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The role of inflammation-induced oxidative stress in the pathogenesis and progression of chronic
inflammatory airways diseases has received increasing attention in recent years. Nuclear factor-
erythroid 2 related factor 2 (Nrf-2) is the primary transcription factor that regulates the expression of
antioxidant and detoxifying enzymes. In this study, yellow pigment ankaflavin (AK), derived from
Monascus-fermented products, elevated nuclear Nrf-2 protein translocation in both the A549 lung cell
line and the lungs of ovalbumin (OVA)-challenged mice. Furthermore, AK increased the mRNA
expression of antioxidant enzymes regulated by Nrf-2, leading to a reduction in allergen-driven airway
inflammation, mucus cell hyperplasia, and eosinophilia in OVA-challenged mice. Additionally, AK
prevented T-cell infiltration and Th2 cytokines including interleukin (IL)-4, IL-5, and IL-13 generation in
bronchial alveolar lavage fluid. The adhesion molecules ICAM-1, VCAM-1, and eotaxin were substan-
tially reduced by AK treatment. Importantly, the inhibitory effect of AK on adhesion molecule
production and immune cell infiltration was abolished by Nrf-2 small interfering RNA. This is the first
study to illustrate that AK acts as a novel Nrf-2 activator for modulating the oxidative stress pathway to

improve the lung injury and ameliorate the development of airway inflammation.

© 2012 Elsevier Inc. All rights reserved.

Introduction

The incidence of allergic airway diseases such as asthma is
rising prodigiously in developed and developing countries. Aller-
gic airway inflammation is a central feature of these diseases and
involves a variety of inflammatory, structural, and epithelial cells
of the airways. Airway epithelial cells play a key role in asthma
and act as the first line of defense against allergens entering the
respiratory system by triggering the release of inflammatory

Abbreviations: AK, ankaflavin; AREs, antioxidant response elements; BALF,
bronchoalveolar lavage fluid; CAT, catalase; DMSO, dimethyl sulfoxide; ECL,
enhanced chemiluminescent; ESI-MS, electrospray ionization-mass spectrometry;
FBS, fetal bovine serum; GABA, y-aminobutyric acid; GPx, glutathione peroxidase;
GST, glutathione S-transferase; H&E, hematoxylin and eosin; HO-1, heme
oxygenase-1; HPLC, high-performance liquid chromatography; ICAM-1, intercel-
lular adhesion molecule-1; IL, interleukin; Keap1, Kelch-like ECH-associated
protein 1; NAC, N-acetylcysteine; NF-kB, nuclear factor-kB; NMR, nuclear mag-
netic resonance; NQO-1, NADP(H): quinine oxidoreductase; Nrf-2, nuclear factor-
erythroid 2 related factor 2; OVA, ovalbumin; PAGE, polyacrylamide gel electro-
phoresis; PAS, periodic acid-Schiff; PPAR-y, peroxisome proliferator activated
receptor-v; PVDF, polyvinyldiene difluoride; RMR, red mold rice; ROS, reactive
oxygen species; SDS, sodium dodecyl sulfate; si-Nrf-2, Nrf-2 specific small
interfering RNA; SOD, superoxide dismutase; Th2, T helper type 2; TLC, thin-layer
chromatography; TNF-a, tumor necrosis factor-o; UDG, uracil DNA glycosylase;
VCAM-1, vascular cell adhesion molecule-1

* Corresponding author. Fax: +886 2 33663838.

E-mail address: tmpan@ntu.edu.tw (T.-M. Pan).

0891-5849/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.freeradbiomed.2012.08.587

mediators such as cytokines [1]. Reactive oxygen species (ROS)
are generated in the airway epithelial cells in response to a variety
of stimuli. In addition to releasing inflammatory cytokines and
chemokines, airway epithelial cells express adhesion molecules on
their cell surface. The production of ROS causes airway inflamma-
tion, which involves narrowing of airways and thickening of the
epithelium; secretion of large amounts of mucus; and infiltration
of eosinophils, T cells, and other inflammatory cells [2-5].

The transcription factor nuclear factor-erythroid 2 related
factor 2 (Nrf-2) is involved in lung defense against oxidative
injury. After translocation to the nucleus, Nrf-2 binds to antiox-
idant response elements (AREs) located in promoter regions of
relevant genes and induces the transcription of numerous anti-
oxidant and cellular defense genes, including NADP(H): quinine
oxidoreductase (NQO1), heme oxygenase-1 (HO-1), superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx) [6]. The roles of these enzymes and proteins in oxidative
tissue stress have been widely discussed in the literature [7,8].

Under normal conditions, Nrf-2 is inactive and bound in the
cytosol by Kelch-like ECH-associated protein 1 (Keap1). Nrf-2 can
be activated by diverse stimuli, including oxidants, prooxidants,
antioxidants, and chemopreventive agents. Nrf-2 can induce
cellular rescue pathways against oxidative damage, abnormal
inflammation, immune responses, apoptosis, and carcinogenesis
[9,10], highlighting the essential protective role of Nrf-2 in the
lung during disease. Disruption of the Nrf-2 gene leads to severe
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allergen-driven airway inflammation and hyperresponsiveness in
mice and increased expression of the T helper type 2 (Th2)
cytokines interleukin (IL)-4 and IL-13 in bronchoalveolar lavage
fluid (BALF) and splenocytes after allergen challenge [11]. Nrf-2
also protects the lungs against the development of pulmonary
fibrosis by regulating the cellular redox level and lung Th1/Th2
balance [12].

Fermentation products of the fungus Monascus, especially
those produced by solid-state rice fermentation, have been
historically used as food colorants and dietary material. Monas-
cus-fermented rice, also known as red mold rice (RMR), is a
common food and traditional health remedy in Asian countries.
Several chemical components of RMR have been purified and
identified, including monacolins, y-aminobutyric acid (GABA),
pigments, and dimerumic acid. Ankaflavin (AK) is a naturally
occurring secondary metabolite with an azaphilonoid structure,
isolated as a yellow pigment from Monascus-fermented products,
and has cytotoxic [13], immunosuppressive [14], and anti-
inflammatory [15] activities. AK also reduces tumor necrosis
factor (TNF)-a-stimulated endothelial adhesiveness as well as
downregulates intracellular ROS formation, nuclear factor
(NF)-xB activation, and vascular cell adhesion molecule-1
(VCAM-1) expression in human aortic endothelial cells [16].

