] were as follows: artemisinin was extracted frefrremisia

and has been a useful “in vitro” model for evaluation of novel annua;artesunate is a semisynthetic derivative of artemisinin;
anti-HBV drugs, as well as to investigate several steps of the baicalein and baicalin were froticutellaria baicalensis;
biology of HBV (Schalm et al., 1995HepG2 2.2.15 cells  berberine fromHydrastis canadensis; bufalin from Bufo
produce and secrete mature HBV virions, whose amount canmarinus and Bufo viridis; curcumin fromCurcuma longa,
be determined by the abundance of viral DNA or immunore- daidzein, daidzin and puerarin froRueraria lobata; dial-
active viral proteins$ells et al., 198)f Under normal culture Iyl disulphide fromAllium sativum; glycyrrhizic acid from
conditions, several forms of HBV-DNA are presentin HepG2 Glycyrrhiza uralensis; isonardosinon, nardofuran, nardosi-
2.2.15 culturesoong et al., 1991; Sells et al., 198The non and tetrahydronardosinon fraV¥ardostachys chinensis;
nucleic acid profile is essentially the same as that found in quercetin fromTripterospermum lanceolatum, and tannic
livertissue from HBV-infected individualSells et al., 1988 acid fromQuercus infectoria.
These forms are pdsDNA, covalently closed circular DNA
(cccDNA), relaxed circular DNA (rcDNA), integrated inthe  2.2. Chemicals
host cell genome (iDNA), single stranded (ssDNA) and frag-
mented (fDNA). Moreover, it has been shown thatthe amount  Dulbecco’s Modified Eagle’s Medium (DMEM), gentam-
of extracellular viral DNA varies proportionally to changes icin, 3-amino-7-dimethylamino-2-methylphenazine (Neu-
in the intracellular viral DNA level $ells et al., 1988 This tral Red (NR)), NaHC@, L-glutamine, polyethylene gly-
property was taken into account in the design of the presentcol (Mr~8000) and dimethylsulfoxide (DMSO) were
study. provided by Sigma-Aldrich Quimica (Madrid, Spain).
Some decades ago, western medicine started to look forDodecyl sulfate sodium salt (SDS) was from Merck
novel drugs derived from remedies used in traditional Chi- (Barcelona, Spain). Ciprofloxacine (Bay&jpwas supplied
nese medicine (TCM)Han, 1988; Wang, 2000 The vast by Bayer (Leverkusen, Germany). 4-(2-Hydroxyethyl)-1-
experience of TCM accumulated over millennia has selected piperazineethansulfonic acid (HEPES), proteinase K (PCR
several therapeutic methods, which include the use of herbalgrade) and genetich(G418) were from Roche (Barcelona,
therapy Chen and Chen, 1998Approximately 100,000  Spain). Foetal calf serum (FCS) was obtained from TDI
herbal treatments have been recorded. An important effort(Madrid, Spain).
has been undertaken to identify novel drugs and applications
from these potentially useful natural products, with aviewto 2.3. Cell Cultures
develop standardized treatments for different human diseases
(Seeff et al., 200 Regarding chronic liver disease, more HepG2 2.2.15 cells were seeded in Roux flasks with
than 70 herbal mixtures have been used in TGBhENg, DMEM culture medium supplemented with 10% FCS, 4 mM
1998. However, despite the isolation of numerous chemical L-glutamine, 26.2 mM NaHC¢ 25 mM HEPES, 20 mg/mi
constituents from these plants, the compounds responsiblegentamicin and 2 mg/ml of ciprofloxacine. After the first
for their therapeutic properties have not yet been clearly passage, ciprofloxacine was replaced by 150 mg/ml G418.
identified. Recently, the anti-malarial, anti-cancer and anti- Cells were used at the third passage whenx318° cells
viral activities of several compounds derived from TCM were seeded on plastic dishes (3.5 cm diameter), and main-
remedies, in particular artemisinin and its semi-synthetic tained for 3 days before any treatment, to reach approxi-
derivative artesunate, have been demonstr&édrth et al., mate confluence conditions. During the experimental period
2001, 2002a,b,c, 2003The aim of the present study was (21 days) the culture medium was replaced by a fresh
to evaluate “in vitro” the potential usefulness of a library one, with or without (control conditions) different concen-
of structurally diverse compounds (alkaloids, lactones, trations of TCM compounds or lamivudine, every 3 days.
steroids, flavonoids, etc.), including artemisinin/artesunate, Before adding these drugs, they were first dissolved in
in alternative or complementary therapies against chronic DMSO and then diluted with culture medium to reach a final
hepatitis B. drug concentration equal to the highest one of the desired
range and<0.2% DMSO (v/v). Serial dilutions from this
solution were prepared in order to perform dose—response
2. Materials and methods studies.

