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bstract

In this study, aloe-emodin was identified as a potential interferon (IFN)-inducer by screening compounds from Chinese herbal medicine.
loe-emodin showed low cytotoxicity to human HL-CZ promonocyte cells and TE-671 medulloblastoma cells and significantly activated

nterferon-stimulated response element (ISRE) and gamma-activated sequence (GAS)-driven cis-reporting systems. Moreover, aloe-emodin
pregulated expression of IFN-stimulated genes such as dsRNA-activated protein kinase and 2′,5′-oligoisoadenylate synthase. Aloe-emodin
esulted in significant activation of nitric oxide production. The antiviral activity of aloe-emodin against Japanese encephalitis virus (JEV)
nd enterovirus 71 (EV71) was evaluated using dose- and time-dependent plaque reduction assays in HL-CZ cells and TE-671 cells. The
0% inhibitory concentration (IC50) of aloe-emodin ranged from 0.50 �g/mL to 1.51 �g/mL for JEV and from 0.14 �g/mL to 0.52 �g/mL
or EV71. Aloe-emodin showed clearly potent virus inhibitory abilities and achieved high therapeutic indices, in particular for HL-CZ cells.

herefore, the study demonstrated dose- and time-dependent actions of aloe-emodin on the inhibition of JEV and EV71 replication via IFN
ignalling responses.

2008 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.
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. Introduction

Aloe-emodin (1,8-dihydroxy-3-hydroxymethyl-anthra-
uinone) is one of the natural anthraquinone derivatives from
he root and rhizome of Rheum palmatum. Aloe-emodin
as been reported to inhibit the replication of enveloped
iruses including herpes simplex virus, influenza virus
1] and human cytomegalovirus [2]. In addition, other

nthraquinone derivatives, including emodin, chrysophanic
cid and hypericin, have demonstrated antiviral activities
gainst hepatitis B virus [3] and poliovirus [4].

∗ Corresponding author. Fax: +886 4 2205 7414.
E-mail address: cwlin@mail.cmu.edu.tw (C.-W. Lin).

a
t
f
[
p
t

924-8579/$ – see front matter © 2008 Elsevier B.V. and the International Society
oi:10.1016/j.ijantimicag.2008.04.018
Type I and type II interferons (IFNs) are produced by
eukocytes and fibroblasts in the non-specific host response
o viral infection. IFN� and IFN� show a therapeutic effect
n viral infections, including coxsackievirus type A16 [5]
nd West Nile virus (WNV) [6]. IFN� is involved in the
ctivation of endogenous nitric oxide (NO) to inhibit viral
eplication in the macrophage and the central nervous system
CNS) [7]. Importantly, polyriboinosinic:polyribocytidylic
cid (poly(I:C)), a potent IFN-inducer, has been demonstrated
o improve the survival rate and to decrease tissue viral titres

ollowing enterovirus 71 (EV71) and WNV challenge in mice
6,8]. Therefore, screening for IFN-inducers from the com-
ounds of Chinese herbal medicine is an alternative approach
o identify potent antiviral agents.

of Chemotherapy. All rights reserved.
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Japanese encephalitis virus (JEV) and EV71 are neu-
otropic viruses that spread particularly in the Asia–Pacific
egion [9,10]. JEV and EV71 encephalitis are inflammatory
iseases of the CNS, like poliomyelitis-like acute flaccid
aralysis, aseptic meningitis and encephalitis. JEV and EV71
ultiply in primary sites such as monocytes and myeloid and

ymphoid cells and then travel from the periphery to the CNS
9,10]. The antiviral approach against JEV and EV71 could
e simultaneously set up in the same cell lines.

In this study, we aimed to identify antiviral herb com-
ounds against JEV and EV71 in cell models such as
he human TE-671 medulloblastoma cell line and HL-CZ
romonocyte cell line. Aloe-emodin was identified from
creening of IFN-inducers from Chinese herbal compounds
howing IFN signalling induction in mammalian cells. Aloe-
modin revealed a dose-dependent effect on IFN expression
nd NO production as well as in vitro antiviral activities
gainst JEV and EV71.