We have demonstrated that AK has antiobesity potential
through regulation of adipogenesis and lipolysis activity. In
preadipocyte 3T3-L1 cells, AK inhibited cell proliferation and
differentiation and decreased triglyceride accumulation by
regulating transcription factors such as C/EBPs and PPAR-y [17].
AK also acts as a hypolipidemic and high-density lipoprotein
cholesterol-raising agent [18]. Given the reported antioxidant and
anti-inflammatory properties, we speculated that AK could mod-
ulate the oxidative stress pathway in order to protect against lung
injury and ameliorate the development of airway inflammation.

Materials and methods
Chemicals and reagents

Aluminum hydroxide, N-acetylcysteine (NAC), ovalbumin
(OVA), and trypsin were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). Fetal bovine serum (FBS) was purchased from
Life Technologies (Carlsbad, CA, USA). Dimethyl sulfoxide (DMSO)
was purchased from Wako Pure Chemical Industries (Saitama,
Japan). Ham’'s F-12K medium was purchased from HyClone
Laboratories (Logan, UT, USA). Sodium dodecyl sulfate (SDS) was
purchased from Merck (Darmstadt, Germany). The Bio-Rad protein
assay dye was from Bio-Rad Laboratories (Hercules, CA, USA).

Ankaflavin isolation and purification

The Monascus purpureus NTU 568 culture strain was main-
tained on potato dextrose agar (PDA, Difco Co., Detroit, MI, USA)
slanted at 10°C and transferred monthly. The long-grain rice
(Oryza sative) was used to produce RMR using the method of
solid-state culture [19]. Briefly, a 500-g substrate was soaked in
deionized water for 8 h, and excess water was removed with a
sieve. The substrate was autoclaved (Model HL-341, Gemmy Corp,
Taipei, Taiwan) for 20 min at 121 °C in a “koji dish,” which was
made of wood with the dimensions of 30 x 20 x 5 cm. After
cooling, the substrate was inoculated with a 5% (v/w) spore
suspension and cultivated at 30°C for 7-10 day. During the
culturing stage, 100 ml of water was added daily to the substrate
from the second day to the fifth day. At the end of cultivation, the
crushed and dried product with the mold was extracted by 95%
ethanol at 50°C for 3 day. The crude extracts of RMR were

obtained after filtering and concentrating under reduced pressure,
and then coated on silica gel and subjected to dry flash chromato-
graphy. Sufficient n-hexane was passed through the column to
remove the oily hydrophobic materials. Extensive gradient elu-
tion was then employed using different ethyl acetate in n-hexane
ratios to yield numerous fractions. Similar fractions were com-
bined according to thin-layer chromatography (TLC), and the
solvent was removed under reduced pressure. These fractions
were further analyzed by high-performance liquid chromato-
graphy (HPLC), and then fractions with a similar single peak
profile were combined, respectively. Finally, the fraction with the
desired compound was concentrated to dryness. AK was obtained
as described with some modification [15]. The effective com-
pound was identified by nuclear magnetic resonance (NMR,
Varian Gemini, 200 MHz, FT-NMR, Varian Inc., Palo Alto, CA,
USA) and electrospray ionization-mass spectrometry (ESI-MS,
FinniganMAT LCQ, Thermo Electron Co., Waltham, MA, USA)
analysis [20] (Supplemental Fig. 1A and B).

Cell culture

A549, a human lung adenocarcinoma epithelial cell line, was
obtained from the Bioresource Collection and Research Center
(BCRC 60430; Food Industry Research and Development Institute,
Hsinchu, Taiwan). Cells were maintained in Ham'’s F-12K medium
supplemented with 10% FBS, streptomycin (100 mg/ml), and
penicillin (100 U/ml) in a 5% CO, incubator at 37 °C. All experi-
ments were performed when cells were 80-90% confluent.

Nuclear and cytosol protein extraction

Cells were collected for nuclear protein extraction according to
the fractionation kit protocol supplied from BioVision (Mountain
View, CA, USA). In brief, harvested cells were added 200 pl of
cytosol extraction buffer containing DTT and protease inhibitors.
After vortex and 10 min incubation on ice, the extracts were
centrifuged at 16,000g for 5 min at 4 °C and the supernatant was
removed to separate the cytoplasmic fraction from nuclei. The
nuclei pellets were then added with 100 pl nuclei extraction
buffer, vortexed briefly, and set on ice every 10 min for a total
40 min. After centrifuging at 16,000g for 10 min, the supernatant
nuclear extracts were stored at —80 °C for future use. The protein
concentration in the cell extract was determined using a Bio-Rad
protein assay kit.

Immunoblot analysis

The samples were subjected to 10% SDS-polyacrylamide gel
electrophoresis (PAGE). The protein spots were electrotransferred
to a polyvinyldiene difluoride (PVDF) membrane. The membrane
was incubated with block buffer (PBS containing 0.05% of Tween 20
and 5% w/v nonfat dry milk) for 1 h, washed with PBS containing
0.05% Tween 20 (PBST) three times, and then probed with 1:1000
diluted solution of anti-Nrf-2 human antibodies (Epitomics Inc.,
Burlingame, CA, USA), and 1:500 diluted solution of anti-Nrf-2
mouse antibodies (Bioss, Woburn, MA, USA) overnight at 4 °C. In
addition, the intensity of the blots probed with 1:1000 diluted
solution of mouse monoclonal antibody to bind Lamin B (Santa Cruz
Biotechnology Inc., SC, USA) was used as the control to ensure that a
constant amount of protein was loaded into each lane of the gel. The
membrane was washed three times each for 5 min in PBST, shaken
in a solution of HRP-linked anti-rabbit IgG secondary antibody, and
washed three more times each for 5 min in PBST. The expressions of
proteins were detected by enhanced chemiluminescent (ECL)
reagent (Millipore, Billerica, MA, USA).
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Fig. 1. AK upregulated Nrf-2 and HO-1 expression. (A, B) A549 cells were treated with different concentrations of AK for 6 h. (C, D) A549 cells were treated with 10 uM AK
for 3, 6, and 9 h. Nuclear and cytosolic fractions were separated and prepared for Western blot assays. GAPDH or Lamin B was used as loading controls and the protein level
in each group was normalized with GAPDH or Lamin B. Results are expressed as mean + SD (n=3). *Significantly different from control group at P < 0.05.