2.1. Drugs from TCM 2.4. Evaluation of drug toxicity in host cells

Except for lamivudine, that was kindly supplied by Glaxo Drug-induced cell toxicity was evaluated by measuring the
Wellcome Research and Development (Hertfordshire, UK), amount of living cells in the culture on day 21 of drug expo-
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sure using the Neutral Red testatz et al., 1991 which 2.6. HBV-DNA release to the culture medium

is based on the ability of the lysosomes and Golgi appara-

tus of living cells to take up this dye. To carry out this test, To determine the abundance of HBV-DNA in the medium
after removal of the cell supernatant and a double wash of of treated cells, quantitative real-time PCR was used (QPCR).
the cells with sterile phosphate buffer saline (PBS; 137 mM The supernatant of HepG2 2.2.15 cells was collected from
NaCl, 3.0mM KCI, 0.5mM NaHPOy, 1.5 mM KHPOy, the culture and the DNA was extracted using an adapta-
pH 7.4) at 37C, 1 ml of 50ug/ml NR in PBS was added. tion of the alkaline digestion metho&#&neko et al., 1989

The cultures were incubated at 37 in an atmosphere of  as previously reportedRomero et al., 2002 The solution

5% CO—95% air for 90 min. After washing the cells again was neutralized with 0.12N HCI and diluted as appropri-
twice, NR was eluted with an aqueous solution contain- ate before being used for QPCR. The sequences of the
ing 50% (v/v) ethanol plus 1% (v/v) acetic acid for 10min forward and reverse primer oligonucleotides and the flu-
at room temperature, and the amount of dye taken up byorogenic Tagmah probe have been previously published
the cells was determined by measurement of absorbance aRomero et al., 2002 No interference of the compounds

540 nm. with QPCR was confirmed as described above for the anal-
ysis of HBsAg (data not shown). Standard curves needed to
2.5. Analysis of HBsAg release to the culture medium calculate the amount of DNA copies in each sample were

obtained using a 904-bp HBV probe with 100% similar-
Solid-phase ELISA, using “ORTHO Antibody to HBsAg ity with HBV subtype ayw DNA, as previously described

ELISA Test System 3” (Ortho-Clinical Diagnostics, Madrid, (Romero et al., 2002 This probe was also used to carry out
Spain) was used to quantify the amounts of the HBV enve- southern blotanalysis of the HBV-DNA release, as previously
lope protein, surface antigen (HBsAg), released frominfected reported Romero et al., 20021n brief, viral DNA was iso-
cells to the culture medium. Results were normalized by val- lated by polyethylene glycol precipitation, purified by treat-
ues found in untreated cells of the same culture, which were ment with proteinase K, and deproteinized by extraction with
considered as 100%. Interference by the assayed compoundpghenol/chloroformAcs et al., 198Y. Aliquots of DNA corre-
in the method of measurements was ruled out by confirming sponding to different experimental conditions were subjected
the absence of the effect of including the compounds in the to 1.5% agarose gel electrophoresis and subsequently trans-
analysis of culture medium from control HepG2 2.2.15 cells ferred to a positively charged Nylon membrane (BiodineB

(data not shown). plus, Pall Gelman, Madrid, Spain) to carry out hybridiza-
Table 1

Host cell toxicity, antiviral effect and therapeutical index

Number Name Solubiliy CGCseP HBsAG® ICs HBV-DNAY ICs TI®

1 Lamivudine H >100 0.2 0.3 >500
2 Artemisinin M 160 55 >100 2.9
3 Artesunate H 20 2.3 0.5 40
4 Berberine L 50 11 90 4.5
5 Tannic Acid H 17 11 >100 1.5
6 Curcumin L >100 72 >100 >1.4
7 Baicalein M >100 >100 >100 -
8 Glycyrrhizic acid M >100 >100 85 >1.2
9 Puerarin H >100 >100 78 >1.3
10 Bufalin H >100 >100 >100 -
11 Tetrahydronardosinon H >100 >100 >100 -
12 Baicalin H >100 >100 >100 -
13 Daidzein L >100 >100 >100 -
14 Daidzin H >100 >100 >100 -
15 Isonardosinon H >100 >100 >100 -
16 Nardofuran H >100 >100 >100 -
17 Nardosinon M >100 >100 >100 -
18 Diallyl Disulfide M >100 >100 >100 -
19 Quercetin H >100 >100 >100 -

