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a b s t r a c t

Lucidone was previously reported to exhibit anti-inflammatory activity in vitro and in vivo. In the present
study, we characterized the mechanisms underlying the hepatoprotective effect of lucidone against alco-
hol-induced oxidative stress in vitro. Human hepatoma (HepG2) cells were pretreated with lucidone (1–
10 lg/mL) and then hepatotoxicity was stimulated by the addition ethanol (100 mM). With response to
ethanol-challenge, increased amount of alanine aminotransferase (ALT) and aspirate aminotransferase
(AST) release were observed, whereas lucidone pretreatment significantly inhibited the leakage of AST
and ALT in HepG2 cells without appreciable cytotoxic effects. We also found that lucidone pretreatment
significantly decreased ethanol-induced nitric oxide (NO), tumor necrosis factor-a (TNF-a), malondialde-
hyde (MDA), reactive oxygen species (ROS) and glutathione (GSH) depletion in HepG2 cells. Furthermore,
Western blot and quantitative-PCR analyses showed that ethanol-exposure apparently down-regulated
endogenous anti-oxidant hemoxygenase-1 (HO-1) expression, whereas pretreatment with lucidone sig-
nificantly up-regulates HO-1 expression followed by the transcriptional activation of NF-E2 related fac-
tor-2 (Nrf-2). Interestingly, the profound up-regulation of HO-1 and Nrf-2 were observed in only ethanol-
challenged cells, which evidenced that lucidone-induced induction of HO-/Nrf-2 were specific with oxi-
dative stress. Thus, we concluded that lucidone-mediated up-regulation of phase-II enzymes and HO-1
via Nrf-2 signaling pathway may provide a pivotal mechanism for its hepatoprotective action.

! 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In many part of the world, drinking alcoholic beverages is a
common feature of social gathering. Nevertheless, over consump-
tion of alcohol carries a risk of adverse health effects related to
its intoxicating, toxic and dependence-producing properties
(Anonymous, 2009). Despite the fact that acute and chronic liver
diseases represent a global concern, modern medical treatments
are often difficult to handle and have limited efficiency (Lee
et al., 2007). Even though, past decades much attention has been
made to understand the pathogenesis of alcoholic liver diseases,
there is remain no effective therapy for this disease (Song et al.,
2006). Recent studies has demonstrated that ethanol-induced oxi-
dative stress and inflammation that produce vast amounts of cyto-
kines and chemokines, especially nitric oxide, tumor necrosis
factor-alpha, transforming growth factor-beta (TGF-b) and reactive

oxygen species, which are believed to play a major role in patho-
genesis and progression of alcoholic liver diseases (Song et al.,
2006; Majano et al., 2004; Guitierrez-Ruiz et al., 1999; Nah et al.,
2005).

Nrf-2 is a master regulator of ARE-driven antioxidant gene
expression. Under the normal or unstressed condition, Nrf-2 is
tethered in cytoplasm by another protein called Keap-1(Kelch-like
ECH associated protein-1). Upon cell stimulation, Nrf-2 dissociate
from Keap-1 and the unbound Nrf-2 translocate into the nucleus
and where it bind to the ARE in upstream promoter region of many
anti-oxidant genes, including HO-1, NQO-1, GSTA-2, c-GCLC and c-
GCLM (Surh, 2003). Apart from the other anti-oxidant genes, HO-1
the inducible form of heme oxygenase plays a central role in iron
homeostasis and anti-oxidant defense in living cells (Maines and
Gibbs, 2005). There is increasing evidence that induction of HO-1
expression in liver has been considered to be a potential therapeu-
tic target for various liver diseases (Farombi et al., 2008). In other
hand, oxidative stress-induced by ethanol or acetaldehyde gener-
ates a marked elevation of lipid peroxidation and dramatically de-
creased GSH levels in human hepatic cell lines (Guitierrez-Ruiz
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et al., 1999). Therefore, the restoration of GSH has been shown to
inhibit the development of alcoholic liver damage and pathogene-
sis (Das and Vasudevan, 2007).

Considerable attention has been devoted in recent years to the
development of complementary and alternative medicines for the
treatment of liver diseases. Therapeutically effective agents devel-
oped from natural sources are particularly attractive for treatments
as they have the potential to reduce the risk of drug toxicity (Batey
et al., 2005). Several natural antioxidants are able to exert protec-
tive effects not only free radical scavenging, but also augment
expression of cytoprotective and/or antioxidant genes via Nrf-2
driven ARE signaling pathway (Surh, 2003).

