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Abstract

Oxidative stress and neuroinflammation are hallmarks of neurodegenerative diseases, which do not play independently but work synergistically through
complex interactions exacerbating neurodegeneration. Therefore, the mechanism that is directly implicated in controlling oxidative stress and inflammatory
response could be an attractive strategy to prevent the onset and/or delay the progression of neurodegenerative diseases. The transcription factor nuclear factor-
E2-related factor-2 (Nrf2) is the guardian of redox homeostasis by regulating a battery of antioxidant and phase II detoxification genes, which are relevant to
defense mechanism against oxidative stress and inflammatory responses. In this study, we show that a recently identified Glycyrrhiza-inflata-derived chalcone,
licochalcone E (Lico-E), attenuates lipopolysaccharide-induced inflammatory responses in microglial BV2 cells and protects dopaminergic SH-SY5Y cells from 6-
hydroxydopamine cytotoxicity. Lico-E activates Nrf2-antioxidant response element (ARE) system and up-regulates downstream NAD(P)H:quinone
oxidoreductase 1 (NQO1) and heme oxygenase-1 (HO-1). Anti-inflammatory and cytoprotective effects of Lico-E are attenuated in siRNA-mediated Nrf2-
silencing cells as well as in the presence with specific inhibitor of HO-1 or NQO1, respectively. Lico-E also has neuroprotective effect against 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine-induced nigrostriatal dopaminergic neurodegeneration in mice, with up-regulation of HO-1 and NQO1 in the substantia nigra of the
brain. This study demonstrates that Lico-E is a potential activator of the Nrf2/ARE-dependent pathway and is therapeutically relevant not only to oxidative-
stress-related neurodegeneration but also inflammatory responses of microglial cells both in vitro and in vivo.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Parkinson's disease (PD) is a progressive neurodegenerative
disease characterized by a selective loss of dopamine (DA)-producing
neurons in the substantia nigra pars compacta (SNpc) and a reduction
in their terminals within the striatum. Dopaminergic (DArgic)
neurodegeneration in this nigrostriatal pathway causes typical
motor deficits, such as resting tremor, rigidity, bradykinesia and
postural instability. While the etiological link to DArgic neuronal loss
remains unknown, evidences suggest crucial roles for oxidative stress,
mitochondrial defects, protein aggregation and misfolding, and
inflammation in the pathogenesis of PD [1,2].
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Oxidative stress has been largely associated with the develop-
ment of PD due to the highly oxidative conditions in DArgic
neurons. Oxidative stress activates death signaling, including
mitochondria-dependent apoptosis, and finally triggers cellular
demise [3]. Among various candidates that can generate oxidative
stress in DArgic neurons, DA itself is a primary source of oxidative
stress that causes cytotoxicity to DArgic neurons [4]. DA-induced
oxidative stress can be induced by auto-oxidation forming reactive
quinone species [5–7]. Quinones are unstable and highly reactive
and can readily attack cellular nucleophiles and cause covalent
modification of essential macromolecules.

In addition, neuroinflammatory processes play a significant role in
the generation of oxidative stress and the pathogenesis of PD.
Neuropathological evidence indicates that neuroinflammatory re-
sponse is detectable and accompanied by neuronal loss in PD: for
example, inflammatory mediators are present in the cerebrospinal
fluid [8] and the brains of PD patients [9], and signs of microglial
activation can be observed in the area of SNpc in Parkinson's brain
[10]. Many toxic factors, including superoxide anions, nitric oxide
(NO), arachidonic acid and its metabolites, chemokines, and
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proinflammatory cytokines, can be generated bymicroglial activation.
Activated microglia causes increased generation of reactive oxygen
species (ROS), and oxidative stress also has the potential to induce an
inflammatory response. Thus, these two mechanisms — oxidative
stress and inflammation — are not independent but rather work
synergistically through complex interactions exacerbating neurode-
generation. Therefore, the mechanism directly implicated in control-
ling oxidative stress and inflammatory response could be an attractive
target in preventing the onset and/or delaying the progression of PD.

The transcription factor nuclear factor-E2-related factor-2 (Nrf2)
is a central protein that regulates the transcription of phase II
enzymes and other enzymes that are important in the antioxidative
response. Under normal conditions, Nrf2 is sequestered in the
cytoplasm by binding to Kelch-like ECH-associated protein 1
(Keap1). Upon stimulation, Nrf2 dissociates from Keap1 and is
translocated into the nucleus where it binds to antioxidant response
element (ARE) and activates the expression of ARE-dependent genes.
ARE is a cis-acting regulatory element in promoter regions of genes
encoding antioxidant proteins and plays a crucial role in the
transcriptional regulation of downstream genes important in the
cellular response to oxidative stress, such as NAD(P)H:quinone
oxidoreductase 1 (NQO1) and heme oxygenase-1 (HO-1). NQO1
catalyzes the two-electron reduction of quinone to the redox-stable
hydroquinone and protects cells against oxidative damage [11,12].
HO-1 is responsible for the conversion of heme to biliverdin and
carbonmonoxide and functions as an antioxidant enzyme [13,14] and
an anti-inflammatory stress protein [15].

The roots of Glycyrrhiza inflata B. (Leguminosae) are known to be a
source for characteristic phenolic compounds that have various
pharmacological activities, including anti-inflammatory [16], antiox-
idative [17] and anticarcinogenic activities [18]. Six retrochalcones or
reversely constructed chalcones have been isolated: licochalcone A–E
and echinatin [18,19]. Licochalcone E (Lico-E) is a very recently
characterized retrochalcone that exhibits potent cytotoxicity to
human tumor cell lines and endothelial cells [20], as well as anti-
inflammatory potential to reduce skin inflammation [21].