2 Solubility in culture medium at 37C was defined as high (H), moderate (M) or low (L) according with the absence or presence of observable turbidity in
the stock solution (40-80l DMSO/1 ml culture medium). When added to culture medium at final concentrations no detectable precipitation was apparent in
any case.

b CCso: drug concentration (ipM) inducing 50% reduction in host cell viability.

¢ HBsAg ICsp: drug concentration (ip.M) inducing 50% inhibition in HBsA(g release.

d HBV-DNA IC 50: drug concentration (ip.M) inducing 50% inhibition in HBV-DNA release.

€ Therapeutical index (T1) was the ratio betweensg@nd |G, for the most sensitive parameter to detect decrease in HBV production (HBsAg or HBV-DNA)
in each case.
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abundance of HBV-DNA released to the culture mediumwas 8 1s0 1 e S5 ..
significantly decreased, which was consistent with the reduc- ‘rz - )
tion in HBsAg (Table 1. 3 100 § il ;
Several of the compounds tested here were found to be able %
toinhibit HBsAg secretionKigs. 1-3. Thus, artesunate was a D
strongerinhibitor (IGp=2.3uM, ICgp=16 M) than the rest 0 - o -
of compounds{<0.05), except for lamivudine. Berberine 0 0:01 0.1 1 10 100 apu

. . L Drug Concentration (/M)
and tannic acid were also good, but less potent, inhibitors,

with ICso Valu_es of appro>_<|rnately 1M (p<0.05 versus Fig. 1. Effect on cell viability and release of HBsAg and HBV-DNA to the
compounds with lower activity) and Yg values between 50  cyiture medium by HepG2 2.2.15 cells after 21 days culture in the presence
and 10QuM, whereas artemisinin and curcumin hads¢C of the indicated concentrations of artemisinin (A) and artesunate (B). Values
values between 50 and 1 (p <0.05 versus compounds  are mear: S.D. from three different cultures in which each data point was
with lower activity) and 1G higher than 10Q.M. The rest the mean value from three different dishes. They are expressed as percent-

f ds tested inhibit f HBSA ages of determinations carried out on dishes to which no drug had been added
of compoun _S e's.e were very poor inhibl 9r5 0 SAg (O M or control).” p <0.05 on comparing the abundance of HBsAg in con-
concentrations used (data not shown). comparing cell viability with controls. A similar statistical significance was

It should be stressed that not all immunoreactive viral obtained forvalues placed on the right of the arrow. Inset depicts the southern

proteins present in the medium formed part of com- blot analysis of HBV-DNA found in the culture medium of the indicated drug
| L. . I be included in “D concentration. The expected positions for known forms of HBV-DNA, i.e.,

P Et,e virions—i.e., not all can be Include . in an_e integrated forms (iDNA), relaxed-circular (rcDNA), circular partially double

particles"—because some of them may be free in the mediumsranded (pdsDNA), covalently-closed circular (cccDNA), single-stranded

or may form part of genome-free viral particleBugh (ssDNA), and fragmented forms (fDNA) are indicated.
and Bassendine, 19R0Therefore, although a reduction in
HBsAg production must be interpreted as probably associ- the case of baicalein, glycyrrhizic acid and puerarin, a lower
ated with lowered release of complete virions, an increase release of HBV-DNA was observed together with none or
in HBsAg release does not necessarily imply an enhance-weak effect on HBsAg releasEi@is. 2 and R In cells treated
ment in virion production. Complementary determinations with artemisinin, tannic acid, curcumin and bufalin, the abun-
of HBV-DNA release are needed. dance of HBV-DNA in the medium was increased in spite of
Thus, measurement of the amount of the HBV-DNA the reduced amount of HBsAFigs. 1-3. In the rest of com-
release to the HepG2 2.2.15 culture medium during different pounds, which had no effect on HBsAg release, the amount
treatments revealed several patterns of respdfigs.(1-3. of HBV-DNA in the medium was not substantially altered
In some cases (artesunate and berberine; the later with(daidzin and nardosinon) (data not shown) or increased, asin
a biphasic behaviour that will be commented below), a the case of tetrahydronardosindsid. 3), diallyl disulphide,
reduction in HBV-DNA release occurred, accompanied by baicalin, daidzein, isonardosinon, nardofuran and quercetin
a decrease in HBsAg levels in the mediurgs. 1 and 2 In (data not shown).
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Fig. 2. Effect of berberine (A), tannic acid (B), curcumin (C) and baicalein (D) on cell viability and release of HBsAg and HBV-DNA to the culture medium
by HepG2 2.2.15 cells after 21 days culture in the presence of the indicated drug concentrations (ranging from 0, 0MjoA@etails se€ig. 1