Lucidone is a naturally occurring cyclopentenedione, which was
initially isolated from the fruits of Lindera lucida (Lauraceae) and
subsequently from other species such as Lindera erythrocarpa (Ku-
mar et al., 2010). It has been reported that lucidone inhibited hu-
man farnesyl protein transferase activity with an IC50 value of
40 ± 3.5 lM (Oh et al., 2005). The anti-inflammatory activity of L.
erythrocarpa fruits has been preliminarily evaluated by our team.
Four anti-inflammatory cyclopentenediones were identified by
bioactivity-guided fractionation, between which lucidone was the
strongest inhibitor of NO production. Meanwhile, lucidone was
also a potent anti-inflammatory agent in a croton oil-induced
mouse ear edema assay (Wang et al., 2008). Also, our recent stud-
ies suggest that lucidone inhibits LPS-induced inflammation
in vitro and in vivo models (Kumar and Wang, 2009; Kumar et al.,
2010). To our knowledge, no studies have been investigated the
alcohol-induced hepatotoxicity and hepatoprotective efficacy of
lucidone. Thereby, the present study was carried out in order to
understand the molecular mechanism underlying the anti-oxidant
and hepatoprotective activity of lucidone in an in vitro cell culture
model.

2. Materials and methods

2.1. Chemicals and reagents

Lucidone was isolated from the fruits of Lindera erythrocarpa
Makino as described previously (Wang et al., 2008), and the purity
was >99% verified by HPLC and 1H NMR. Minimum essential med-
ium (MEM), fetal bovine serum (FBS), penicillin and streptomycin
were purchased from Gibco/Invitrogen (Carlsbad, CA). Gries re-
agents, curcumin, 20-70-dichlorodihydrofluorescin diacetate
(DCFH2-DA), and mouse monoclonal anti-b-actin antibody was ob-
tained from Sigma–Aldrich (St. Louis, CA). Mouse monoclonal HO-
1, rabbit polyclonal Nrf-2, and rabbit polyclonal Histone-H3 anti-
bodies were purchased from Abcam (Cambridge, MA). All other
chemicals and solvents used in this study were reagent or HPLC
grade.

2.2. Cell culture and sample treatment

Human hepatoma (HepG2) cell line was purchased from the
American type culture collection (ATCC, Manassas, VA) were cul-
tured in MEM medium supplemented with 10% FBS, 1% glucose,
1% glutamine, 100 U/mL penicillin and 100 lg/mL streptomycin
in a humidified atmosphere containing 5% CO2 in air at 37 "C.
HepG2 cells were incubated in the presence or absence of different
concentrations of lucidone (1–20 lg/mL) or curcumin (10 lg/mL)
and then the hepatotoxicity was stimulated by the addition of eth-
anol (10–500 mM) for 24 h. Commercially available curcumin was
used as a reference hepatoprotective agent (Bao et al., 2010) for
this study.

2.3. Cell viability assay

Cell viability was determined using colorimetric MTT (3-[4,5-di-
methyl-thiazol-2-yl]-2,5-diphenyl tetrazolium bromide) assay as
described previously (Fotakis and Timbrell, 2006). In brief, HepG2
cells (1 ! 105 cells/mL) were cultured in 96 well plate with or
without various concentrations of lucidone (1–20 lg/mL) and eth-
anol (10–500 lM) for 24 h. After 24 h incubation, medium was re-
moved and 10 lL of MTT (10 lg/mL) in 90 lL of fresh medium was
added to each well and incubated at 37 "C for further 2 h. Subse-
quently 100 lL of dimethylsulfoxide (DMSO) was added to dissolve
formazan crystals and the absorbance was measured at 570 nm
using ELISA microplate readed (lQuant, Bio-Tek instruments Inc.,
Winooski, VT) and the percentage of cell viability was calculated.

2.4. Determination of hepatic ALT and AST production

Hepatic ALT and AST levels in culture medium were measured
by commercially available assay kits (Randox Laboratories, Antrim,
UK). Briefly, HepG2 cells (1 ! 106 cells/dish) in 6 cm dish were
incubated in the presence or absence of various concentrations
lucidone (1, 5 and 10 lg/mL) or curcumin (10 lg/mL) for 1 h then
the cells were stimulated with ethanol (100 mM) for 24 h. Control
cells received 0.1% of DMSO instead of lucidone or curcumin. After
incubation, culture supernatant was removed and the total ALT
and AST levels were measured using an ELISA microplate reader
at 340 nm according to the supplier instructions.

2.5. Determination of lipid peroxidation and reduced glutathione

Accumulated intracellular lipid peroxidation was measured as
MDA equivalent generated, as an indicator of lipid peroxidation
in cultured cell lysates (Esterbauer et al., 1991). Lipid peroxidation
assay kit (Oxford Biomedical Research, Oxford, MI) was used to
quantify ethanol-induced cellular lipid peroxidation followed by
the supplier’s instructions. In brief, HepG2 cells (1 ! 106 cells/dish)
were cultured in 6 cm dish and incubated with or without various
concentrations of lucidone (1, 5 and 10 lg/mL) or curcumin (10 lg/
mL) for 1 h then the cells were stimulated by the addition of etha-
nol (100 mM) for 24 h. Control cells received 0.1% of DMSO instead
of lucidone or curcumin. In parallel assay, cellular GSH levels also
measured in non-protein hepatoma lysates using commercially
available GSH assay kit (Oxis International, Foster City, CA).