Because chalcones are powerful inducers of phase II detoxifying
enzymes and cytoprotective HO-1 [22,23], in the present study, we
asked whether (a) Lico-E possesses anti-inflammatory activity in
lipopolysaccharide (LPS)-induced microglial BV2 cells, and antioxi-
dant and cytoprotective activities from 6-hydroxydopamine (6-
OHDA)-induced DArgic SH-SY5Y cell death; (b) Lico-E activates
Nrf2 signaling and induces NQO1 and HO-1, which mediate the
cytoprotective and anti-inflammatory activities of Lico-E; and (3)
Lico-E is cytoprotective against DArgic neurodegeneration in the in
vivo experimental models of PD.

2. Methods and materials

2.1. Materials

Lico-E was obtained from the roots of G. inflata B. [20]. Dulbecco's modified Eagle's
medium (DMEM), fetal bovine serum (FBS), penicillin/streptomycin and trypsin/EDTA
were from Hyclone (Logan, UT, USA). LPS (L4516), 6-OHDA, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), α-actin antibody and TRI reagent were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against inducible nitric oxide
synthase (iNOS) (sc-649), cyclooxygenase-2 (COX-2) (sc-1745), β-actin (sc-8432),
anti-Nrf2 (sc-722), NQO1 (sc-32793 and sc-16464), HO-1 (sc-10789) and tyrosine
hydroxylase (TH; sc-25269) were from Santa Cruz Biotechnology (Santa Cruz, CA,
USA), and GAPDH (2118) was obtained from Cell Signaling Technology (Beverly, MA,
USA). Enhanced Chemiluminescence (ECL) kit was from Amersham Biosciences
(Piscataway, NJ, USA). All other chemicals were reagent grade and were purchased
from Sigma-Aldrich or Merck (Rahway, NJ, USA).

2.2. Cell culture

BV2 mouse microglial cells and HEK293T cells were maintained in DMEM
containing 10% FBS, and DA-producing SH-SY5Y cells were grown in DMEM/F12
containing 10% FBS. All cells were maintained in the presence of 100 U/ml penicillin
and 100 μg/ml streptomycin at 37°C in 5% CO2 and 95% air in a humidified atmosphere.
For experiments, the cells were plated on polystyrene culture dishes at a density of
1.2×105 cells/well in 24-well culture plates or 3.6×106 cells/100-mm plate. After 24-h
incubation, cells were fed with fresh medium for treatment.

2.3. Determination of NO levels

The level of NO synthesis was assessed by measuring nitrite accumulation in the
culture media using Griess reagent (1% sulfanilamide, 0.1% N-1-naphthylenediamine
dihydrochloride and 2.5% phosphoric acid). Briefly, 200-μl aliquots of cell culture
medium were collected and mixed with an equal volume of Griess reagent. After
incubation for 10 min, the optical density was measured at 540 nm, and nitrite levels
were calculated from a standard curve generated with sodium nitrite.

2.4. Lactate dehydrogenase (LDH) assay

Degrees of cell death were assessed based on the activity of LDH released into the
culture medium as previously described [24]. Aliquots (50 μl) of cell culture medium
were incubated at room temperature in the presence of 0.26 mM NADH, 2.87 mM
sodium pyruvate and 100mMpotassium phosphate buffer (pH 7.4) in a total volume of
200 μl. The rate of NAD+ formation was monitored for 5 min at 2-s intervals at 340 nm
using a microplate spectrophotometer (VERSAMAX 340 pc; Molecular Devices, Menlo
Park, CA, USA).

2.5. Immunoblot analysis

For immunoblot analysis, cells were washed with PBS, harvested and lysed with
RIPA buffer [50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1% Triton-X 100, 0.1% sodium
dodecyl sulfate (SDS), 2 mM EDTA, pH 8.0] containing protease inhibitors. Equal
amounts of protein were separated on 10% SDS-polyacrylamide gels and transblotted
onto polyvinylidene difluoride-nitrocellulose filters. Membranes were incubated with
anti-iNOS, COX-2, NQO1, HO-1, Nrf2 and TH and then incubated with horseradish-
peroxide-conjugated secondary antibody, and specific bands were visualized using ECL
detection kit. The blots were reprobed with anti-α-actin, -β-actin or -GAPDH
antibodies to serve as a control for gel loading.

2.6. Nrf2 knockdown by siRNA transfection

For Nrf2 knockdown, BV2 or SH-SY5Y cells were transfected with Nrf2 siRNA
using siRNA transfection reagent (Santa Cruz, CA, USA) according to the manufac-
turer's protocol. The sequences targeting Nrf2 correspond to the coding region
nucleotides as follows: mouse Nrf2 (sense, 5′ GAA UUA CAG UGU CUU AAU A 3′;
antisense, 5′ UAU UAA GAC ACU GUA AUU C 3′) and human Nrf2 (sense, 5′ CAA ACA
GAA UGG UCC UAA A 3′; antisense, 5′ UUU AGG ACC AUU CUG UUU G 3′). For
negative control, BV2 or SH-SY5Y cells were transfected with same concentration of
control siRNA (Santa Cruz, CA, USA).