Murine model of OVA-induced allergic airway inflammation

The experiment was carried out with female 6- to 8-week-old
BALB/c mice obtained from National Laboratory Animal Center
(Taipei, Taiwan). Mice were subjected to 12-h light/dark cycle
with a maintained relative humidity of 60% and a temperature at
25°C (protocol complied with guidelines described in the
“Animal Protection Law,” amended on Jan. 17, 2001 Hua-Zong-
(1)-Yi-Tzi-9000007530, Council of Agriculture, Executive Yuan,
Taiwan, ROC). Groups of 6 animals were used in all tests. Mice
were sensitized on Days 0, 14, and 21 by intraperitoneal injection
with 50 pg of OVA in 200 pl PBS mixed with 1 mg aluminum
hydroxide as an adjuvant. On Days 22 to 26, mice were challenged
by intranasal inhalations of OVA (100 pg) once a day and AK
(10 mg/kg body weight) or NAC (200 mg/kg body weight) was
administered by intraperitoneal injection per day from 12h
before the first challenge to the last challenge. In addition, siRNA
knockdown of Nrf-2 in mice was performed. Nrf-2 specific small
interfering RNA (si-Nrf-2) (5 nmol) (Santa Cruz Biotechnology)
were given by intranasal inhalations on the day before the first
challenge. The disease group of mice was immunized with OVA
alone. Mice in the naive group were administered PBS. Mice were
sacrificed at 24 h after last immunization (Supplemental Fig. 2A).

Collection of bronchoalveolar lavage

The tracheas of mice were cannulated and lavaged with two
0.8-ml aliquots of cold PBS. The collected fluid was called BALF,
and absolute cell count for each cell type was calculated after
determining the total cell count and differential cell count.

Lung histopathology

At 24 h after the last OVA challenge, mice were sacrificed and
the lungs were fixed in 10% neutral buffered formalin. After
fixation, 5-pm paraffin sections were stained with hematoxylin
and eosin (H&E) for the evaluation of inflammatory cell infiltra-
tion, or with periodic acid-Schiff (PAS) for the identification of
goblet cells. The slides were examined by a treatment-blind
pathologist. The inflammatory score was graded on the following
scale: 0, none; 1, minimal; 2, mild; 3, moderate; 4, severe. The
number of PAS™ cells per millimeter of base membrane was
measured for quantitative analysis.

RNA preparation and real-time PCR

Total RNA was isolated using Trizol (Life Technologies) according
to the manufacturer’s instructions. cDNA from 3 pg of RNA was
generated using SuperScript III First-Strand Synthesis System for RT-
PCR (Life Technologies) according to the manufacturer’s instructions.
The reverse-transcription product was diluted in water and a volume
corresponding to 30 ng of original RNA was used for real-time PCR.
Real-time PCR amplification and detection were performed using the
SYBR Green qPCR SuperMix-uracil DNA glycosylase (UDG) with ROX
(Life Technologies) in a fluorescence thermal cycler (StepOne Real-
Time PCR System, Life Technologies) according to the manufacturer’s
protocol. Gene expression was normalized using B-actin as a
reference gene. Relative mRNA expression levels were calculated
following the AAC; method with the following primers: B-actin
sense, 5'-CTAAGGCCAACCGTGAAAAG-3/, and antisense, 5'-AGCCTG-
GATGGCTACGTACAT-3, intercellular adhesion molecule-1 (ICAM-1)
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Fig. 2. Reduction of AK on infiltration of inflammatory cells into the lung tissues of OVA-challenged mice. (A) Lung tissues from mice were stained with H&E and examined
by light microscopy (200 x ). (B) The inflammatory score was graded on the following scale: 0, none; 1, minimal; 2, mild; 3, moderate; 4, severe. Results are expressed as
mean + SEM (n=6). *Significantly different from control group at P < 0.05. *Significantly different from OVA-challenged group at P < 0.05. si-Nrf-2, siRNA for Nrf-2.

sense, 5'-CTGGCTGTCACAGAACAGGA-3/, and antisense, 5'-AAAG-
TAGGTGGGGAGGTGCT-3’, VCAM-1 sense, 5'-CCCAAGGATCCAGA-
GATTCA-3/, and antisense, 5'-TAAGGTGAGGGTGGCATTTC-3/, eo-
taxin sense, 5'-GAGCCTAAGAACTGCTTGATTCCT-3’, and antisense,
5'-GGGCGACTGGTGCTGATATT-3/, Nrf-2 sense, 5'-ACACGGTCCACA
GCTCATC-3', and antisense, 5'-TGTCAATCAAATCCATGTCCTG-3, HO-1
sense, 5'- CAGCCCCACCAAGTTCAAAC-3/, and antisense, 5'- AGGCG
GTCTTAGCCTCTTCTG-3’, NQO-1 sense, 5-AGGAAGAGCTAATAAATC
TCTTCTTTGCTG-3', and antisense, 5'-TCATATTGCAGATGTACGGTGTG-
GATTTAT-3', glutathione S-transferase (GST) sense, 5-AAGCCAGGA
CTCTCACTA-3/, and antisense, 5-AAGGCAGTCTTGGCTTCT-3’' (PRE-
MIER Biosoft Int., Palo Alto, CA, USA). All amplifications were
conducted within the linear range of the assay, normalized to
respective GAPDH levels using SPSS Version 17.0 (SPSS Institute,
Inc., Chicago, IL, USA).

Flow cytometry analysis

BALF cell pellet was resuspended and stained with anti-CD4
antibody (Invitrogen, Carlsbad, CA, USA) and anti-CD8 antibody
(BioLegand, San Diego, CA, USA) and analyzed by flow cytometry
using a FACScan-LSR flow cytometer equipped with CellQuest
software (BD Biosciences, San Jose, CA, USA).

Assay for cytokines

Supernatant derived from the BALF was stored at —80 °C until
measurement. ELISA experiments were performed according to
the manufacturer’s instructions. The levels of IL-4, IL-5, and IL-13
in BALF supernatants were determined with ELISA kits from
eBioscience (San Diego, CA, USA).

Thiobarbituric acid-reactive substances (TBARS) assay

To determine lipid peroxidation, the TBARS assay was used.
Lung tissue samples were crushed in RIPA lysis buffer (1% Triton
X-100, 1% sodium deoxycholate, 5 mM iodoacetamide, 1% bovine
hemoglobin, and 0.025% NaNs3). The suspension was sonicated
three times for 30 s and centrifuged at 3000g for 10 min at 4 °C.
One hundred microliters of supernatant was added to 200 pl of
ice-cold 10% trichloroacetic acid to precipitate proteins and
incubated for 15 min on ice. The samples were centrifuged at
2200g for 15 min. Two hundred microliters of supernatant was
added to an equal volume of 0.67% thiobarbituric acid and
incubated in a boiling water bath for 10 min. Samples were
measured at 532 nm.