2.6. Determination of NO and TNF-a production

The concentration of NO in culture supernatant was measured
in the form of nitrite, a major stable product of NO using Griess re-
agents assay as described previously (Wang et al., 2008). Briefly,
HepG2 cells (1 ! 105 cells/mL) were seeded in 96 well plate and
incubated in the presence or absence of various concentrations of
lucidone (1, 5 and 10 lg/mL) or curcumin (10 lg/mL) for 1 h. Hep-
atotoxicity was stimulated by the addition of ethanol (100 mM) for
24 h. After incubation, culture supernatant was collected, 100 lL of
culture supernatant was mixed with equal amount of Griess re-
agents and the NO production was measured by ELISA microplate
reader. In parallel assay, the level of hepatic TNF-a secretion in cul-
ture medium was measured using commercially available human
TNF-a assay kit (Biosource, Camarillo, CA). Total culture superna-
tant was diluted with working reagent (1:2); 100 lL of each di-
luted sample was used for ELISA assay (Lin et al., 2009). The total
secreted amount of TNF-a levels were estimated by absorbance
at 450 nm by using ELISA micro-plate reader.
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2.7. Measurement of intracellular ROS accumulation

Total intracellular ROS accumulation was monitored by fluores-
cence marker DCF-DA as described previously (Nah et al., 2005)
with minor modifications. HepG2 cells (5 ! 104 cells/well) were
seeded in 24 well plate and pre-incubated with various concentra-
tions of lucidone (1, 5 and 10 lg/mL) or curcumin (10 lg/mL) for
1 h, then the cells were stimulated with ethanol (100 mM) for
1 h. After incubation, culture supernatant was removed and cells
were rinsed with phosphate buffer saline (PBS). DCFH2-DA
(10 lM) in Kreb’s buffer was added into the culture plate and incu-
bated for 30 min. Stained cells were examined under fluorescence
spectrophotometer (Hidex Oy, Turku, Finland) at 488 nm/530 nm.
Intra cellular ROS generation was measured by the DCF fluores-
cence. The percentage of DCF fluorescence was compared with un-
treated control, which was arbitrarily assigned 100%. The assay
was performed in triplicate.

2.8. Protein extraction and western blot analysis

HepG2 cells (1 ! 106 cells/dish) were seeded in 6 cm dish and
pretreated with various concentrations of lucidone (1, 5 and
10 lg/mL) or curcumin (10 lg/mL) for 1 h and the hepatotoxicity
was induced by the addition of ethanol (100 mM) for 2–24 h. Con-
trol cells received 0.1% DMSO instead of drug or ethanol. Cytoplas-
mic and nuclear fractions were extracted by commercially
available nuclear and cytoplasmic extraction reagents kit (Pierce
Biotechnology, Rockford, IL). Protein concentration was deter-
mined by Bio-Rad protein assay reagent (Bio-Rad Laboratories,
Hercules, CA). Bovine serum albumin (BSA) was used as a standard
protein. Western blot analysis was performed with appropriate
antibodies with ECL Western blot reagents (Millipore, Billerica,
MA) and the image was visualized by VL Chemi-Smart 3000 (Vio-
gene Biotek, Sunnyvale, CA) image documentation device. Densi-
tometry analyses were performed by commercially available
quantitative software (Quantitative One, Bio-Rad Laboratories,
Hercules, CA).

2.9. Electrophoretic mobility shift assay (EMSA)

EMSA was performed to determine Nrf-2 ARE binding activity
using commercially available fluorescence-based EMSA kit (Invit-
rogen, Carlsbad, CA). In brief, oligonucleotide probes: human
anti-oxidant responsible element (hARE), forward primer 50-CTC
GAG CCC TAT AAC TGC TAT CTC-30, reverse primer 50-AAG CTT
GGC TCT GGT GCA GTC CGG-30 (Lee et al., 2009) were synthesized
by TRI Biotech (Taipei, Taiwan), and then annealed with TE buffer
for 5 min at 94 "C then gradually cooled for 3 h. Nuclear extract
(20 lg) was incubated with 20 ng of double-standard hARE probe
for 30 min at room temperature along with binding buffer. DNA
protein complex was separated by 6% native polyacrylamide gel
electrophoresis (PAGE) and the complex was visualized using fluo-
rescence-based EMSA reagent, and the luminescence intensity was
quantitated by VL Chemi-Smart 3000 imaging device.