2.7. Reverse transcription polymerase chain reaction (RT-PCR) analysis

Total RNA was isolated using TRI reagent according to the manufacturer's
protocol. To perform each RT-PCR, the RNA sample was reverse transcribed and
amplified with gene-specific primers using the Maxime RT PreMix (oligo dT primer)
and Maxime PCR PreMix (i-StarTag) Kit (iNtRON, Seongnamn, South Korea). The
sequences of the synthetic oligonucleotides were as follows: mouse tumor necrosis
factor-α (TNF-α) (sense, 5′ CAG ACC CTC ACA CTC AGA TCA TCT T 3′; antisense, 5′
CAG AGC AAT GAC TCC AAA GTA GAC CT), mouse interleukin-1β (IL-1β) (sense, 5′
ATG GCA ACT GTT CCT GAA CTC AAC T 3′; antisense, 5′ AGG ACA GGT ATA GAT TCT
TTC CTT T 3′), mouse HO-1 (sense, 5′ CTA TGT AAA GCG TCT CCA 3′; antisense 5′
GTC TTT GTG TTC TCT GTC3′), human NQO1 (sense, 5′ AGG CTG GTT TGA GCG AGT
3′; antisense, 5′ ATT GAA TTC GGG CGT CTG CTG 3′), mouse β-actin (sense, 5′ CAT
GTT TGA GAC CTT CAA CAC CCC 3′; antisense, 5′ GCC ATC TCC TGC TCG AAG TCT AG
3′) and human β-actin (sense, 5′ TCA CCC ACA CTG TGC CCA TCT ACG A 3′;
antisense, 5′ GGA AGG CTG GAA GAG TGC CTC AGG G 3′). PCR was performed as
described in Table 1. After amplification, 10 μl of the RT-PCR products was separated
in 1.5% (w/v) agarose gels and stained with ethidium bromide.

2.8. Transient transfection and reporter gene assay

A dual-luciferase reporter assay system (Promega, WI, USA) was used to determine
ARE-driven promoter activity. Cells were plated at a density of 1.2×105 cells/well in 24-
well culture plates and transiently transfected with 0.5 μg of pGL-797 plasmid
containing the ARE sequence [25] and 0.5 μg of pRL-TK plasmid using Hilymax
according to the manufacturer's protocol (Dojindo Laboratories, Kumamoto, Japan) on
the following day. After treatment with Lico-E, the firefly and renilla luciferase
activities in the cell lysates were determined using a luminometer (Microlumat Plus LB
96V, BERTHOLD).



Table 1
RT-PCR conditions

HO-1
(m)

Actin
(m)

NQO1
(h)

TNF-α
(m)

IL-1β
(m)

Actin
(h)

Initial
denaturation

94°C/2 min

Denaturation 94°C/30 s 94°C/20 s 94°C/20 s 94°C/30 s 94°C/30 s 94°C/30 s
Annealing 55°C/30 s 65°C/20 s 62°C/20 s 55°C/30 s 55°C/30 s 55°C/30 s
Extension 72°C/40 s 72°C/30 s 72°C/30 s 72°C/40 s 72°C/40 s 72°C/40 s
Final extension 72°C/5 min
Cycle 30 30 38 30 30 30

m, mouse; h, human.
Fig. 1. Structure of Licochalcone E.
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2.9. Immunocytochemistry

Cells were washed with PBS and fixed in cold 4% paraformaldehyde and 4%
sucrose in PBS, pH 7.4, for 15 min. Cells were permeabilized and incubated for 1 h
in blocking solution (0.3% Triton X-100, 1% bovine serum albumin, 1% normal goat
serum in PBS) at room temperature. Cells were incubated with anti-Nrf2 in PBS
containing 2% bovine serum albumin and 0.2% Triton X-100 for 1 h. Cells were then
incubated with Alexa Fluor 488 rabbit anti-goat IgG (Molecular Probes, Eugene, OR,
USA) at room temperature for 1 h. After incubation, nuclei were stained using
Hoechst33258 for 5 min. Cell images were obtained by confocal microscopy.

2.10. Electrophoretic mobility shift assay (EMSA)

Oligonucleotides containing a nuclear factor (NF)-κB (5′CCG GTT AAC AGA GGG
GGC TTT CG AG 3′) binding site were used as a probe. Specific binding was
confirmed by a competition experiment with a 50-fold excess of unlabeled, identical
oligonucleotides. The nuclear extracts (5 μg) were incubated with 1 μg of poly (dI-
dC) and the [α-32P]dCTP-labeled DNA probe in binding buffer (100 mM NaCl, 30 mM
HEPES, 1.5 mM MgCl2, 0.3 mM EDTA, 10% glycerol, 1 mM DTT, 1 mM PMSF and 1
μg/ml each of aprotinin and leupeptin) for 20 min on ice. The protein/DNA complex
was separated from the free probe in a 4.8% polyacrylamide gel in 0.5×TBE buffer
(44.5 mM Tris, 44.5 mM boric acid and 1 mM EDTA). After electrophoresis, the gel
was dried and autoradiographed.

2.11. MPTP-induced Parkinson animal model

Male C57BL/6 mice (10–12 weeks, 20–25 g) were maintained in a temperature-
and humidity-controlled room with a 12-h light–dark cycle with food and water
available ad libitum. Animals were assigned to four groups with six to seven animals
per group: control group, MPTP-treated control group, MPTP and Lico-E-treated
group, and Lico-E-only-treated group. Lico-E was administered orally (10 mg/kg
body weight, dissolved in 10% ethanol) five times at 24-h interval [26]. Two hours
after the fifth administration of Lico-E, MPTP was administered (20 mg/kg body
weight, 2-h interval, four times). Control animals received saline alone. Animals
were killed by decapitation 7 days after the first injection of MPTP, and the whole
brain was immediately frozen in liquid nitrogen and stored at −80°C for later
analyses. To excise striatal and nigral tissues, 2-mm slices from bregma −2 mm to
0 mm and from bregma +2 mm to +4 mm using a brain atlas [6], respectively,
were cut out in a brain matrix and excised using a micropunch with an inner
diameter of 2 mm.

