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ARTICLE INFO ABSTRACT

Keywords: Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory disease resulted from airflow ob-
Chronic obstructive pulmonary disease structions, and there is a driving requirement for novel and effective preventive and therapeutic agents of COPD.
4,4’-Dihydroxystilbene Nuclear factor-erythroid 2-related factor 2 (Nrf2) has been regarded to be a promising therapeutic target for
Inflammatory response COPD. Resveratrol is a natural Nrf2 activator with antioxidant and anti-inflammatory properties, however, its
Eff;B application is limited by its relative low efficiency and poor bioavailability. Herein, based on the skeleton of

resveratrol, trans-4,4’-dihydroxystilbene (DHS) has been firstly identified to be an Nrf2 activator, which is more
potent than the well-known sulforaphane (SF) and resveratrol. Our results indicate that DHS blocks Nrf2 ubi-
quitylation through specifically reacting with Cys151 cysteine in Keapl protein to activate Nrf2-regulated de-
fensive response, and thus enhances intracellular antioxidant capability. Furthermore, DHS relieves lipopoly-
saccharide (LPS)-stimulated inflammatory response via inhibition of NF-kB. Importantly, DHS significantly
ameliorates pathological alterations (e.g. infiltration of leukocytes and fibrosis), downregulates the levels of
oxidant biomarkers malondialdehyde (MDA) and 8-ox0-7,8-dihydro-2’-deoxyguanosin (8-oxo-dG), and inhibits
the overproductions of inflammatory mediators [e.g. tumor necrosis factor a (TNF-a), cyclooxygenase-2 (COX-
2), and matrix metalloproteinase-9 (MMP-9)] in a cigarette smoke (CS)-induced pulmonary impairment mice
model. Taken together, this study demonstrates that DHS attenuates the CS-induced pulmonary impairments
through inhibitions of oxidative stress and inflammatory response targeting Nrf2 and NF-kB in vitro and in vivo,
and could be developed into a preventive agent against pulmonary impairments induced by CS.

Oxidative stress

1. Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by
persistent and progressive airflow limitation that is associated with an
enhanced chronic inflammatory response in the airways, and has been
predicted to rank third worldwide in terms of mortality in 2020 [1].
Cigarette smoke (CS), containing approximately 10'* relatively long-
lived oxidants/free radicals per puff, can induce intracellular oxidative
stress, and has been verified to be the predominant cause for this
chronic disease. These exogenous oxidants activate redox-sensitive
transcription factors [e.g. nuclear transcription factor-kB (NF-«xB), and
activator protein 1 (AP-1)]), induce the accumulation of inflammatory

cells (e.g. macrophages, and neutrophils), promote the release of ROS
and pro-inflammatory mediators, and thus stimulate inflammatory re-
sponse [2,3]. The increased oxidative stress and stimulated in-
flammatory response form a positive feedback loop, and play a vital
role in the pathophysiology of COPD [4]. Therefore, inhibitions of
oxidative stress and inflammatory response could prove to be an ef-
fective means to improve survival and quality of life and block the
pathological process of COPD patients.

The nuclear factor erythroid 2-related factor 2 (Nrf2) is a tran-
scription factor that mounts defensive responses against oxidative in-
sults. Under normal cellular conditions, Nrf2 is maintained at a low
level through Keapl-regulated ubiquitylation and subsequent 26S
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Abbreviations LPS lipopolysaccharide
MDA malondialdehyde
ARE antioxidant response element MMPs  matrix metalloproteinases
As(1II) sodium arsenite NQO1 NAD(P)H quinone oxidoreductase 1
BALF bronchoalveolar lavage fluid NF-xB  nuclear transcription factor-xB
CHX cycloheximide Nrf2 nuclear factor-erythroid 2-related factor 2
COPD chronic obstructive pulmonary disease 8-0x0-dG 8-0x0-7,8-dihydro-2’-deoxyguanosin
COX-2  cyclooxygenase-2 PPI protein-protein interaction
CS cigarette smoke RNS reactive nitrogen species
Dex dexamethasone ROS reactive oxygen species
DHS trans-4,4’-dihydroxystilbene R. T. room temperature
GCLM  glutamate-cysteine ligase regulatory subunit RT-PCR real-time reverse transcription-polymerase chain reaction
GSH glutathione SF sulforaphane
kB inhibitors of kB tBHQ tert-butylhydroquinone
IKK IkB kinase TGF-f1 transforming growth factor-f1
ILs interleukins TNF-a  tumor necrosis factor a
iNOS inducible nitric oxide synthase