. Materials and methods

.1. Viruses and cells

JEV strain T1P1 [11] and an EV71 isolate from a throat
ulture were used in this study. BHK-21 cells were main-
ained in Modified Eagle’s Medium (MEM) with 10% foetal
ovine serum (FBS). TE-671 medulloblastoma cells were
rown in MEM with 2 mM l-glutamine, 1 mM sodium pyru-
ate and 10% FBS. HL-CZ cells were incubated with RPMI
640 medium containing 10% FBS.

.2. Cytotoxicity test

Aloe-emodin, arecoline, catechin, shikonin, trans-
innamic acid, hesperetin, scopoletin, daidzein and resver-
trol were purchased from Sigma Chemical Co. (St Louis,
O). Cells were treated with various concentrations of each

erb component for 48 h, followed by an MTT assay. Survival
ates of cells were calculated as the ratio of the optical density
t 570–630 nm (OD570–630) of treated cells to the OD570–630
f untreated cells. Quadruplicate wells were analysed for
ach concentration. The cytotoxic concentration showing
0% toxic effect (CC50) was determined using a computer
rogram (provided by John Spouge, National Center for
iotechnology Information, National Institutes of Health).

.3. Enzyme-linked immunosorbent assay (ELISA) for
etection of IFNα expression

Following 48 h incubation of treated cells, IFN� was mea-
ured using an ELISA with anti-IFN� monoclonal antibody

n quadruplicate wells. The ELISA product was developed
sing a chromogen solution containing ABTS (2,2′-azino-di-
3-ethylbenzthiazoline-6-sulfonate)) and hydrogen peroxide
nd then the absorbance at 405 nm (A405) was measured.
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.4. Transient transfections of cis-reporter plasmids for
ignalling pathway assay

Cells were transiently co-transfected with an internal
ontrol reporter pRluc-C1 plus the indicated cis-reporting
lasmid pISRE-Luc, pGAS-Luc or pNF�B-Luc (Stratagene,
a Jolla, CA). Cells were treated with each herbal com-
ound at 1 �g/mL and incubated for 4 h and then firefly
nd Renilla luciferase enzymes were measured using the
ual Luciferase Reporter Assay System (Promega, Madison,
I) and a TROPIX TR-717 luminometer (Applied Biosys-

ems, Foster City, CA). The relative firefly luciferase activity
as normalised by Renilla luciferase and compared with
ntreated cells.

.5. Quantification of IFN-stimulating gene expression
sing real-time reverse transcription polymerase chain
eaction (RT-PCR)

Quantification of mRNA was performed with TaqMan®

eal-time RT-PCR (Applied Biosystems) using 2.5 �L of
everse-transcribed cDNA. Oligonucleotide primers and
aqMan® probes for human protein kinase R (PKR) were
s follows: forward primer, 5′-CAACC AGCGG TTGAC
TTTT-3′; reverse primer, 5′-ATCCA GGAAG GCAAA
TGAA-3′; and probe #50 (Universal ProbeLibrary probe).
he forward primer for 2′,5′-oligoadenylate synthetase

OAS) was 5′-GATGT GGTTA GGTTT ATAGCTG-3′
nd the reverse primer was 5′-TTGGG GGTTA GGTTT
TGCCTTT-3′. In addition, the forward primer for
lyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
′-AGCCA CATCG CTCAG ACAC-3′ and the reverse
rimer was 5′-GCCCCA ATACG ACCAA ATCC-3′. The
aqMan® probe for GAPDH was probe #37. The measured
mounts of PKR and OAS mRNA were normalised to the
mount of GAPDH mRNA.

.6. Measurement of NO production

Cells were loaded with DAF-2 DA for 3 h at 37 ◦C. After
insing three times with serum-free MEM, cells were treated
ith each herbal compound. Fluorescence (excitation wave-

ength 480 nm, emission wavelength 530 nm) was measured
sing a BD FACSAria analyser (BD Biosciences, San José,
A).