2.12. Data analyses

Comparisons were made using analysis of variance and unpaired Student's t test.
Pb.05 was considered statistically significant for all analyses.

3. Results

3.1. Lico-E attenuates LPS-induced inflammatory response in microglial
BV2 cells

Microglia are resident macrophages in the central nervous
system and are primarily responsible for the inflammatory
response in the pathogenesis of various neurodegenerative diseases
including PD. In the present study, we used the BV2 cell line, which
is a well-known murine microglial cell line showing similar
phenotypic and functional properties with reactive microglial
cells [27].

Because a number of chalcone derivatives exhibit anti-inflam-
matory activity [28], we first asked whether Lico-E (Fig. 1) is able to
reduce inflammatory responses in LPS-activated microglial cells.
Activation of microglial cells leads to the induction of inflammatory
enzymes such as iNOS and COX-2 and inflammatory cytokines such
as IL-1β and TNF-α, and activation of transcription factor NF-κB. Fig.
2A shows that LPS increased generation of nitrite, a stable
metabolite of NO, in the culture medium of BV2 cells (3.41±0.03
and 52.26±2.41 μM in the culture medium of control and LPS-
treated cells at 24 h, respectively). Lico-E treatment significantly
inhibited the accumulation of nitrite in the medium (3.53±0.23 μM
in the culture medium of 5 μM Lico-E and LPS-treated cells at 24 h).
The concentration of Lico-E leading to 50% inhibition (IC50) of NO
production was 2.25 μM at 24 h. Dexamethasone, a glucocorticoid
that has anti-inflammatory activity [29,30], was used as a positive
control. Lico-E did not induce cytotoxicity to BV2 cells at
concentrations ranging from 1 to 5 μM in the presence or absence
of LPS (Fig. 2B). The expressions of iNOS and COX-2 protein were
dramatically up-regulated in LPS-treated BV2 cells (Fig. 2C), and
this increase in the expression was also significantly attenuated by
treatment with Lico-E (Fig. 2D). In addition, the mRNA levels of the
inflammatory cytokines IL-1β and TNF-α were measured by RT-PCR
analysis. The mRNA expression of IL-1β and TNF-α was barely
detectable in untreated control cells and was increased in LPS-
treated cells. As shown in Fig. 2E, 5 μM Lico-E completely abolished
LPS-induced up-regulations of both IL-1β and TNF-α. NF-κB is a
critical regulator of iNOS and COX-2 induction. Therefore, we
examined the effect of Lico-E on NF-κB activation by LPS. EMSA
data (Fig. 2F) showed that Lico-E inhibited NF-κB–DNA binding. All
these data suggest that Lico-E attenuates LPS-induced inflammatory
responses in microglial BV2 cells.

3.2. Lico-E protects DArgic SH-SY5Y cells against 6-OHDA-induced
cell death

To examine whether Lico-E is cytoprotective against DArgic
neurodegeneration, we used in vitro cytotoxicity model of PD in
the human DArgic neuroblastoma cell line SH-SY5Y. Treatment
with 100 μM 6-OHDA for 24 h evoked a significant increase in LDH
activity in the cell culture medium, indicating cell death (LDH
activity of 249%±31% of untreated control). Cells were treated with
various doses of Lico-E for 1 h prior to exposure to 6-OHDA, and
the degree of cell death was assessed after 24 h of 6-OHDA
treatment. Lico-E alone did not have any cytotoxic effect at
concentrations ranging from 0.1 to 2 μM and completely abolished
the 6-OHDA-induced increase in LDH activity at 2 μM (Fig. 3A, LDH
activity of 67%±2% of untreated control). Morphological analysis
by inverted light microscopy (Fig. 3B) showed that the cells
exposed to 100 μM 6-OHDA were shrunken, granular and round,
suggesting cytotoxicity. Similar to the results from the LDH assay,
pretreatment with different concentrations of Lico-E for 1 h
revealed dose-dependent protective effects on the cell viability
against the damage caused by 6-OHDA.