proteasome-regulated degradation. When the intracellular redox im-
balance emerges, Nrf2 translocates into the nucleus, binds to the anti-
oxidant response element (ARE) located in the promoter region of cy-
toprotective genes, and increases their transcription [5]. These Nrf2
target genes include intracellular antioxidant enzymes [e.g. glutamate-
cysteine ligase regulatory subunit (GCLM)], and phase II detoxifying
enzymes [e.g. NAD(P)H: quinone oxidoreductase 1 (NQO1)], which
maintain the intracellular redox balance and promote excretion of
toxicants [6].

NF-kB is a redox-sensitive transcription factor that is involved in the
regulation of genes in response to inflammatory stimuli [2]. Under
basal conditions, NF-xB is sequestered by inhibitors of kB (IxkB) proteins
in the cytoplasm. Upon cell stimulation, IxB is phosphorylated by IxB
kinase (IKK) to release NF-«B into the nucleus that driving the expres-
sions of inflammation-related genes. These inflammatory genes include
proinflammatory cytokines [e.g. tumor necrosis factor a (TNF-a) and
interleukins (ILs)], chemokines, and inflammation-related proteins [e.g.
cyclooxygenase-2 (COX-2), matrix metalloproteinases (MMPs), and in-
ducible nitric oxide synthase (iNOS)] [7].

The essential roles of Nrf2 and NF-kB in the progression of COPD
have been well documented. Nrf2-deficient mice were highly suscep-
tible to CS-induced emphysema [8]. Lung tissues and alveolar macro-
phages from COPD patients demonstrated a declined expression of Nrf2
[9]. Furthermore, NF-kB pathway was activated in macrophages and
epithelial cells of COPD patients [10,11]. Therefore, given the biolo-
gical functions of Nrf2 and NF-kB, molecules with the capabilities of
activating Nrf2-mediated antioxidant responses and inhibiting NF-xB-
regulated inflammatory response are potential preventive and ther-
apeutic agents against COPD [12,13].

Resveratrol is a naturally derived constituent distributed in grape,
red wine, and some folk medicines, and has displayed diverse bioac-
tivities and potential medical applications, covering anticancer, anti-
oxidant, anti-inflammatory, neuroprotective, antidiabetic, and cardio-
vascular properties [14-17]. A growing body of evidence implied that
the therapeutic potential against human diseases (e.g. lung disease,
diabetic nephropathy) was associated with its induction on Nrf2-
mediated defensive response [18-21]. Our data have verified that re-
sveratrol was capable of inducing Nrf2 signaling pathway through up-
regulating mRNA and protein levels of Nrf2 (Fig. 1A and Fig. S1 in
Supporting Materials). Compared with the potency of the well-known
Nrf2 activator sulforaphane (SF), resveratrol demonstrates weak Nrf2
inducing effect, yet it is still a promising leading compound for design
and discovery of new preventive and therapeutic agents.

To find potent resveratrol-based Nrf2 activators, chemical synthesis
and modification of resveratrol analogues have been performed, and
resulted in the discovery of a potent Nrf2 activator trans-4,4’-

dihydroxystilbene (DHS, A3, Fig. 1C). Our results indicate that DHS
enhances antioxidant capability through activating Nrf2, and sup-
presses inflammatory response through inhibiting NF-xB in vitro and in
vivo. Importantly, DHS significantly ameliorates pathological altera-
tions in a CS-induced pulmonary impairment mice model in vivo.