Statistical analysis

The statistical significance was determined by one-way ana-
lysis of variance (ANOVA) using the general linear model proce-
dure of SPSS software (SPSS Institute, Inc.), followed by ANOVA
with Duncan’s test. The results were considered to be statistically
significant if the P value was < 0.05. Data are expressed as the
mean + SD or SEM.

Results
AK facilitates Nrf-2 translocation in A549 cells

Transcription factors that regulate antioxidant genes have
been recently studied in diseases. Nrf-2 is regarded as a master

regulator of antioxidant transcription [6]. After translocation to
the nucleus, Nrf-2 binds to the ARE in the promoter of target
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antioxidant genes and strongly regulates its transcription to abate
lung oxidative injury in mouse models [11,21,22].

We first evaluated the regulatory potential of the antioxidation
candidate AK (Supplemental Fig. 2B) on protein expression of Nrf-
2 and antioxidant enzyme HO-1 in human lung epithelial cells.
After treatment with AK for 6 h, the translocation of Nrf-2 from
cytoplasm into nucleus increased in a dose-dependent manner
(Fig. 1A). Furthermore, expression of HO-1, a downstream mole-
cule of Nrf-2, also increased following AK treatment (Fig. 1B).
We then investigated Nrf-2 and HO-1 expression after AK treat-
ment for 3, 6, and 9 h. The translocation of Nrf-2 was markedly
increased following AK treatment and was most prominent 6 h
after treatment (Fig. 1C). Similarly, HO-1 expression was also
enhanced by treatment with AK (Fig. 1D). These findings provide
a preliminary indication that AK may protect airway epithelial
cells against oxidative injury.

AK ameliorates allergen-induced airway inflammation in vivo

We next determined whether AK could modify ongoing
OVA-induced airway inflammation in vivo. Real-time PCR analysis
data showed that the expression of Nrf-2 was distinctly decreased in
the Nrf-2 knockdown group (Supplemental Fig. 3). Histopathology
revealed inflaimmatory cell infiltration into the airways of
OVA-challenged mice. However, less inflammatory cell infiltrates
were found in OVA-treated mice receiving AK compared with
OVA-challenged mice. Interestingly, cellular infiltration was still
evident in the OVA-treated mice that received a combination of
AK and Nrf-2 siRNA. Infiltration of inflammatory cells was only
slightly reduced in OVA-challenged mice following NAC treatment
(Fig. 2).

Mucus hypersecretion is characteristic of airway inflamma-
tion. To assess if AK suppressed mucus overproduction as a result
of goblet cell hyperplasia in OVA-challenged mice, we stained
lung sections with PAS. Bright violet staining indicative of mucus
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t 30m 30 im
OVA+NAC
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overproduction was clearly observed in the bronchial airways of
OVA-challenged mice compared with PBS-treated control mice
(Fig. 3). In contrast, mucus staining was markedly diminished in
AK- or NAC-treated mice compared with OVA-challenged mice,
but mucus overproduction was still observed in OVA-challenged
mice treated with AK plus Nrf-2 siRNA and was higher than that
in OVA-challenged mice treated with AK alone (Fig. 3).

AK decreases adhesion molecules expression in the lung

Leukocytes are recruited into tissues by adhesion molecules
and chemokines. Adhesion molecule expression is induced in the
endothelium or epithelium by several mediators, including cyto-
kines or ROS, in a variety of chronic inflammatory conditions [23].

We sought to further elucidate the relationship between AK-
regulated inhibition of adhesion molecule production and the
resulting effect on the expression of Nrf-2. Fig. 4A revealed that
OVA-challenged mice treated with or without Nrf-2 siRNA had
substantial levels of adhesion molecules in the lung compared
with PBS-challenged mice. AK reversed the elevation of VCAM-1,
ICAM-1, and eotaxin levels induced by OVA, whereas treatment
with NAC did not increase the mRNA abundance of adhesion
molecules. The ameliorative effect of AK on adhesion molecule
expression was abated by siRNA for Nrf-2. Taken together with
the findings outlined above, this would suggest that the beneficial
effect of AK against oxidative damage in the lung is mediated by
Nrf-2 activity (Fig. 4A).

AK-mediated reduction of inflammatory cell infiltration and Th2
cytokine production

We also examined eosinophilia in BALF. BALF was collected
24 h after the last OVA challenge through intranasal instillation.
Total and differential cell counts were performed. As illustrated in
Fig. 4B, OVA-challenged mice showed significantly increased
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Fig. 3. Suppression of AK on hyperplasia of goblet cells into the lung tissues of OVA-challenged mice. (A) Lung tissues from mice were stained with PAS and examined by
light microscopy (400 x ). (B) Quantitative analysis for the number of PAS-positive cells per mm of base membrane. Results are expressed as mean + SEM (n=6).
*Significantly different from control group at P < 0.05. #Significantly different from OVA-challenged group at P < 0.05. PAS, periodic acid-Schiff; si-Nrf-2, siRNA for Nrf-2.
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Fig. 4. Attenuation of AK in the expression of inflammatory mediators and
immune cell infiltration. (A) Real-time PCR analysis of adhesion molecules
expression in mouse lung tissue. GAPDH was used as a control. (B) Effects of AK
on total cells and differential cellular components in BALF. The left axis represents
total cell and eosinophil populations, whereas the right axis represents lympho-
cyte and neutrophil populations. Results are expressed as mean + SEM (n=6).
*Significantly different from control group at P < 0.05. *Significantly different from
OVA-challenged group at P<0.05. Eos, eosinophil; Lym, lymphocyte; Neu,
neutrophil; si-Nrf-2, siRNA for Nrf-2.

numbers of total cells in BALF (P < 0.05) as compared to the PBS
group or mice challenged with OVA in combination with AK
treatment. Moreover, the numbers of lymphocytes and neutro-
phils were lower in AK-treated OVA-challenged mice than in mice
challenged with OVA alone. In particular, the number of eosino-
phils was significantly reduced in OVA-challenged mice treated
with AK compared with OVA-challenged mice alone (P < 0.05).
However, total cell and eosinophil numbers were higher in OVA-
challenged mice treated with a combination of AK and Nrf-2
siRNA than in OVA-challenged mice treated with AK alone, and
antioxidant NAC treatment could not avoid cell and differential
cell numbers in BALF (Fig. 4B).