Fig. 2. Anti-inflammatory activity of Lico-E on LPS-induced stimulation of microglial BV2 cells. (A) BV2 cells were pretreated with 0.1, 1 or 5 μM Lico-E or 0.1 μMdexamethasone for 1 h
and subsequently co-treated with 0.2 μg/ml LPS for the indicated durations (0, 6, 12 or 24 h). Released NO into the medium was assessed using the Griess reagent. NO generation was
expressed as mean±S.E.M. of fold-induction of untreated control (n=4). Data are representative of at least three independent experiments; ⁎⁎⁎Pb.001 versus respective untreated
controls; ###Pb.001 versus LPS-treated controls at respective indicated time point. (B) Cells were pretreated with Lico-E (1 or 5 μM) and subsequently co-treated with 0.2 μg/ml LPS for
24 h. Cytotoxicity was assessed by measuring LDH activity released into the medium. LDH activity was expressed as mean±S.E.M. as the percentage of untreated control (n=4). Data
are representative of at least three independent experiments. (C and D) Cells were treated with 0.2 μg/ml LPS for the indicated durations (C; 0, 3, 6, 12 or 24 h) or pretreated with Lico-E
or dexamethasone for 1 h and subsequently co-treated with 0.2 μg/ml LPS for 24 h (D). Equal amounts of protein (15 μg) were separated, and iNOS and COX-2 protein levels were
analyzed by Western blotting analysis. β-Actin was used as a loading control. Data are representative of three or four experiments and were normalized to respective loading control
and quantified by densitometric analysis. ⁎Pb.05, ⁎⁎Pb.01 and ⁎⁎⁎Pb.001 versus respective untreated control; #Pb.05, ##Pb.01 and ###Pb.001 versus respective LPS-treated control. (E)
Cells were pretreated with various concentrations (0.1, 0.5, 1 or 2 μM) of Lico-E for 1 h and subsequently co-treated with 0.2 μg/ml LPS for 1 h. mRNA levels of IL-1β and TNF-αwere
analyzed by RT-PCR. Data are representative of two or three experiments. (F) Transcriptional activity of NF-κB was assessed by EMSA. Cells were pretreated with 1 or 5 μM Lico-E for 1
h and subsequently co-treated with 0.2 μg/ml LPS for 24 h. The nuclear extracts (5 μg) were incubated with 1 μg of poly (dI-dC) and the [α-32P]dCTP-labeled DNA probe. The
protein/DNA complex was separated from the free probe in a 4.8% polyacrylamide gel. After electrophoresis, the gel was dried and autoradiographed. Data are representative of at least
three independent experiments. Dexa, dexamethasone.
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3.3. Lico-E induces nuclear translocation of Nrf2 and transcriptional
activation of HO-1 and NQO1 enzyme

Recent studies have demonstrated that Nrf2 signaling plays a key
role in regulating the cellular antioxidant response as well as in
modulating the acute inflammatory response [31]. When activated,
Nrf2 translocates from the cytosol to the nucleus and sequentially
binds to a promoter region called the ARE, which is implicated in the
regulation of downstream gene expression.

We asked whether the Nrf2 signaling pathway was activated and
involved in the anti-inflammatory and cytoprotective activities of
Lico-E. We first examined the effect of Lico-E on intracellular

image of Fig. 2


Fig. 3. Cytoprotective effect of Lico-E against 6-OHDA-induced DArgic SH-SY5Y cell death. SH-SY5Y cells were pretreated with different concentrations (0.1, 0.5, 1 or 2 μM) of Lico-E and
subsequently co-treated with 100 μM6-OHDA for 24 h. (A) Degrees of cell death were assessed by LDH activity released into the medium. LDH activity was expressed as mean±S.E.M.
as the percentage of untreated control (n=4). Data are representative of at least three independent experiments; ⁎Pb.05 versus untreated control; #Pb.001 and##Pb.01 versus 6-OHDA-
treated control. (B) Representative photographs of morphological analysis. Cells were incubated with 6-OHDA and Lico-E as previously described, and their morphological changes
were examined under inverted microscope.
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localization of Nrf2 in HEK 293T, BV2 and SH-SY5Y cells. As shown in
the immunofluorescence data in Figs. 4A, C and E, a relatively low
level of Nrf2 protein was detected in the nuclear fraction of untreated
cells, but the amount was up-regulated after treatment with Lico-E,
suggesting translocation of Nrf2 from the cytoplasm to the nucleus in
HEK 293T (Fig. 4A), BV2 (Fig. 4C) and SH-SY5Y (Fig. 4E) cells. Next, we
performed reporter gene analysis for ARE to verify Lico-E-induced
ARE activation [25]. Treatment with Lico-E induced significant
increases in ARE-luciferase activity in those cell lines: 5.2±1.3-fold
increase in HEK 293T cells after 6 h (Fig. 4B), 1.9±0.1-fold increase in
BV2 cells after 3 h (Fig. 4D) and 1.8±0.2-fold increase in SH-SY5Y
cells after 6 h (Fig. 4F).

As the activation of Nrf2 can lead to the up-regulation of genes
important in the cellular antioxidant defense activity, we next asked
whether protein expression levels of Nrf2 downstream antioxidant
enzyme NQO1 and HO-1 were increased by Lico-E. Recent studies
have shown that HO-1 plays a pivotal role in regulating inflammation
[32]. As shown in Fig. 4G, Lico-E treatment significantly increased
both HO-1 mRNA and protein levels in BV2 cells, suggesting that this
enzyme contributes to the anti-inflammatory activity of Lico-E. In
addition, the antioxidant enzyme NQO1 was also up-regulated by
Lico-E in SH-SY5Y cells (Fig. 4H). All these findings suggest that Lico-E
induces Nrf2 signaling and increases the levels of downstream
enzyme proteins HO-1 and NQO1.