.7. Dose- and time-dependent plaque reduction assays

The dose-dependent plaque reduction assay was per-
ormed using 10-fold dilutions of aloe-emodin in triplicate.
ntreated and treated cells were infected at a multiplicity of

nfection of 1 with JEV or EV71. After 48 h of incubation

t 37 ◦C, the cultured supernatant was harvested for determi-
ation of viral plaques using BHK-21 cell monolayers. The
0% inhibitory concentration (IC50) was the concentration
equired for 50% inhibition of the indicated virus plaques.
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Table 1
Inhibition of Japanese encephalitis virus (JEV) and enterovirus 71 (EV71)
replication in TE-671 and HL-CZ cells treated with Chinese herbal
compounds

Virus/compound Cell type CC50

(�g/mL)a
IC50

(�g/mL)b
TIc

JEV
Aloe-emodin TE-671 2632 1.51 ± 0.05 1743
Aloe-emodin HL-CZ 2881 0.50 ± 0.02 5762
Shikonin TE-671 1754 2.1 ± 0.5 835.2
Shikonin HL-CZ >3000 1.2 ± 0.2 >2500
Arecoline TE-671 >3000 32.5 ± 0.4 >92.3
Arecoline HL-CZ >3000 10.5 ± 0.3 >285.7
Hesperetin TE-671 574 3.6 ± 0.5 159
Catechin TE-671 >3000 N.D. N.D.
Trans-cinnamic acid TE-671 >3000 N.D. N.D.

EV71
Aloe-emodin TE-671 2632 0.14 ± 0.04 18 800
Aloe-emodin HL-CZ 2881 0.52 ± 0.03 5540

CC50, 50% cytotoxic concentration; IC50, 50% inhibitory concentration; TI,
therapeutic index; N.D., not detected.

a Concentration (mean ± standard deviation) showing a 50% cytotoxic
effect on the indicated cells, predicted using a computer program.
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Concentration (mean ± standard deviation) required for 50% inhibition
f the indicated virus plaques, predicted using a computer program.
c Ratio of CC50 to IC50.

he time-dependent plaque reduction assay was carried out
n treated cells with 1 �g/mL aloe-emodin and in untreated
ells. At 12, 24 and 48 h after inoculation, the cultured super-
atant from treated and untreated cells was collected for
laque determination.

. Results

.1. IFNα expression induced by herbal compounds

Initially, the cytotoxicity of nine herbal compounds,
ncluding aloe-emodin, arecoline, catechin, shikonin, trans-
innamic acid, hesperetin, scopoletin, daidzein and resver-
trol, was evaluated using MTT assays (Table 1). CC50
alues of these nine components, except hesperetin, were
1000 �g/mL for both human cell lines, e.g. 2632 �g/mL for
loe-emodin for TE-671 cells and 2881 �g/mL for HL-CZ
ells (Table 1). Subsequently, the level of IFN� expression in
E-671 cells was detected after 48 h of incubation with each
erb compound using an ELISA assay (Fig. 1A). A dose-
ependent increase in the level of IFN� expression was found
n the cells treated with aloe-emodin, shikonin and arecoline.
n particular, aloe-emodin showed a 2.5-fold increase in IFN�
xpression.

.2. Signalling pathways induced by aloe-emodin
To examine induction of the IFN response, in vivo sig-
alling pathways in HL-CZ cells treated with the herbal
omponents were further detected using the dual-luciferase

c
i
m
r

ig. 1. Induction of (A) interferon-alpha expression and (B) the in vivo
ignalling pathway by Chinese herbal compounds. The significance of the
ean differences between groups was assessed by the χ2 test.