2.10. RNA extraction and quantitative real-time PCR analysis

Total RNA extraction and RT-PCR analysis was performed as de-
scribed previously (Kumar and Wang, 2009). In brief, HepG2 cells
(1 ! 106 cells/dish) were seeded in 6 cm dish and pretreated with
various concentrations of lucidone (1, 5 and 10 lg/mL) or curcu-
min (10 lg/mL) for 1 h and hepatotoxicity was induced by the
addition of ethanol (100 mM) for 8 h. Total RNA was extracted by
TRIzol reagent according to the manufacturer’s instructions (Invit-
rogen, Carlsbad, CA). Quantitative-PCR analysis was performed
using Applied Biosystems detection instruments and software. For-

ward and reverse primers (10 mM) were incorporated with SYBR
green working solution (Invitrogen, Carlsbad, CA), used as a PCR
master mix, under the following conditions: 96 "C for 3 min, fol-
lowed by 40 cycles at 96 "C for 1 min, 50 "C for 30 s and 72 "C for
90 s. b-actin, a housekeeping gene, was used as an internal stan-
dard control for variability in amplification because of differences
in starting mRNA concentrations. The sequences of the PCR prim-
ers were as follows:, HO-1, forward 50-TGC GGT GCA GCT CTT
CTG-30, reverse 50-GCA ACC CGA CAG CAT GC-30; b-actin, forward
50-ACC CAC ACT GTG CCC ATC TA-30, reverse 50-CGG AAC CGC
TCA TTG CC-30 (Liu et al., 2004a,b). The copy number of each tran-
script was calculated as the relative copy number, normalized by
b-actin copy number.

2.11. Statistical analysis

The results were expressed as means ± standard deviations of
the three independent experiments. Statistical analyses of the re-
sults were made using Dunnett’s test for multiple comparisons
and Student’s t-test for single comparison. Significant differences
("P < 0.05 and ""P < 0.01 and """P < 0.001) considered significant
from ethanol vs sample. #P < 0.01 control vs ethanol.

3. Results

3.1. Cytotoxic effects of lucidone on human hepatoma HepG2 cells

Prior to in vitro hepatoprotective studies, the cytotoxic effect of
lucidone was examined in human hepatoma HepG2 cells. Cells
(1 ! 105 cells/mL) were incubated with various concentrations of

(A)

(B)

Fig. 1. Cytotoxic effect of lucidone and ethanol on cultured human hepatoma
HepG2 cells. Cell viability was measured by MTT assay as described in Section 2.
Cells were treated with indicated concentrations of lucidone and ethanol for 24 h.
(A) Cells treated with various concentrations of lucidone for 24 h. (B) Cells were
treated with indicated concentrations of ethanol for 24 h. Results are expressed as
percent control and represent means ± standard deviations (SD) of three indepen-
dent experiments. Percentage of viable cells was calculated with control cells.
"P < 0.05, ""P < 0.01 and """P < 0.001 was considered significant for control cells.
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lucidone (1, 5, 10 and 20 lg/mL) for 24 h. Results of MTT assay
showed that <97 ± 3% of cells were survived within the treatment
concentrations of 10 lg/mL of lucidone, whereas over the concen-
tration of 10 lg/mL cell survival was eventually fall-down into
>70 ± 2% (Fig. 1A). In parallel MTT assay, incubation of HepG2 cells
with ethanol resulted in a dose-dependent decrease of cell viabil-
ity. Survival of hepatic cells after 24 h exposure to ethanol at 10,
50, 100, 200 and 500 mM were 107%, 108%, 82%, 62% and 37%,
respectively (Fig. 1B). Moreover, cells exposed to >100 mM of eth-
anol, survived 100 ± 8.5% for 24 h and the significant (P < 0.05)
reduction of cell survival manifested with <100 mM of ethanol
(Fig. 1B). Therefore, the non-cytotoxic concentrations of lucidone
(1–10 lg/mL) and cytotoxic concentration of ethanol (100 mM)
were selected as the standard concentrations for the subsequent
assessments.

3.2. Lucidone pretreatment inhibits ethanol-induced hepatic enzyme
release and lipid peroxidation in HepG2 cells

In vitro hepatotoxicity can be directly determined by measuring
levels of hepatic transaminase release into the culture medium
(Dambach et al., 2005). Incubation of hepatic cells with ethanol
for 24 h, an increase in intercellular ALT and AST leakage was ob-
served compared to control cells, whereas lucidone pretreatment
significantly attenuated ethanol-induced elevation of ALT and
AST levels in a dose-dependent manner (Fig. 2A and B). Further-
more, we examined the effects of lucidone on ethanol-induced li-
pid peroxidation, as measured by MDA level in culture lysates.
Ethanol-exposure for 24 h significantly (P < 0.001) increased intra-