3.4. Nrf2-driven HO-1 and NQO1 induction mediates anti-inflammatory
and cytoprotective activities of Lico-E, respectively

To confirm the contributions of HO-1 and NQO1 to the suppressive
effects of Lico-E on LPS-induced inflammatory response and 6-OHDA
cytotoxicity, respectively, we transiently transfected cells with Nrf2
siRNA and evaluated the effect of Lico-E on LPS-induced NO
generation in BV2 cells and 6-OHDA-induced SH-SY5Y cell death. As
shown in Fig. 5A and E, Nrf2 siRNA inhibited the protein expression of
Nrf2 in both cell lines and suppressed Lico-E-induced up-regulation of
HO-1 in BV2 cells (Fig. 5B) and of NQO1 in SH-SY5Y cells (Fig. 5F). We
further examined whether the anti-inflammatory effect of Lico-E was
abolished by siRNA knockdown of Nrf2. As expected, Lico-E-induced
attenuation of LPS-induced inflammatory responses in BV2 cells was
abolished by silencing Nrf2 expression (Fig. 5C). Lico-E-induced
cytoprotection against 6-OHDA was also abolished by silencing Nrf2
expression with specific siRNA in SH-SY5Y cells (Fig. 5G). In addition,
the anti-inflammatory and cytoprotective effects of Lico-E were
attenuated by the specific HO-1 inhibitor ZnPP and the NQO1
inhibitor dicoumarol, respectively (Fig. 5D and H). These data suggest
a crucial role for the transcriptional activator Nrf2 and its downstream
enzymes in the anti-inflammatory and cytoprotective potential
of Lico-E.

3.5. Lico-E attenuatesMPTP-induced nigrostriatal DArgic neurodegeneration

We next examined whether the potential of Lico-E to regulate
inflammatory responses and cytotoxicity is beneficial in an
experimental animal model of PD. Among several animal models
of PD, MPTP can reproduce characteristic pathology of PD when
administered to mice, i.e., degeneration of nigrostriatal DArgic
neurons and the activation of microglia in the vicinity of DArgic
neurons [33,34]. An increase in the generation of ROS is believed to
play a crucial role in MPTP toxicity, and there is much evidence
showing Nrf2-mediated neuronal protection against MPTP [35]. Ten
milligrams per kilogram Lico-E in 10% ethanol in saline was orally
administered for 5 days, and the cytoprotective effect of Lico-E
against MPTP-induced DArgic neurodegeneration was evaluated.
We evaluated the expression level of TH in SNpc and striatum of
the brain, which is the enzyme responsible for DArgic neurons as
markers of DArgic toxicity. Ten percent ethanol in saline did not
cause significant changes in TH expression level in both brain
regions (Fig. 6A) as well as any differences in body weight or
behavior compared with saline-treated group. Fig. 6B showed a
significant decrease in TH protein level in both striatum and SNpc
of MPTP-treated mice. Lico-E treatment attenuated MPTP-induced
TH loss in both regions compared to MPTP-treated group. These
results suggest that Lico-E protects DArgic neurons against MPTP-
induced degeneration in vivo.

3.6. Lico-E up-regulates HO-1 and NQO1 expression in the substantia
nigra of mice brain

Because Lico-E activated the Nrf2 pathway in vitro and up-
regulation of HO-1 and NQO1 was important for the anti-
inflammatory and cytoprotective effects of Lico-E, we next evalu-
ated the effect of Lico-E on the expression of HO-1 and NQO1 in
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Fig. 4. Induction of the Nrf2-driven antioxidant and anti-inflammatory enzyme expression by Lico-E. (A, C and E) HEK 293T cells (A) and BV2 cells (C) were treated with 5 μMLico-E for
6 h, and SH-SY5Y cells (E) were treated with 2 μMLico-E for 6 h. The levels of Nrf2 protein in cytosolic and nuclear fractions were analyzed by immunofluorescent confocal microscopic
analysis (red fluorescence). Hoechst staining (blue fluorescence) represents the nuclei. (B, D, and F) HEK 293T (B), BV2 (D) and SH-SY5Y (F) cells were treated with 5 (B and D) and
2 μM (F) Lico-E for the indicated time (0, 0.5, 1, 3 or 6 h), respectively, and ARE-luciferase activity wasmeasured. Luciferase activity was normalized to the renilla luciferase activity and
presented in relative luciferase units. Data are representative of at least two independent experiments and expressed as mean±S.E.M. of fold-induction relative to untreated cells (at
time zero) (n=4); ⁎Pb.05 and ⁎⁎Pb.01 versus untreated control. (G and H) BV2 cells (G) were treated with 5 μM Lico-E for the indicated durations, and mRNA (upper panel) and
protein levels (lower panel) of HO-1 were analyzed by RT-PCR and Western blotting, respectively. SH-SY5Y cells (H) were treated with 2 μM Lico-E for the indicated durations, and
mRNA (upper panel) and protein levels (lower panel) of NQO1 were analyzed by RT-PCR andWestern blotting. ForWestern blotting, equal amounts of protein (20 μg) were separated
and incubated with HO-1 (G) and NQO1 (H) antibodies, respectively. β-Actin was used as a loading control. Data are representative of two or three experiments, andWestern blotting
was normalized to respective loading control and quantified by densitometric analysis. Scale bar, 20 μm.
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vivo, especially in the nigrostriatal brain region. The expression of
Nrf2 protein was not changed by Lico-E administration (Fig. 7A).
But as shown in Fig. 7B, HO-1 was up-regulated in the SNpc of Lico-
E-treated mice (1.4±0.1-fold of control mice in SNpc). The
expression of NQO1 protein was significantly increased by Lico-E
in both SNpc and striatum (Fig. 7C; 3.6±0.2-fold and 1.8±0.2-fold
of control mice in SNpc and striatum, respectively). Collectively,
these data showed that Lico-E had the potential to induce Nrf2-
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Fig. 6. Effects of Lico-E on the levels of TH protein inMPTP-treatedmouse brain. (A)Mice were orally administered saline or saline including 10% ethanol for 5 days, and then TH protein
levels in SNpc and striatum were measured by Western blotting analysis. α-Actin was used as a loading control. (B) Mice were orally administered either Lico-E (10 mg/kg) or 10%
ethanol in saline (control) for 5 days and then injected with MPTP (20 mg/kg intraperitoneally, four doses every 2 h in 1 day). After 7 days, brain was removed, and TH protein levels in
SNpc and striatum were measured by Western blotting analysis against TH antibody. GAPDH was used as a loading control. Data are representative of two or three experiments, and
were quantified by densitometric analysis. ⁎Pb.05 and ⁎⁎⁎ Pb.001 versus control group; ##Pb.01 versus MPTP-alone-treated group. SN, substantia nigra.
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downstream HO-1 and NQO1 protein expression in the nigrostriatal
region of the mouse brain.