of artemisinin and tannic acid) and fDNA (tetrahydronardosi-
non > bufalin > curcumin).

Southern blot analysis indicated that the majority of HBV- An enhanced proportion of ssDNA was also seen in
DNA present in the medium of HepG2 2.2.15 cells under the culture medium of cells treated with tannic acid and
control conditions (data not shown) was mainly in the form baicalin. The case of berberine was peculiar in the sense
of rcDNA, ssDNA and pdsDNA, as previously described by that a marked increase in the amount of HBV-DNA, mainly
others Gells et al., 198Band confirmed by usRomero et due to an enhanced proportion of rcDNA and ssDNA forms,
al., 2003. However, other forms were also seen. These were: was observed at concentrations at which no or low cell host
cccDNA and iDNA, probably released from detached dead toxicity was found, whereas treatment with higher cytotoxic
cells, and forms of low molecular weight, probably corre- concentrations of this drug was accompanied by a marked
sponding to incomplete copies of the genome of different decrease in HBV-DNA release.
sizes and/or fragmented nucleosomes containing part of the
HBV-DNA genome (fDNA). All these forms of HBV-DNA 3.3. Toxicity in host cells, therapeutical index and
were also observed in cells treated for 21 days with TCM combination with lamivudine
drugs.

The pattern of bands was similar in most cases, except After 21 days of treatment with different amounts of
for some of the compounds able to enhance HBV-DNA lamivudine, used as positive control, or TCM derivatives
release, in which southern blot analysis indicated that the (Figs. 1-3, the viability of HepG2 2.2.15 cells was not
higher abundance of HBV-DNA was not accounted for by an affected or a reduction of different magnitudes in this param-
increased proportion of complete particles containing pds- eter was found. Artesunate, berberine and tannic acid induced
DNA, but rather by enhanced release of rcDNA (in the case cell host toxicity at concentrations higher than i,

3.2. Pattern of HBV-DNA forms in the culture medium
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Fig. 3. Effect of glycyrrhizic acid (A), puerarin (B), bufalin (C) and tetrahydronardosinon (D) on cell viability and release of HBsAg and HBV-DN#eint
culture medium by HepG2 2.2.15 cells after 21 days culture in the presence of the indicated drug concentrations (ranging from QM) t&d00etails
seeFig. 1
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Fig. 4. Host cell viability (A) and inhibition of HBsSAg release into the culture medium (B) of HepG2 2.2.15 cells incubated with artesunate anéthiamivud
(0.02uM) alone or in conjunction, for 21 day$p <0.05, as comparing the effect of each drug with that due to the combination of both drugs.
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whereas cytotoxicity was found at concentrations close to observed in two cases but which might have been unrelated
100M for curcumin and artemisinint@ble ). For the other toartemisinin treatmenBayan, 1998 Studies carried outon
compounds no toxicity was found in the range of concentra- laboratory animals have confirmed that the neurotoxic effect
tions used in this study. The highest value of therapeutical of artemisinin-related drugs appears only at drug concentra-
index (Table 1), defined as the ratio between €Jdrug tions well above therapeutic ranges for humaxegten and
concentration inducing 50% reduction in host cell viabil- Price, 199%.