Numerous studies performed with pulmonary inflammatory
animal models have shown that the levels of Th2 cytokines
increased within the affected airways [3,12,24]. Moreover, Th2
cells together with other inflammatory cells such as eosinophils
and mast cells play a major role in the initiation and pathological
development of airway inflammation [24]. We therefore
examined Th2 cell levels in the BALF by flow cytometry. CD4™"
and CD8" T cells were clearly visible and abundant in
OVA-challenged mice compared to the control mice. Conversely,
T-cell infiltration was diminished in OVA-challenged mice treated
with AK when compared with OVA-challenged mice, which was
similar to the control mice, and this effect depended on the
presence of Nrf-2. T-cell infiltration was slightly reduced in the
NAC-treated group compared to the OVA-challenged group
(Fig. 5). Moreover, Th2 cytokine production (including IL-4, IL-5,
and IL-13) was significantly (P<0.05) increased in OVA-
challenged mice, while OVA-challenged mice further treated with
AK had lower concentrations of Th2 cytokines in their BALF. The
beneficial effect of AK treatment was again lost when OVA-
challenged mice were treated with a combination of AK and
Nrf-2 siRNA. Th2 cytokines secretion was only mildly reduced in

the NAC-treated group compared to the OVA-challenged group
(Fig. 6). Collectively, these data indicate that AK treatment blocks
allergic airway inflammation and further supports the hypothesis
that the action of AK is dependent on Nrf-2.

AK acts as a novel antioxidant via Nrf-2 activation

Because increased oxidation can cause airway tissue damage
by lipid degradation, we evaluated lipid peroxidation in lung
homogenates using a TBARS assay. We found an increase in
TBARS levels in OVA-challenged mice compared to control mice.
The data suggested that AK or NAC treatment showed a decrease
in TBARS levels compared to OVA-treated mice, whereas the
effect of AK treatment was blocked when OVA-challenged mice
were treated with a combination of AK and Nrf-2 siRNA.

To prove the involvement of Nrf-2 and downstream anti-
oxidant enzyme activation in AK stimulation, we next investi-
gated Nrf-2 expression following AK treatment in the lung by
Western blotting. AK administration dramatically promoted Nrf-2
translocation, whereas this effect was abolished in Nrf-2 siRNA-
treated mice (Fig. 7A). In addition, NAC treatment also elevated
Nrf-2 expression; however, Nrf-2 activation occurred to a lesser
extent in the NAC-treated group than in the AK-treated group
(Fig. 7A). The effect of AK on the mRNA expression of Nrf-2
downstream genes in lung tissues of control and experimental
groups of mice is depicted in Fig. 7B. The mRNA expression of HO-
1, NQO-1, and GST increased in the lungs of OVA-challenged mice
treated with AK and comparatively decreased in OVA-challenged
mice treated with a combination of AK and Nrf-2 siRNA.

Discussion

Airway inflammation is central to the pathogenesis of asthma
and other airway diseases such as chronic obstructive pulmonary
disease. Epithelial cells are now known to play a central role in
regulating airway inflammatory status, structure, and function in
normal and diseased airways. Leucocytes, especially eosinophils,
preferentially accumulate at sites of allergen-induced inflamma-
tion in the lung and are believed to play important roles in the
pathophysiology of airway inflammation through the release of a
variety of inflammatory mediators, including ROS and cyto-
kines [5]. In the pathogenesis of asthma, eosinophil migration
into the lung is dependent on adhesion molecules [25]. Accumu-
lating evidence has suggested that eosinophil interaction with
epithelial cells via the adhesion molecule pathway is likely to be a
key step for selective eosinophil recruitment [25]. In this study,
we have shown that AK modulates the expression of adhesion
molecules, and we have observed and identified protein targets
that are regulated by AK in allergen-induced oxidative stress.
Further, we also determined that AK could regulate Nrf-2 activa-
tion to attenuate airway inflammation in OVA-challenged
asthmatic mice.

The role of inflammation-induced oxidative stress in the
pathogenesis and progression of chronic inflammatory airways
diseases such as asthma has received increasing attention in
recent years. Inflammatory airway disease is linked to increased
generation of ROS and impaired antioxidant defenses, and as
such, oxidative stress can be an afferent as well as efferent
component of airway inflammation [2]. Nrf-2 is the primary
transcription factor that regulates the expression of phase II
antioxidant and detoxifying enzymes. Studies suggest that Nrf-2
has indirect modulatory effects on various immune and inflam-
matory pathways [26]. A lack of Nrf-2 protein expression exacer-
bates lung toxicity in response to multiple oxidative insults
including allergens, hyperoxia, mechanical ventilation, viruses,
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si-Nrf-2, siRNA for Nrf-2.

bacterial endotoxins, other inflammatory agents, as well as
environmental pollution [6]. Pulmonary Nrf-2 expression is found
mainly in the epithelium and alveolar macrophages [10]. A recent
study confirmed that Nrf-2 plays a central role in the expression
of survival and inflammatory genes in the lungs and might act as
a critical mediator of cellular adaptation in response to proin-
flammatory and other noxious stimuli [27]. Disruption of the Nrf-
2 gene leads to severe allergen-driven airway inflammation and
hyperresponsiveness in mice. Notably, Nrf-2 disruption resulted
in an increased expression of the Th2 cytokines IL-4 and IL-13 in
BALF and splenocytes after allergen challenge [11], indicating an
important protective role of the Nrf-2 pathway in allergic and
asthmatic responses in vivo. Indeed, recent studies employing a
model of mouse dendritic cells exposed to environmental parti-
culate matter [28] and ragweed allergen [29] suggested that Nrf-2
protects against allergic airway inflammation in humans in vivo.

Our findings show that AK elevated Nrf-2 protein translocation
from the cytoplasm to the nucleus, in both A549 cells and lung
tissue of OVA-challenged mice. The result indicated a reduction in
allergen-driven airway inflammation. OVA-challenged mice
displayed pronounced mucus cell hyperplasia and infiltration of
eosinophils into the lungs compared with the PBS-challenged
control mice. There is now strong evidence that eosinophils play
an essential role in the pathogenesis of allergic airway inflamma-
tion [25], and excess production of mucus and increased goblet
cell differentiation are characteristic of allergic airway inflamma-
tion. Our present data showed that AK significantly reduced the
numbers of eosinophils in BALF. Furthermore, AK prevented T-cell
infiltration and generation of Th2 cytokines IL-4, IL-5, and IL-13 in
BALF via a Nrf-2-dependent mechanism. In addition, the level of
the adhesion molecules ICAM-1, VCAM-1, and eotaxin were
substantially reduced. The effect of AK on adhesion molecule
production and immune cell infiltration was also found to be Nrf-
2 dependent.