4. Discussion

The present study demonstrates that (a) Lico-E obtained from the
roots of G. inflata B. attenuates LPS-induced inflammatory responses
in microglial BV2 cells and protects DArgic SH-SY5Y cells from 6-
OHDA cytotoxicity, (b) Lico-E has neuroprotective effects against
MPTP-induced nigrostriatal DArgic neurodegeneration in mice and
(c) Lico-E activates the Nrf2 pathway and up-regulates downstream
antioxidant enzyme expressions both in vitro and in vivo.

Retrochalcones including licochalcone A–D (Lico A–D), phenolic
constituents of the licorice species, are suggested to have antioxidant
and oxygen-scavenging activities and to protect biological systems
against various oxidative stresses [17]. Studies have also shown that
chalcone derivatives exhibit potent anti-inflammatory activity [36].
For example, Lico-A acts as a potent inhibitor of proinflammatory
responses, including the zymosan-induced oxidative burst of
granulocytes, the LPS-induced PGE2 release by dermal fibroblasts,
the N-formyl-MET-LEU-PHE-induced LTB4 release by granulocytes
and the LPS-induced IL-6/TNFα secretion by monocyte-derived
dendritic cells [16]. Furusawa et al. [37] suggested that the anti-
inflammatory activity of Lico-A could be mediated by the inhibition
of NF-κB transcriptional activation. Other G.-inflata-derived chal-
cones Lico-B and -D are also known to inhibit phosphorylation of
NF-κB p65 in LPS signaling pathway [38]. Although it is unclear
which mechanism contributes to the anti-inflammatory activity of
Fig. 5. Attenuation of anti-inflammatory and cytoprotective activities of Lico-E by Nrf2 knockd
were transiently transfected with Nrf2 siRNA (100 pmol/1×106 cells) or control siRNA (100
blotting analysis. Twenty-four hours after Nrf2 siRNA transfection, BV2 cells (B) were treated w
The effect of Lico-E (2 μM) on NQO1 expression was also examined in control-, control siRNA-tr
control. (C and G) After Nrf2 siRNA transfection, BV2 cells (C) were treated with 5 μM Lico-E fo
NO generation was measured and expressed as mean±S.E.M. as fold-induction of untreated co
E and subsequently co-treated with 100 μM 6-OHDA for 24 h. Degrees of cell death were a
percentage of untreated control (n=4); ⁎⁎⁎Pb.001 versus untreated respective control; ##

respectively. (D and H) BV2 cells (D) were pretreated with 5 μM Lico-E for 1 h in the presence
μg/ml LPS for an additional 24 h. NO generation was expressed as mean±S.E.M. as fold-inductio
h in the presence or absence of NQO1 inhibitor dicoumarol (1, 5 or 10 μM) and subsequently c
percentage of untreated control (n=4); ⁎⁎Pb.01 and ⁎⁎⁎Pb.001 versus untreated control; #

respectively; $$Pb.01 and $$$Pb.001 versus Lico-E+LPS-treated (D) and Lico-E+6-OHDA-tre
experiments. DIC, dicoumarol.
chalcone derivatives, regulation of intracellular and extracellular ROS
generation could play an important role. In fact, ROS released by
microglia contribute to the elimination of pathogens and also act as
second messengers that activate NF-κB signaling, which results in
further expression of proinflammatory cytokines [39].