cellular MDA level (47 ± 4.3 lM) compared to control (6 ± 2.6 lM)
in HepG2 cells (Fig. 2C). However, the elevated MDA levels
(47 ± 4.1 lM) were significantly descended to 13 ± 2 and 9 ± 1.3,
and 7 ± 1.2 at 1, 5, and 10 lg/mL of lucidone, respectively
(Fig. 2C). On the other hand, the effects of lucidone on ethanol-in-
duced hepatic GSH depletion were monitored. Because, during the
oxidative stress endogenous GSH was consumed and resulted in
rapid depletion of GSH in hepatic cells (Eklow-Lastbom et al.,
1986). In agreement with this notion, Fig. 2D showed that etha-
nol-exposure declined intracellular GSH level (83 ± 6.3 nM) com-
pared with the control cells (121 ± 4.1 nM), whereas
pretreatment with lucidone significantly prevents ethanol-medi-
ated hepatic GSH depletion, as evidenced by the restoration of
GSH to basal level (120 ± 3.3 mM and 129 ± 2.7 nM at the concen-
trations of 5 and 10 lg/mL, respectively). In addition, we observed
that ethanol-induced hepatic ALT, AST, MDA and GSH depletion
were significantly inhibited by curcumin, which was used as a po-
sitive drug control in this study (Fig. 2).

3.3. Lucidone pretreatment inhibits ethanol-induced NO and TNF-a
production in HepG2 cells

Ethanol and its metabolites directly induce inflammatory re-
sponse mediated by the production of pro-inflammatory cytokines
and chemokines (Guitierrez-Ruiz et al., 1999). In the present study,
we also have observed that ethanol exposure certainly produced
significant amount of NO in cultured HepG2 cells. Whereas, pre-
treatment of cells with lucidone (1–10 lg/mL) resulted in signifi-
cant (P < 0.01–0.001) and dose-dependent inhibition of NO

(A)

(B)

(C)

(D)

Fig. 2. Lucidone down-regulates ethanol-induced ALT, AST, MDA and GSH depletion in HepG2 cells. Cells were pretreated with indicated concentrations of lucidone and
curcumin for 1 h and then oxidative stress was stimulated by addition of ethanol for 24 h. (A) ALT, (B) AST released by hepatic cells was measured in the culture supernatant.
(C) Hepatocellular MDA and (D) GSH depletion was assessed from HepG2 cell lysates. The histogram shown in this figure is from one representative experiment that was
performed in triplicate with similar results. Each value is expressed as the mean ± SD (n = 3). "P < 0.05, ""P < 0.01, """P < 0.001 was considered significant for EtOH alone.
#P < 0.05 was considered significant for control vs EtOH alone.
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production were observed (Fig. 3A). To our knowledge, this is the
first report indicating that ethanol-exposure could induce NO pro-
duction in cultured HepG2 cells. In addition, we found that etha-
nol-exposure significantly (P < 0.001) provoked TNF-a secretion
(163 ± 10.7 ng/mL) compared with the control cells (8 ± 1 ng/mL).
Pretreatment with lucidone (1, 5 and 10 lg/mL) significantly
(P < 0.05–0.001) attenuated ethanol-induced TNF-a secretion in a
dose-dependent manner 122 ± 1, 110 ± 3, 46 ± 2 ng/mL, respec-
tively (Fig. 3B). The inhibitory effect of lucidone on NO and TNF-
a production were comparable with that of the standard drug
curcumin.

3.4. Lucidone pretreatment prevents ethanol-induced ROS generation
in HepG2 cells

Sustained intracellular ROS production has been recognized as a
crucial step for ethanol-induced oxidative stress in hepatic cells.
Further, to investigate the effects of lucidone on ethanol-induced
ROS generation in hepatic cells, we utilized the well-characterized
DCFH2-DA fluorescence assay. Compared to un-stimulated control
cells (100 ± 63%), ethanol exposure markedly increased DCFH2

fluorescence (1200 ± 15%) over a 1 h course of time. Cells that were
pre-treated with lucidone significantly (P < 0.001) prevents etha-
nol-induced intracellular ROS generation in HepG2 cells (Fig. 3C).
Curcumin is known for its anti-oxidant effect and was used as a po-
sitive drug control that also exhibits significant ROS inhibition
(333 ± 219%) at the concentration of 10 lg/mL.

3.5. Lucidone augmented HO-1 mRNA and protein expression in
ethanol-induced HepG2 cells

It has been well documented that HO-1, a major antioxidant en-
zyme that plays an important role against ethanol-induced oxida-

(A)

(B)

(C)

Fig. 3. Lucidone suppressed ethanol-induced NO, TNF-a and ROS production in
HepG2 cells. (A) NO production was monitored in culture supernatant by Griess
assay. (B) Hepatic cell released TNF-a level in cultured media was quantified by
commercially available EIA kit. (C) Hepatocellular ROS accumulation was moni-
tored by using DCFH2-DA florescence method as described in materials and
methods. The histogram shown in this figure is from one representative
experiment that was performed in triplicate with similar results. Each value is
expressed as the mean ± SD (n = 3). "P < 0.05, ""P < 0.01, """P < 0.001 was consid-
ered significant for EtOH alone. #P < 0.05 was considered significant for control vs
EtOH alone.