eporter assays (Fig. 1B). Cells were co-transfected with the
refly luciferase cis-reporter plasmid (pISRE-Luc, pGAS-
uc or pNF�B-Luc) and a Renilla luciferase reporter.
fter treatment for 4 h, the relative expression of firefly

uciferase driven from the indicated cis-reporter plasmid
as normalised by Renilla luciferase. The ratio of the
refly luciferase intensity revealed that aloe-emodin sig-
ificantly increased the promoter activity of pISRE-Luc
nd pGAS-Luc by ca. 2.14- and 2.03-fold, respectively
Fig. 1B) (P < 0.001). Moreover, shikonin significantly
ncreased the activity of an IFN-stimulated response ele-

ent (ISRE)-containing promoter by ca. 1.2-fold, whilst
recoline activated the gamma-activated sequence (GAS)-

ontaining promoter by 1.8-fold (P < 0.001). Aloe-emodin
nduced the activation of ISRE- and GAS-containing pro-

oters associated with the activation of type I and II IFN
esponses.
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ig. 2. Time-dependent inhibition of Japanese encephalitis virus (JEV) and
nterovirus 71 (EV71) replication in HL-CZ cells.

.3. Induction of IFN-stimulated gene expression by
loe-emodin

To detect the effect of each herb component on IFN-
timulated gene (ISG) expression, the mRNA levels of
KR and OAS in HL-CZ cells treated with 1 �g/mL aloe-
modin, shikonin, arecoline or hesperetin were quantified
sing real-time RT-PCR. After normalisation to GAPDH,
loe-emodin-treated cells showed an increase of 1294.4-fold
f PKR mRNA and 8.6-fold of OAS mRNA compared with
ntreated HL-CZ cells, respectively. Moreover, aloe-emodin
nduced a more than two-fold increase in the level of the PKR

RNA compared with activation by shikonin, arecoline and
esperetin (P < 0.001). The result suggested that aloe-emodin
ore potently activated the expression of ISGs (PKR and
AS) than shikonin, arecoline and hesperetin.

.4. Effect of aloe-emodin on NO production

Since IFN� is involved in activation of endogenous NO
o inhibit viral replication [7], the production of NO in
erb compound-treated HL-CZ cells was assessed using the
O-specific fluorescent dye DAF-2 DA. Aloe-emodin and

recoline caused a greater DAF signal compared with the
ontrol and shikonin (P < 0.001), indicating that aloe-emodin
nd arecoline led to greater NO production. The results sug-
ested that aloe-emodin could activate IFN�-mediated NO
roduction.

.5. Antiviral activity against JEV and EV71

To test the antiviral activity, the dose- and time-
ependent effects of herbal compounds against JEV and
V71 were determined using the plaque assay (Fig. 2;

able 1). Aloe-emodin, shikonin and arecoline showed dose-
ependent inhibition of JEV replication in cell culture assay.
C50 values of aloe-emodin against JEV replication were
.50 ± 0.02 �g/mL in HL-CZ cells and 1.51 ± 0.05 �g/mL

J
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n TE-671 cells. IC50 values of shikonin for inhibition of
EV replication were 1.2 ± 0.2 �g/mL in HL-CZ cells and
.1 ± 0.5 �g/mL in TE-671 cells. In addition, IC50 values
f arecoline were 10.5 ± 0.3 �g/mL in HL-CZ cells and
2.5 ± 0.4 �g/mL in TE-671 cells. On the other hand, IC50
alues of aloe-emodin for inhibition of EV71 replication were
.52 ± 0.03 �g/mL in HL-CZ cells and 0.14 ± 0.04 �g/mL in
E-671 cells. The therapeutic index (TI) of aloe-emodin for
nti-JEV activity was >1500, whilst the TI for anti-EV71
ctivity was >5000. Moreover, aloe-emodin had higher TI
alues against JEV and EV71 than shikonin and arecoline. In
he time-dependent assay, aloe-emodin significantly inhibited
he early stages of JEV and EV71 replication in TE-671 and
L-CZ cells at a low concentration (1 �g/mL) (Fig. 2). The

esults demonstrated that aloe-emodin potently inhibited in
itro JEV and EV71 replication in a dose- and time-dependent
anner.