Dietary or pharmacological antioxidants that enhance none-
nzymatic defenses have been extensively investigated in lung
disease. Growing evidence suggests that the health benefits of
dietary compounds such as curcumin [30], quercetin [31], and
catechin [32] are dependent on the activation of Nrf-2 signaling.

It has been demonstrated that resveratrol, a polyphenolic phy-
toalexin, induces GSH synthesis by activation of Nrf-2 and
protects against cigarette smoke-mediated oxidative stress in
human lung epithelial cells [33]. The antioxidant vitamin E has
been reported to prevent allergen-induced suppression of Nrf-2
and the resulting inflammation in alveolar macrophages in
patients with atopic asthma [34]. Hence, the restoration of
antioxidant and detoxifying enzymes by Nrf-2 provides an attrac-
tive therapeutic approach to target airway inflammation. In our
study, OVA-challenged mice exhibited increased TBARS levels,
whereas AK-treated mice displayed a significant decrease in
TBARS levels. The inhibitory effect of AK on oxidative stress was
dependent on Nrf-2, suggesting that the regulation of AK on
antioxidation may be via Nrf-2 activation.

Monascus-fermented products have been used as traditional foods
in Asia for several centuries. The yellow pigment AK derived from
Monascus is a secondary metabolite with an azaphilonoid structure
and has been reported to have cytotoxic [13], immunosuppressive
[14], and anti-inflammatory activities [15]. Our group previously
found that the yellow pigment from Monascus-fermented products
can exhibit antidiabetic activity; it increases PPAR-y mRNA expres-
sion and prevents PPAR-y phosphorylation, thereby increasing
uptake of the deoxyglucose analog 2-NBDG in C2C12 myotubes
[35]. We also demonstrated that AK has antiobesity potential,
through regulation of adipogenesis and lipolysis activity. In preadi-
pocyte 3T3-L1 cells, AK inhibited cell proliferation and differentiation
and decreased triglyceride accumulation by suppressing transcrip-
tion factors such as C/EBPs and PPAR-y [17]. AK also acts as a
hypolipidemic and high-density lipoprotein cholesterol-raising agent
[18]. In the present study, we found that AK exerts anti-
inflammation potential via Nrf-2 activation. Real-time PCR data
showed that antioxidant enzymes downstream of Nrf-2 were upre-
gulated by AK, suggesting that AK increased Nrf-2 functionality. In
addition, NAC treatment elicited a small increase in Nrf-2 expression,
suggesting that NAC may also have the ability to activate Nrf-2 in a
high dose. This would explain why airway inflammation was slightly
reduced in OVA-challenged mice following NAC treatment.

In conclusion, these results provide a clear link between
airway inflammation and defective Nrf-2 signaling. Nrf-2 is
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Fig. 8. The proposed mechanism of AK-mediated amelioration of airway
inflammation.

activated in response to allergen challenge in the lungs of
AK-treated mice, leading to the transcriptional induction of many
antioxidant genes that might provide resistance against the
development of airway inflammation, immune cell infiltration,
and Th2 cytokine release (Fig. 8). Maintenance of a proper balance
between ROS production and Nrf-2-regulated antioxidant activity
is essential for an appropriate inflammatory response to allergen
challenge. Conversely, defective Nrf-2 signaling may confer sus-
ceptibility to severe lung inflammation because of allergen
exposure in this model. Taken together, we conclude that AK
may modulate the oxidative stress pathway to ameliorate the
development of airway inflammation.



W.-H. Hsu et al. / Free Radical Biology and Medicine 53 (2012) 1643-1651 1651

Acknowledgments

The authors express their gratitude to National Science Council,
ROC, for supporting this research work (NSC100-2313-B-002-020)
and subsidiary.

Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.freeradbiomed.2012.
08.587.

References

[1] Holgate, S. T. The airway epithelium is central to the pathogenesis of asthma.
Allergol. Int. 57:1-10; 2008.

[2] Barnes, P. J. Reactive oxygen species and airway inflammation. Free Radic.
Biol. Med. 9:235-243; 1990.

[3] Kips, ]J. C. Cytokine in asthma. Eur. Respir. J. Suppl. 34:24-33; 2001.

[4] Fireman, P. Understanding asthma pathophysiology. Allergy Asthma Proc.
4:79-83; 2003.

[5] Bloemen, K.; Verstraelen, S.; van Den Heuvel, R.; Witters, H.; Nelissen, I.;
Schoeters, G. The allergic cascade: review of the most important molecules in
the asthmatic lung. Immunol. Lett. 113:6-18; 2007.

[6] Kensler, T. W.; Wakabayashi, N.; Biswal, S. Cell survival responses to environ-
mental stresses via the keap1-nrf2-ARE pathway. Annu. Rev. Pharmacol. Toxicol.
47:89-116; 2007.

[7] Ho, Y. S.; Xiong, Y.; Ma, W.; Spector, A.; Ho, D. S. Mice lacking catalase
develop normally but show differential sensitivity to oxidant tissue injury.
J. Biol. Chem. 279:32804-32812; 2004.

[8] Eggler, A. L.; Gay, K. A.; Mesecar, A. D. Molecular mechanisms of natural
products in chemoprevention induction of cytoprotective enzymes by Nrf2.
Mol. Nutr. Food Res. 52:84-94; 2008.

[9] Walters, D. M.; Cho, H. Y.; Kleeberger, S. R. Oxidative stress and antioxidants
in the pathogenesis of pulmonary fibrosis: a potential role of Nrf2. Antioxid.
Redox Signal. 10:321-332; 2008.

[10] Cho, H. Y.; Kleeberger, S. R. Nrf2 protects against airway disorders. Toxicol.
Appl. Pharmacol. 224:43-56; 2010.

[11] Rangasamy, T.; Guo, J.; Mitzner, W. A.; Roman, J.; Singh, A.; Fryer, A. D.;
Yamamoto, M.; Kensler, T. W.; Tuder, R. M.; Georas, S. N.; Biswal, S.
Disruption of Nrf2 enhances susceptibility to severe airway inflammation
and asthma in mice. J. Exp. Med. 202:47-59; 2005.