(A)

(B)

Fig. 4. Lucidone up-regulates HO-1 expression in ethanol-induced HepG2 cells. (A)
Cytosolic lysates were prepared and subjected to Western blot analysis to
determine the HO-1 protein expression level in ethanol-induced HepG2 cells. b-
Actin was used as an internal control. HO-1 protein was normalized by b-Actin. (B)
RT-PCR analysis was performed to monitor HO-1 mRNA expression level using
commercially available SYBR green dye. HO-1 mRNA was normalized by GAPDH.
The photomicrograph and densitometry graph shown in this figure are from one
representative experiment that was performed in triplicate with similar results.
Each value is expressed as the mean ± SD (n = 3). "P < 0.05, ""P < 0.01, """P < 0.001
was considered significant for EtOH alone. #P < 0.05 was considered significant for
control vs EtOH alone.
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tive stress in hepatic cells (Bao et al., 2010). Therefore, we hypoth-
esized that the inhibitory effect of lucidone against ethanol-in-
duced oxidative stress could be mediated by the induction of
antioxidant genes including HO-1 and NQO1. Results of Western
blot and RT-PCR analysis confirmed that pretreatment of cells with
lucidone significantly (P < 0.05–0.001) augmented HO-1 protein
and mRNA expression in a dose-dependent manner (Fig. 4A and
B). Moreover, a statistically significant (P < 0.05) reduction of HO-
1 expression was observed when cells were incubated with ethanol
(Fig. 4A). Curcumin also enhanced HO-1 expression in protein le-
vel, whereas the level of mRNA was not affected (Fig. 4A and B).
In contrast, cells pre-incubated with neither lucidone nor curcumin

were found no significant effect on NQO1 mRNA or protein expres-
sion in ethanol-challenged HepG2 cells (data not shown).

3.6. Lucidone pretreatment enhanced Nrf-2 activity in ethanol-
induced HepG2 cells

HO-1 can be activated by Nrf-2, a major transcription factor that
regulates ARE-driven phase-II gene expression (Surh, 2003). There-
fore we attempted to determine whether lucidone could activate
Nrf-2 in association with its HO-1 up-regulation in HepG2 cells. Re-
sult of Western blot analysis showed that lucidone treatment sig-
nificantly (P < 0.05–0.001) induced Nrf-2 nuclear translocation, as

(A) (C)

(D)(B)

Fig. 5. Lucidone enhanced Nrf-2 nuclear translocation and ARE binding activity in ethanol-induced HepG2 cells. (A) Nuclear lysates were prepared and subjected to Western
blot analysis to quantify the lucidone-induced nuclear translocation of Nrf-2. b-Actin was used as an internal control. (B) EMSA was performed to monitor Nrf-2 ARE binding
activity in nuclear fraction. (C and D) Nuclear (Nrf-2) and cytoplasmic (HO-1) lysates were subjected to Western blot analysis to quantify the lucidone-induced up-regulation
of Nrf-2 and HO-1 proteins in ethanol-induced HepG2 cells. Histone H3 for nuclear fraction and b-Actin for cytoplasmic fraction was used as an internal control. The
photomicrograph and densitometry graph shown in this figure are from one representative experiment that was performed in triplicate with similar results. Each value is
expressed as the mean ± SD (n = 3). "P < 0.05, ""P < 0.01, """P < 0.001 was considered significant for EtOH alone. #P < 0.05 was considered significant for control vs EtOH alone
and uP < 0.001 was considered significant from sample vs ethanol group.
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evidenced by the increased amount of Nrf-2 were found in nucleus,
whereas the amount of cytosolic Nrf-2 was unaffected by neither
lucidone nor curcumin (Fig. 5A). Further to elucidate the role of
Nrf-2 in transcriptional activation, Nrf-2 ARE binding activity was
monitored by using EMSA with oligonucleotides harboring HO-1
specific ARE sequence. As shown in Fig. 5B, lucidone pretreatment
significantly increased Nrf-2 ARE binding activity in a dose-depen-
dent manner. Interestingly, when compared with un-treated con-
trol group, lucidone pretreatment significantly (P < 0.001)
increased nuclear translocation of Nrf-2 followed by the induction
of HO-1 in HepG2 cells; although the profound augmentation of
HO-1 and Nrf-2 was observed when cells challenged with ethanol
(Fig. 5C and D). Indeed, this data confirmed that lucidone-induced
up-regulation of HO-1 and Nrf-2 expression is critically governed
by the ethanol-induced oxidative stress in hepatic cells.