In the present study, we show the potential involvement of Nrf2
signaling in both the anti-inflammatory and the antioxidant activities
elicited by Lico-E. Lico-E induces nuclear translocation of Nrf2 (Fig.
4A, C and E), ARE-promoter activation (Fig. 4B, D and F) and
transcription of cytoprotective NQO1 and HO-1 (Fig. 4G and H) in
vitro and in vivo (Fig. 7). Moreover, the anti-inflammatory and
cytoprotective effects of Lico-E are attenuated in Nrf2-silenced cells
using Nrf2 siRNA (Fig. 5C and G) as well as in the presence of
specific inhibitors of HO-1 and NQO1, respectively (Fig. 5D and H).
Nrf2 is a kind of redox-sensitive protein transcription factor that
regulates the expression of a set of genes with ARE in their
promoters such as NQO1 and HO-1; Nrf2 is therefore essential in
the de novo regulation of various antioxidant enzymes. From this
perspective, chemicals activating Nrf2 signaling could be especially
desirable for preventing free-radical-mediated cellular injuries as
well as for protection against cytotoxicity and proinflammatory
insults. Among the compounds that are able to control the
transcriptional activity of Nrf2, dietary polyphenols such as
epigallocatechin-3-gallate [40], resveratrol [41] and isoorientin
[42] have received much attention for their ability to induce Nrf2
signaling and maximize the intrinsic antioxidant potential. Struc-
turally, Lico-E belongs to a class of polyphenols (Fig. 1). The
difference between the known dietary polyphenols with Nrf2
own and by specific inhibitors of HO-1 and NQO1. BV2 (A–C) and SH-SY5Y (E–G) cells
pmol/1×106 cells) for 24 h. Nrf2 (A and E) protein levels were measured by Western
ith 5 μM Lico-E for an additional 24 h, and the expression level of HO-1 was measured.
ansfected-, and Nrf2-siRNA-transfected SH-SY5Y cells (F). β-Actin was used as a loading
r 1 h and subsequently co-treated with 0.2 μg/ml LPS for an additional 24 h. LPS-induced
ntrol (n=4). Nrf2-siRNA-transfected SH-SY5Y cells (G) were pretreated with 2 μM Lico-
ssessed by LDH activity in the medium. LDH activity is expressed as mean±S.E.M. in
Pb.01 and ###Pb.001 versus LPS-treated (C) and 6-OHDA-treated (G) control cells,
or absence of HO-1 inhibitor ZnPP (1, 5 or 10 μM) and subsequently co-treated with 0.2
n of untreated control (n=4). SH-SY5Y cells (H) were pretreated with 2 μM Lico-E for 1
o-treated with 100 μM 6-OHDA for 24 h. LDH activity was expressed as mean±S.E.M. in
#Pb.01 and ###Pb.001 versus LPS-treated (D) and 6-OHDA-treated (H) control cells,
ated (H) cells, respectively. All data are representative of at least two independent
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Fig. 7. Up-regulation of HO-1 and NQO1 in the substantia nigra (SNpc) and striatum of Lico-E-treated mice. Mice were orally administered Lico-E (10 mg/kg) or saline including 10%
ethanol (control) for 5 days, and SNpc and striatum were removed. Equal amounts of protein (10 μg) were separated, and the levels of Nrf2 (A), HO-1 (B) and NQO1 (C) in SNpc and
striatal sections were analyzed by Western blot analysis. GAPDH was used as a loading control. Data are representative of two or three experiments, and were quantified by
densitometric analysis. ⁎Pb.05 versus control.
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modulating activity and Lico-E is that Lico-E also has an α,β-
unsaturated carbonyl moiety. Because the α,β-unsaturated carbonyl
group is electrophilic and can function as a Michael reaction
acceptor, Lico-E readily interacts with critical cellular nucleophiles,
such as cysteine thiol groups in proteins, to form covalent adducts.
Also, the α,β-unsaturated carbonyl group interferes with Keap1–
Nrf2 binding and therefore causes activation of Nrf2 signaling [43].
This may result in alterations of cellular redox status and/or
functions of target proteins, and Michael reaction acceptors are
known to be strong activators of the Nrf2 signaling pathway [44]. In
fact, some flavonoids lacking the α,β-unsaturated carbonyl group
are reported to show weak or no inhibitory effect on LPS-induced
inflammatory responses [45].

Nrf2 is present in most cell types of the brain including DArgic
neurons and glial cells, where it participates in redox homeostasis
by regulating antioxidant gene expression. Recent evidence
suggests that Nrf2 signaling is relevant in the neuroprotection of
DArgic neurons. Aberrant or insufficient Nrf2 signaling is found in
neurodegenerative conditions [46]; for example, DArgic neurons of
Nrf2-deficient mice are more susceptible to MPTP or 6-OHDA-
induced degeneration [47,48], and overexpression of Nrf2 can
rescue neurons from various neurotoxic attacks [49]. Despite the
relevance of Nrf2-activating compounds for the neuroprotection of
DArgic neurons, the usefulness of such compounds in disease is
unclear due to the lack of information regarding their ability to
enter the central nervous system. In the search for a compound
that might activate Nrf2 signaling in the brain, compounds that
easily pass the blood brain barrier (BBB) and can be taken up by
neuronal or glial cells can be developed as drugs. Although we
have not directly evaluated whether Lico-E traverses the BBB, our
results show that oral administration of Lico-E activates the Nrf2-
ARE pathway. This is evidenced by (a) the cytoprotective activity
of Lico-E not only in the in vitro cell culture system but also in the
in vivo MPTP animal model (Fig. 6B) and (b) the up-regulation of
HO-1 and NQO1 in the brain of Lico-E-treated mice (Fig. 7).
Generally, hydrophobic character is the most important determi-
nant of a drug's ability to cross the BBB. Hansch and colleagues
[50] have suggested that a logP around 2 results in maximal BBB
penetration. Lico-E is rather lipophilic with a logP value of 4.75 so
it is not unreasonable that Lico-E can penetrate BBB. Of course, one
cannot eliminate the possibility that Lico-E is metabolized before
entering the brain and that the metabolite penetrates BBB and
activates Nrf2 signaling. Further experiments are in progress to
identify the exact mechanism of Lico-E-induced activation of Nrf2
signaling in the brain.

In conclusion, the present study shows that Lico-E protects
DArgic SH-SY5Y cells from 6-OHDA and attenuates LPS-induced
inflammatory responses in microglial BV2 cells by a mechanism
involving Nrf2 activation and up-regulation of the expression of its
downstream antioxidant enzymes. Lico-E rescues nigrostriatal
DArgic neurons from MPTP toxicity in mice. According to our
results, the recently identified G.-inflata-derived chalcone Lico-E
could be protective against DArgic neurodegeneration evoked by
oxidative insults and inflammatory responses and could be readily
available for PD therapeutics.
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