[12] Kikuchi, N.; Ishii, Y.; Morishima, Y.; Yageta, Y.; Haraguchi, N.; Itoh, K.
Yamamoto, M.; Hizawa, N. Nrf2 protects against pulmonary fibrosis by
regulating the lung oxidant level and Th1/Th2 balance. Respir. Res. 11:31;
2010.

[13] Su, N. W,; Lin, Y. L.; Lee, M. H.; Ho, C. Y. Ankaflavin from Monascus fermented
red rice exhibits selective cytotoxic effect and induces cell death on Hep G2
cells. J. Agric. Food Chem. 53:1949-1954; 2005.

[14] Martinkova, L.; Patakova-Juzlova, P.; Kren, V.; Kucerova, Z.; Havlicek, V.;
Olsovsky, P.; Hovorka, O.; Rihova, B.; Vesely, D.; Vesela, D.; Ulrichova, ]J.;
Prikrylova, V. Biological activities of oligoketide pigments of Monascus
purpureus. Food Addit. Contam. 16:15-24; 1999.

[15] Akihisa, T.; Tokuda, H.; Yasukawa, K.; Ukiya, M.; Kiyota, A.; Sakamoto, N.;
Suzuki, T.; Tanabe, N.; Nishino, H. Azaphilones, furanoisophthalides, and
amino acids from the extracts of Monascus pilosus-fermented rice (red-mold
rice) and their chemopreventive effects. J. Agric. Food Chem. 53:562-565;
2005.

[16] Lin, C. P.; Lin, Y. L; Huang, P. H.; Tsai, H. S.; Chen, Y. H. Inhibition of
endothelial adhesion molecule expression by Monascus purpureus-fermented
rice metabolites, monacolin K, ankaflavin, and monascin. J. Sci. Food Agric
91:1751-1758; 2011.

[17] Jou, P. C.; Ho, B. Y.; Hsu, Y. W.; Pan, T. M. The effect of Monascus secondary
polyketide metabolites, monascin and ankaflavin, on adipogenesis and
lipolysis activity in 3T3-L1. J. Agric. Food Chem. 58:12703-12709; 2010.

[18] Lee, C. L; Kung, Y. H.; Wu, C. L; Hsu, Y. W.; Pan, T. M. Monascin and
ankaflavin act novel hypolipidemic and high density lipoprotein cholesterol-
raising agents in red mold dioscorea. J. Agric. Food Chem. 58:9013-9019;
2010.

[19] Su, Y. C.; Wang, ]. ]J.; Lin, T. T.; Pan, T. M. Production of the secondary
metabolites y-aminobutyric acid and monacolin K by Monascus. J. Ind.
Microbiol. Biotechnol. 30:41-46; 2003.

[20] Hsu, Y. W.; Hsu, L. C; Liang, Y. H.; Kuo, Y. H.; Pan, T. M.; Monaphilones, A. -C.
three new antiproliferative azaphilone derivatives from Monascus purpureus
NTU 568. J. Agric. Food Chem. 58:8211-8216; 2010.

[21] Rangasamy, T.; Cho, C. Y.; Thimmulappa, R. K.; Zhen, L.; Srisuma, S. S;
Kensler, T. W.; Yamamoto, M.; Petrache, I.; Tuder, R. M.; Biswal, S. Genetic
ablation of Nrf2 enhances susceptibility to cigarette smoke-induced emphy-
sema in mice. J. Clin. Invest. 114:1248-1259; 2004.

[22] Reddy, N. M.; Kleeberger, S. R.; Kensler, T. W.; Yamamoto, M.; Hassoun, P. M.;
Reddy, S. P. Disruption of Nrf2 impairs the resolution of hyperoxia-induced
acute lung injury and inflammation in mice. J. Immunol. 182:7264-7271;
2009.

[23] Cassie, S.; Masterson, M. F.; Polukoshko, A.; Viskovic, M. M.; Tibbles, L. A.
Ischemia/reperfusion induces the recruitment of leukocytes from whole
blood under flow conditions. Free Radic. Biol. Med. 36:1102-1111; 2004.

[24] Leigh, R.; Ellis, R.; Wattie, J. N.; Hirota, ]J. A.; Matthaei, K. I; Foster, P. S,;
O’Byrne, P. M.; Inman, M. D. Type 2 cytokines in the pathogenesis of
sustained airway dysfunction and airway remodeling in mice. Am. J. Respir.
Crit. Care Med. 169:860-867; 2004.

[25] Chin, J. E.; Hatfield, C. A.; Winterrowd, G. E.; Brashler, J. R.; Vonderfecht, S. L.;
Fidler, S. F.; Griffin, R. L.; Kolbasa, K. P.; Krzesicki, R. F.; Sly, L. M.; Staite, N. D.;
Richards, I. M. Airway recruitment of leukocytes in mice is dependent on o4-
integrins and vascular cell adhesion molecule-1. Am. J. Physiol. Lung Cell. Mol.
Physiol 272:219-229; 1997.

[26] Wakabayashi, N.; Slocum, S. L.; Skoko, J. J.; Shin, S.; Kensler, T. W. When NRF2
talks, who's listening? Antioxid. Redox Signal. 13:1649-1663; 2010.

[27] Malhotra, D.; Portales-Casamar, E.; Singh, A.; Srivastava, S.; Arenillas, D.;
Happel, C.; Shyr, C.; Wakabayashi, N.; Kensler, T. W.; Wasserman, W. W.;
Biswal, S. Global mapping of binding sites for NRF2 identifies novel targets in
cell survival response through ChIP-Seq profiling and network analysis.
Nucleic Acids Res. 38:5718-5734; 2010.

[28] Williams, M. A.; Rangasamy, T.; Bauer, S. M.; Killendar, S.; Karp, M.; Kensler,
T. W.; Yamamoto, M.; Breysse, P.; Biswall, S.; Georas, S. N. Disruption of the
transcription factor Nrf2 promotes pro-oxidative dendritic cells that stimu-
late Th2-like immunoresponsiveness upon activation by ambient particulate
matter. J. Immunol. 181:4545-4559; 2008.

[29] Rangasamy, T.; Williams, M. A.; Bauer, S.; Trush, M. A.; Emo, ].; Georas, S. N.;
Biswal, S. Nuclear erythroid 2 p45-related factor 2 inhibits the maturation of
murine dendritic cells by ragweed extracts. Am. J. Respir. Cell Mol. Biol.
43:276-285; 2010.