4. Discussion

Since oxidative stress is a putative mechanism underlying alco-
holic liver diseases, using antioxidants to ameliorate oxidative
stress and alleviate ethanol hepatotoxicity is a logical approach.
This approach has shown high rate of success in both in vitro and
in vivo models. Previously, we have demonstrated that antioxi-
dants antroquinonol and sylimerin protect cultured hepatic cells
against ethanol-induced oxidative stress by down-regulating hepa-
tic transaminase enzymes and intracellular ROS generation (Kumar
et al., 2011). Similarly, pretreatment of hepatocytes with quercetin
provided protection against ethanol-induced oxidative stress by
downregulating hepatic transaminase enzymes (Liu et al., 2010).
Green tea polyphenols quercetin, EGCG, catechin and betaine is
demonstrated to prevent ethanol-induced CYP2E1 and GPX4
expression in human hepatoma HepG2 cells (Oliva et al., 2011).
Peng et al. (2010) showed that b-carotene decreased oxidative
stress and prevented ethanol-induced cell death by inhibiting
apoptotic proteins caspase-9 and caspase-3 expression. In a model
of chronic ethanol exposure, administration of Vitamin E and anti-
oxidant resveratrol effectively ameliorate ethanol-induced oxida-
tive challenges by down-regulating transaminase enzymes
including AST, ALT, IL-10, TNF-a, IFN-c, and TGF-b1 in the serum.
(Das et al., 2010). Administration of antioxidants ascorbic acid,
quercetin, and thiamine has been found to block chronic ethanol-
induced transaminase enzymes in the mice liver and serum
(Ambadath et al., 2010). In a binge-alcohol administrated model,
treatment of antioxidant carnosine significantly reduced ethanol-
induced oxidative stress in the liver (Artun et al., 2010). These re-
sults suggest that oxidative stress critically contribute to ethanol
hepatotoxicity, antioxidant protection is the effective strategies
to prevent alcohol liver diseases.

The notable signs of ethanol-intoxicated hepatic injury are leak-
age of hepatic transaminases and cytokines into the circulation
(Baldi et al., 2003). In the present study, we employed human hep-
atoma (HepG2) cells in vitro and found that incubation of hepatic
cells with ethanol led to sustained increase of ALT and AST leakage
from the cytoplasm into culture medium, which is agreement with
other’s observations (Neuman et al., 1993; Kaur et al., 2009; Khanal
et al., 2009). Our result showed that pretreatment with lucidone
significantly inhibits ethanol-induced ALT and AST release in a
dose-dependent manner. In addition, the well known anti-oxidant
curcumin also inhibits ethanol-induced ALT and AST release in
HepG2 cells. This data were support a previous study by Rajakrish-
anan et al. demonstrated that curcumin as a potent hepatoprotec-
tive agent for alcohol intoxication (Rajakrishanan et al., 1998).

Reduced glutathione content is often used to evaluate oxidative
stress in biological systems and augmentations of GSH/GSSG ratio
have been demonstrated to protect liver from oxidative stress (Das

and Vasudevan, 2007). Results of this study showed that lucidone
pretreatment significantly prevents ethanol-induced GSH deple-
tion and lipid peroxidation in HepG2 cells. A similar set of the re-
sults were also found in curcumin pretreated cells. Although,
alcohol consumption results an excessive generation of free radi-
cals such as superoxide radicals, free radicals, hydroxyl radicals
and hydrogen peroxides. Ethanol-mediated ROS generation play a
central role in the development of alcoholic liver diseases and lim-
iting the expression of cytoprotective genes (Das and Vasudevan,
2007; Motohashi et al., 2010). Therefore, the removal of ROS accu-
mulation through cellular anti-oxidant defense system could be
maintaining intracellular redox homeostasis. We found that luci-
done pretreatment significantly prevented ethanol-induced intra-
cellular ROS accumulation in cultured HepG2 cells. Moreover,
ethanol-mediated free radical formation has a great potential to re-
act with lipid molecules, which leads to lipid peroxidation and the
uncontrolled lipid peroxidation is known to be one of the manifes-
tations of oxidative cell injury enhanced by ethanol ingestion. Dur-
ing the alcohol metabolism, alcohol oxidized into aldehydes
especially acetaldehydes and malonaldehydes (MDA). Elevated
MDA, decreasing anti-oxidant capacity has been used as a bio-
marker of oxidative stress (Guitierrez-Ruiz et al., 1999). We also
observed that ethanol exposure sustained MDA level in cultured
HepG2 cells; whereas the increases of MDA level were significantly
inhibited by lucidone pretreatment. We believe the hydroxyl group
located in the 3rd position may contribute to its potent anti-oxi-
dant effects. Thus, the inherent antioxidant potential of lucidone
may help to prevent ethanol-induced ROS generation and/or lipid
peroxidation.