2. Materials and methods
2.1. Chemicals and reagents

Resveratrol analogues were synthesized by our lab with a
purity > 95%. i-glutamine was purchased from Solarbio (Beijing,
China). TEMED, 4% paraformaldehyde, Tween-20, Triton X-100, (-
mercaptoethanol, and glycerol were obtained from Dingguo (Beijing,
China). Bovine serum albumin (BSA), glycine, 3-(4, 5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazoliumbromide (MTT), acrylamide, cyclohex-
imide (CHX), penicillin-streptomycin solution (100X), and sodium do-
deeyl sulfate (SDS) were provided by Genview (TX, USA). RPMI1640
and DMEM were offered by Gibco (CA, USA). Lipopolysaccharide (LPS),
tert-butylhydroquinone (tBHQ), and sulforaphane (SF) were supplied
by Sigma-Aldrich (MO, USA). Didox and MG132 were products of
MedChemExpress (NJ, USA). Lipofectamine 2000 was purchased from
Invitrogen (CA, USA).

2.2. Cell culture

Normal human lung epithelial Beas-2B cells, human breast carci-
noma MDA-MB-231 cells, and RAW 264.7 murine macrophages were
obtained from American Type Culture Collection (USA). Beas-2B cells
and MDA-MB-231 cells were maintained in RPMI1640 complete
medium. RAW 264.7 macrophages were cultivated in DMEM complete
medium. All medium included 10% FBS, 0.29 g/L r-glutamine and
penicillin-streptomycin (100 units/mL for penicillin and 100 pg/mL for
streptomycin, respectively). All of cells were cultivated in a humidified
incubator with 5% CO, at 37 °C.

2.3. Cell viability assay

The MTT assay was utilized to determine the cell viability. Beas-2B
cells (8 x 102 cells/well), MDA-MB-231 cells (1 x 10* cells/well) and
RAW 264.7 cells (8 x 10* cells/well) were seeded in the 96-well plates
for overnight incubation, and exposed to different doses of DHS for
indicated time. 20 pL of MTT solution was added into each well. After
further incubating 3 h, the supernatant was decanted carefully, and
precipitate was dissolved in 100 pL DMSO. Then, the plates were
shaken at room temperature (R.T.) for 10 min. The absorbance was
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Fig. 1. Identification of resveratrol analogues as potential Nrf2 activators. The stable MDA-MB-231 cell line expressing ARE-luciferase was used for evaluating
Nrf2 induction. Cells were treated with the indicated doses of resveratrol analogues (uM) for 16 h before luciferase activities were measured. SF (2.5 uM) was used as
a positive control, and displayed an approximately 2.6-fold induction of ARE luciferase assay. Results are expressed as mean + SD (n = 3).

detected at 570 nm using the Model 680 plate reader (Bio-Rad, CA, analogues. The cells were treated with several doses of tested com-
USA). pounds for 16 h, and the luciferase activity was measured on the
Synergy 2 plate reader (BioTeK, USA). For the dual luciferase reporter

2.4. Luciferase reporter gene assay gene assay, RAW 264.7 cells or Beas-2B cells were seeded in 24-well
plates. The NF-kB luciferase plasmid or ARE-luciferase plasmid was

A stable ARE luciferase reporter cell line MDA-MB-231-ARE-Luc was cotransfected with the renilla luciferase plasmid using lipofectamine

used for identification of Nrf2 inducing effects of resveratrol and its 2000 (Invitrogen, CA, USA) after reaching 70%-90% density. After



T. Wang, et al.

transfection, Beas-2B cells were treated with different doses of DHS for
18 h. RAW 264.7 cells were pretreated with indicated doses of DHS for
1 h, followed by cotreatment with DHS and LPS (1 pug/ml) for additional
16 h. Then, the Promega dual-luciferase reporter gene assay system
(WI, USA) was applied to determine firefly and renilla luciferase ac-
tivities.