. Discussion

In this study, aloe-emodin significantly induced the
xpression of IFN�, PKR and OAS, the activation of ISRE
nd GAS promoters, and the production of NO (Fig. 1).
loe-emodin showed dose- and time-dependent inhibitory

ctivities on the replication of JEV and EV71 in TE-671 and
L-CZ cells, but showed low cytotoxicity to TE-671 and
L-CZ cells (Fig. 2; Table 1). In addition, aloe-emodin was
potential antiviral agent, with an IC50 value of 0.5 �g/mL
n the JEV replication in HL-CZ cells and 0.14 �g/mL
n EV71 replication in TE-671 cells. The antiviral effi-
acy of aloe-emodin against JEV was similar to a previous
eport in that aloe-emodin was found to have IC50 values
f 1.5–6.0 �g/mL for inactivating enveloped viruses includ-
ng herpes simplex virus type 1 and type 2, varicella-zoster
irus, pseudorabies virus and influenza virus [1]. However,
ur result that aloe-emodin significantly inhibited the non-
nveloped virus EV71 was not consistent with the previous
eport showing no antiviral effect on the replication of rhi-
ovirus [1]. Therefore, we suggest that the antiviral action of
loe-emodin could be not of cell-type and virus-type speci-
city.

The mode of action of antiviral activity by anthraquinones
as been demonstrated through both virucidal and non-
irucidal mechanisms [1,2,4]. In this study, aloe-emodin
as been further demonstrated to activate ISREs, to induce
SG expression (including PKR and OAS) and to increase
roduction of IFN� (Fig. 1). In addition, aloe-emodin
nduced activation of the IFN� activation sequence using
n vivo signalling pathway assays (Fig. 1B), associated
ith the generation of endogenous NO (data not shown).
O has been found to inhibit viral replication, including
EV [7] and SARS coronavirus [12]. Importantly, IFN�
as been demonstrated to act synergistically with IFN� and
FN� to inhibit viral replication potently [7]. Our findings
uggested that aloe-emodin might be a potent component
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or activation of type I and II IFN signalling against viral
eplication.

In this study, shikonin also effectively inhibited JEV repli-
ation in human medulloblastoma cells and promonocyte
ells (Table 1). The anti-JEV mechanism of shikonin was
ot clearly found to be associated with activation of in vivo
SRE, GAS and NF-�B signalling pathways (Fig. 1B). How-
ver, shikonin (1 �g/mL) increased levels of PKR and OAS
n HL-CZ cells by 1087- and 5-fold, respectively, compared
ith mock cells. Shikonin was hypothesised to be an effective

nhibitor of protein–protein interactions with multiple tar-
ets in both the intracellular and extracellular compartments
wing to several therapeutic applications [13]. Therefore, we
uggest that the mechanism of anti-JEV activity of shikonin
ould involve multiple targets for anti-JEV activity. Arecol-
ne, a major areca nut alkaloid, showed less anti-JEV efficacy
han aloe-emodin and shikonin (Table 1). Arecoline has
een demonstrated to activate the GAS signalling pathway
Fig. 1B) and to enhance NO production. However, several
ide effects of arecoline have been reported, such as immuno-
uppression, hepatotoxicity, depression of antioxidant status
nd attenuation of cytochrome P450 1A1 activation in liver
ells [14].

Treatment for viral encephalitis is still unknown. Recently,
case of WNV meningoencephalitis was reported to be suc-
essfully treated with IFN�-2b [6]. In addition, poly(I:C),
potent IFN-inducer, has been demonstrated to improve

he survival rate and to decrease tissue viral titres fol-
owing EV71 and WNV challenge in mice [6,8]. In this
tudy, aloe-emodin has been demonstrated to be a potent
FN-inducer that significantly activates type I and II IFN
esponses and effectively inhibits the replication of JEV and
V71 in human neural and blood cell lines. Therefore, aloe-
modin could be useful for the development of antiviral
gents.
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