The crucial role of pro-inflammatory molecules such as NO, TNF-
a and IL-1b has been indicated in both clinical and experimental
alcoholic liver diseases (Zhao et al., 2008). In particular, TNF-a is
of great relevance to liver pathology, as its expression and levels in-
crease in many forms of liver diseases, such as alcoholic liver dis-
eases become it mediated hepatocyte apoptosis (Fernandez-Checa
et al., 2005). Mice deficient with TNF-a receptor (TNFR1), failed to
develop alcoholic liver diseases except steotosis (Fernandez-Checa
et al., 2002). Thus, the inhibition of TNF-a is primarily implied to
prevent alcoholic liver diseases in human subjects. It is noteworthy
that lucidone pretreatment significantly prevented alcohol-induced
TNF-a production in cultured human hepatic cells. This observation
was concomitant with our previous report that lucidone pretreat-
ment inhibits LPS-induced TNF-a production in macrophage cells
(Kumar and Wang, 2009). In addition to the critical role of pro-
inflammatory molecules, NO has been pointed as another key
player of liver diseases (Kirkali et al., 2000). A previous report de-
scribed that ethanol-exposure induced NO formation in human
astrocytoma cells (Davis et al., 2002). Then latter, Majano et al.
(2004) reported that mixture of proinflammatory cytokines induces
NO production in human hepatocyte HepG2 cells. An in vivo animal
studies also have shown that acute or chronic alcohol exposure in-
creased NO production in rat circulating system (Deng and Deitrich,
2007). However, there was no study revealed the ethanol-induced
NO production in HepG2 cells. We therefore monitored ethanol-in-
duced NO production in HepG2 cells. As we expected, NO produc-
tion in culture media were markedly rose with response to
ethanol-exposure, whereas the reduced amount of NO production
were observed in lucidone pretreated cells. With best of our knowl-
edge, this is the first report indicating ethanol-induced NO produc-
tion in HepG2 cells. This data were well correlated with our
previous report that lucidone inhibited LPS-induced NO production
in murine macrophage cells (Kumar and Wang, 2009).

HO-1 is a rate limiting enzyme that catalyzes heme into biliver-
din, free iron and carbon monoxide. Increased HO-1 expression has
been reported to reduce cellular injury such as oxidative stress,
pro-inflammatory cytokines production and the activation of pro-
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apoptotic inducers (Braudeau et al., 2003). A recent study reported
that the ethanol-exposure markedly declined endogenous HO-1 le-
vel in hepatocytes (Bao et al., 2010). Our data also agreed that the
ethanol treatment markedly reduced HO-1 protein and mRNA
expression in cultured HepG2 cells. However, the ethanol-induced
HO-1 decline was significantly prevented by lucidone pretreat-
ment. Furthermore, Nrf-2, a transcription activator binds to ARE
in the upstream promoter region of many anti-oxidant genes
including HO-1 (Surh, 2003). Previous studies have shown that
increasing Nrf-2 activity in hepatic tissues is highly hepatoprotec-
tive during chemical or ethanol-induced oxidative stress (Farombi
et al., 2008; Yao et al., 2007). Our result showed that lucidone
treatment significantly increased Nrf-2 activity by means of its nu-
clear translocation. Furthermore, results of EMSA also confirmed
that pretreatment with lucidone not only up-regulates nuclear
translocation, but also induce Nrf-2 transcriptional activity in eth-
anol-induced HepG2 cells. Surh (2003) reviewed that during oxida-
tive condition, activation of Nrf-2 cascade was critically associated
with their up-stream regulators including JNK, p38, ERK and PI3K.
Therefore, we monitored the expression of MAP kinase proteins
(JNK1/2, ERK1/2 and p38) in the same treatment conditions. How-
ever, there were no significant up-regulation of these MAPKs,
rather than lucidone inhibits their expression in HepG2 cells (data
not shown) which was closely resembled in our previous report
(Kumar and Wang, 2009). Thus, we suggest that the activation of
Nrf-2 by lucidone is may be MAPKs independent mechanism. In
other hand, the structural activity relationship studies revealed

that phytocompounds that possessed a, b-unsaturated ketone
moiety can act as Michael-reaction acceptors that are able to mod-
ify cystine thiols located in Keap-1, which is a major Nrf-2 inhibitor
(Surh, 2003). It has been extensively reviewed that the dietary phy-
tocompounds such as curcumin, CAPE and sulphoraphane are
chemically consist with a, b-unsaturated ketone moiety; therefore,
they serve as a potent antioxidant in biological systems (Surh,
2003). Notably, lucidone also structurally architected with a, b-
unsaturated ketone moiety. Therefore, we believe that the highly
conserved a, b-unsaturated ketone moiety may responsible for
the antioxidant and hepatoprotective activity of lucidone. How-
ever, further extensive study is highly warranted to disclose this
inhibitory mechanism.

In conclusion, lucidone has been received appreciable attention
due to the anti-inflammatory activity in both in vitro and in vivo
models (Wang et al., 2008; Kumar and Wang, 2009; Kumar et al.,
2010). In the present study, we also found a positive result that
lucidone pretreatment protects hepatic cells from acute alcohol-in-
duced oxidative stress. As shown in Fig. 6, the proposed hepatopro-
tective action of lucidone is most likely to be mediated by the
induction of HO-1 via Nrf-2 signaling pathway that may provide
a pivotal mechanism for its hepatoprotective action.
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Fig. 6. Schematic representation depicting the mechanism by which lucidone-induced antioxidative response in human hepatic cells.
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