ity) and 1G5 (drug concentration inducing 50% reduction Similarly to artemisinin and artesunate, the model
in HBsAg or HBV-DNA release), was found for artesunate. compound lamivudine induced a pronounced inhibition of
Therefore, this drug was further investigated in conjunction HBsAg release and/or viral DNA at concentrations at which
with lamivudine. When both compounds were administered host cell viability was not affected. This effect was similar

together (20nM each) no toxicity was inducded. 4A), to that previously reported by other authors in HepG2 2.2.15
but a synergic inhibitory effect in HBsAg release was found cells (Placidi et al., 200l The anti-HBV effects observed
(Fig. 4B). for the rest of drugs assayed were diverse, which determines

their potential interest. This can be considered low for
berberine and tannic acid (with a strong ability to reduce
4. Discussion viral production, accompanied by toxic effect on host cells),
as well as for curcumin, baicalein, baicalin, bufalin, diallyl

Taken together, our results indicate that several of the disulphide, glycyrrhizic acid and puerarin (with no toxic
assayed compounds show interesting anti-HBV activity with effect on host cells but with only a moderate ability to reduce
no or minor effect on host cells. Among them, artemisinin, viral production). However, at least in this experimental
and, in particular, its semisynthetic derivative artesunate model, daidzein, daidzin, isonardosinon, nardofuran, nar-
displayed the most interesting properties. Although their dosinon, tetrahydronardosinon and quercetin did not display
effect in the “in vitro” system used here was weaker than interesting characteristics as anti-HBV drugs, because
that of lamivudine, a stronger effect of these drugs “in vivo” they had no effect on viral production by HepG2 2.2.15
cannot be ruled out. Moreover, their interest is enhanced cells.
by the existence of synergic effects with lamivudine in Some compounds induced a toxic effect that affected
absence of drug-induced toxicity in host cells, which may both host cell survival and the machinery for viral protein
be an important characteristic due to the frequent problem in production. This impairment also seemed to affect the
clinical practice of infection by lamivudine-resistant HBV release of viral DNA, which was reduced or increased. When
strains. DNA release was enhanced, this was mainly due to a marked

The plant known in TCM as ginghao, which contains increased in ssDNA (tannic acid and berberine) or fDNA
artemisinin, has been used for centuries in TCM as a rem- (tetrahydronardosinon) forms. The rest of compounds shared
edy for chills and feverNosten and Price, 1995lts anti- the characteristic of having no toxic effect on host cells at
malarial properties were discovered in China in 19%ar{g the concentration range assayed. Nevertheless, the release
et al.,, 1982. Since then, artemisinin and its derivatives of HBsAg and/or HBV-DNA was impaired in some of them.
have been used against multidrug-resis®intmodium fal- These results suggest a specific interference of compounds
ciparum strains Meshnick, 2002 The antimalaria activity  included in these groups with the biology of HBV, without
of artemisinin is due to iron-mediated cleavage of its peroxide modifying cell host viability. Because the secretion of
bridge and generation of three organic free radicZlafg complete HBV particles involves an increase in the release
etal., 1992. Artemisinin has been reported to form covalent of both viral components (proteins and DNA), a marked
adducts with proteins, but not with DNA, through a mecha- decrease in the amount of one of them in the culture medium
nism that requires the presence of herviang et al., 199 could be explained by areduction in the secretion of complete
which is abundant in liver cells. virions.

The range of concentrations at which artesunate was active  Thus, although artesunate induced a parallel inhibition
against HBV (>1QuM) was quite similar to that previously in HBsAg and HBV-DNA secretion, artemisinin-induced
reported for its activity versus human cytomegaloviruses dose-dependent inhibition in HBsAg secretion was initially
(Efferth et al., 2002p Interestingly, these levels are close accompanied by an enhanced release of HBV-DNA (mainly
to the drug concentrations reached in the plasma of patientsrcDNA forms). This paradoxical effect has been previously
when this drug is used in antimalaria treatmentg (\M) observed when HepG2 2.2.15 cells were treated with DNA-
(Batty et al., 199b reactive drugs, such as Bamet-UD2 or cisplattorfero

The potential pharmacological interest of artemisinin and et al., 2002. A similar behaviour, observed under different
its derivatives is enhanced by the fact that owing to their anti- experimental circumstances, has been suggested to be due to
malaria properties these drugs have been evaluated in largeéhe inhibition of complete HBV production associated with
populations with no evidence of serious side effeBisoe et the intracellular accumulation of HBV DNA intermediates
al., 1999, even during pregnancycGready et al., 1998 and their subsequent release to the mediGho{teau et al.,
except for quite rare neurological problems that have been2001).
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