[30] Suzuki, M.; Betsuyaku, T.; Ito, Y.; Nagai, K.; Odajima, N.; Moriyama, C.;
Nasuhara, Y.; Nishimura, M. Curcumin attenuates elastase- and cigarette
smoke-induced pulmonary emphysema in mice. Am. J. Physiol. Lung Cell. Mol.
Physiol 296:614-623; 2009.

[31] Yao, P.; Nussler, A.; Liu, L.; Hao, L.; Song, F.; Schirmeier, A.; Nussler, N.
Quercetin protects human hepatocytes from ethanol-derived oxidative stress
by inducing heme oxygenase-1 via the MAPK/NRF2 pathways. J. Hepatol.
47:253-261; 2007.

[32] Andreadi, C. K.; Howells, L. M.; Atherfold, P. A.; Manson, M. M. Involvement of
NRF2, p38, B-Raf, and nuclear factor-kappaB, but not phosphatidylinositol
3-kinase, in induction of hemeoxygenase-1 by dietary polyphenols. Mol.
Pharmacol. 69:1033-1040; 2006.

[33] Kode, A.; Rajendrasozhan, S.; Caito, S.; Yang, S. R.; Megson, L. L.; Rahman, 1.
Resveratrol induces glutathione synthesis by activation of NRF2 and protects
against cigarette smoke-mediated oxidative stress in human lung epithelial.
Am. J. Physiol. Lung Cell. Mol. Physiol 294:478-488; 2008.

[34] Dworski, R.; Han, W.; Blackwell, T. S.; Hoskins, A.; Freeman, M. L. Vitamin E
prevents NRF2 suppression by allergens in asthmatic alveolar macrophages
in vivo. Free Radic. Biol. Med. 51:516-521; 2011.

[35] Lee, B. H.; Hsu, W. H.; Liao, T. H.; Pan, T. M. The Monascus metabolite
monascin against TNF-a-induced insulin resistance via suppressing PPAR-y
phosphorylation in C2C12 myotubes. Food Chem. Toxicol. 49:2609-2617;
2011.


dx.doi.org/doi:10.1016/j.freeradbiomed.2012.08.587
dx.doi.org/doi:10.1016/j.freeradbiomed.2012.08.587

Ml

Ml -

== DO

Wei-Hsuan Hsu , Bao-Hong Lee, Yu-Chun Huang, Ya-Wen Hsu , Tzu-Ming Pan

Ankaflavin, a novel Nrf-2 activator for attenuating allergic airway inflammation

Free Radical Biology and Medicine Volume 53, Issue 9 2012 1643 - 1651

http://dx.doi.org/10.1016/j.freeradbiomed.2012.08.587




‘@f Nrf-2 siRINA, i.n. Sacrifice
1 1

I ! = K
] 1 1
Day o 143 21 22 26 27
t o3 3 ~ - =
so of OVA, i.p. AK and/or NAC, i.p-
(Sensitization) 1 12 h
100 g of OVA, i-n.
(Thallenge)
B
O
O

Wei-Hsuan Hsu, Bao-Hong Lee, Yu-Chun Huang, Ya-Wen Hsu, Tzu-Ming Pan
Ankaflavin, a novel Nrf-2 activator for attenuating allergic airway inflammation
Free Radical Biology and Medicine Volume 53, Issue 9 2012 1643 - 1651

http://dx.doi.org/10.1016/].freeradbiomed.2012.08.587



—
5.~
a2
@ 1.5 -
o !
> | L
= 40 -
— s
=
= 0.5 - T
=
D
o
0.0
OVA » + + +
AK - - + +
si-Nrf-2 - = = +
NAC - - - -

Wei-Hsuan Hsu, Bao-Hong Lee, Yu-Chun Huang, Ya-Wen Hsu, Tzu-Ming Pan
Ankaflavin, a novel Nrf-2 activator for attenuating allergic airway inflammation
Free Radical Biology and Medicine Volume 53, Issue 9 2012 1643 - 1651

http://dx.doi.org/10.1016/j.freeradbiomed.2012.08.587




0.05

b
o.04 - T
o 1
#
S o.o3 - T
=
= O©O.02 -
oo
h
0.01 - ae
0.00 - T - r
OVA - e - +
AK - - + +
si-Nrf-2 - - = +
NAC - - - -

Wei-Hsuan Hsu, Bao-Hong Lee, Yu-Chun Huang, Ya-Wen Hsu, Tzu-Ming Pan
Ankaflavin, a novel Nrf-2 activator for attenuating allergic airway inflammation
Free Radical Biology and Medicine Volume 53, Issue 9 2012 1643 - 1651

http://dx.doi.org/10.1016/].freeradbiomed.2012.08.587




	20120912-HsuWH.pdf
	Ankaflavin, a novel Nrf-2 activator for attenuating allergic airway inflammation
	Introduction
	Materials and methods
	Chemicals and reagents
	Ankaflavin isolation and purification
	Cell culture
	Nuclear and cytosol protein extraction
	Immunoblot analysis
	Murine model of OVA-induced allergic airway inflammation
	Collection of bronchoalveolar lavage
	Lung histopathology
	RNA preparation and real-time PCR
	Flow cytometry analysis
	Assay for cytokines
	Thiobarbituric acid-reactive substances (TBARS) assay
	Statistical analysis

	Results
	AK facilitates Nrf-2 translocation in A549 cells
	AK ameliorates allergen-induced airway inflammation in vivo
	AK decreases adhesion molecules expression in the lung
	AK-mediated reduction of inflammatory cell infiltration and Th2 cytokine production
	AK acts as a novel antioxidant via Nrf-2 activation

	Discussion
	Acknowledgments
	Supporting information
	References


	http___dx.doi.org_10.1016_j.freeradbiomed.2012.08.587_1-s2.0-S0891584912011045-mmc1.jpg.pdf
	http___dx.doi.org_10.1016_j.freeradbiomed.2012.08.587_1-s2.0-S0891584912011045-mmc2.jpg.pdf
	http___dx.doi.org_10.1016_j.freeradbiomed.2012.08.587_1-s2.0-S0891584912011045-mmc3.jpg.pdf
	http___dx.doi.org_10.1016_j.freeradbiomed.2012.08.587_1-s2.0-S0891584912011045-mmc4.jpg.pdf