2.5. Immunoblot analysis

Cells were seeded in D35 dishes at an appropriate density and ex-
posed to DHS for indicated time. Then cells were collected to extract the
total protein. The lung tissue was weighed and homogenized in pre-cold
sample buffer (1 g of the tissue in 9 mL of sample buffer). After cen-
trifuging at 10,000 rpm for 10 min, the supernatant was taken for the
preparation of total tissue protein. Briefly, cells were lysed with sample
buffer consisting of 10 mL -mercaptoethanol, 2% SDS, 10% glycerol,
50 mM Tris-HCI (pH 6.8) and 0.05 g bromophenol blue, and the lung
tissues were lysed with sample buffer without bromophenol blue. The
obtained proteins were separated using SDS-PAGE on 7.5% or 10% gel,
blotted onto a nitrocellulose membrane (Millipore, MA, USA). The
membrane was probed with different indicated primary antibodies
overnight at 4 °C followed by horseradish peroxidase (HRP)-conjugated
secondary antibodies at R.T. for 1 h. The protein bands were visualized
by Bio-Rad ChemiDoc XRS + system (CA, USA) using ECL reagents.
Chemiluminescent signal was quantified with Image J analyze system.

2.6. Immunofluorescence

RAW 264.7 cells or Beas-2B cells were seeded in D35 dishes which
have been pre-placed with cell climbing pieces. After exposure to the
specified concentration of DHS for appropriate time, cells were fixed for
10 min with pre-cooled acetone/methanol (1:1). After rinsing, the cell
climbing pieces were exposed to primary antibodies against NF-kB p65
(1:500) or Nrf2 (1:500) overnight at 4 °C, and followed by Alexa Flour
594 (1:300) for 2 h at R.T. The nuclei were stained for 10 min with
DAPI (2.5 pg/ml) in the darkness. The images of NF-xB or Nrf2 with
DAPI staining were observed by BX53 + DP73 fluorescence microscope
(Tokyo, Japan).

2.7. Nrf2 protein half-life measurement

Beas-2B cells were seeded in ten D35 dishes. The cells in drug
treatment groups or blank groups were treated or untreated with DHS
for 8 h. Afterwards, the cells were exposed to 50 uM CHX. Nrf2 proteins
were harvested at 0, 10, 20, 30, 40 min, respectively, and were sub-
jected to immunoblot analysis.

2.8. Reduced glutathione (GSH) assay

Beas-2B cells were seeded in D60 dishes. After reaching the ap-
propriate density, different doses of DHS were added to corresponding
dishes for 24 h, or indicated dose of DHS was added to corresponding
dishes for different time. Reduced GSH assay kits (Jiancheng
Bioengineering Institute, Nanjing, China) were used to detect the con-
tents of intracellular reduced GSH following the manufacturer's in-
structions.

2.9. ROS detection

The content of intracellular ROS was detected with ROS Kkits
(Keygen Biotech, Nanjing, China). Beas-2B cells in D35 dishes were
pretreated with indicated dose of DHS for 8 h followed by cotreatment
with DHS and 5 uM As (III) for additional 16 h. The medium was re-
moved, and 1 mL serum-free medium containing DCFHDA (10 uM) was
added and incubated for additional 20 min. After rinsing, the cells were
harvested and resuspended with PBS. ROS content was detected with
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the fluorescence intensity of DCF at 530 nm after excitation at 488 nm
on FACSCelesta flow cytometer (BD Biosciences, CA, USA). Meanwhile,
the fluorescence signals were photographed with an Olympus
BX53 + DP73 fluorescence imaging system (Tokyo, Japan).

2.10. Nuclear and cytoplasmic extraction

Nuclear and cytoplasmic proteins were collected with nuclear and
cytoplasmic protein extraction kit (Sangon Biotech, Shanghai, China).
RAW 264.7 cells and Beas-2B cells were seeded in D60 dishes. After
reaching appropriate density, RAW 264.7 cells were pretreated with
indicated doses of DHS for 1 h, followed by cotreatment with DHS and
LPS (1 pg/ml) for additional 3 h, Beas-2B cells were treated with in-
dicated doses of DHS for 8 h. Proteins were separated according to the
protocols of manufacturer. The level of Nrf2 protein in nucleus and
cytoplasm was subsequently detected by immunoblot analysis.

2.11. Ubiquitylation analysis

Beas-2B cells were cotransfected with Keapl, Nrf2 and hemagglu-
tinin (HA)-ubiquitin plasmids using Lipofectamine 2000 for 36 h, and
then incubated with or without DHS (4 uM) and SF (2 uM), together
with proteasome inhibitor MG132 for 6 h. The lysates consisting of
1 mM DTT, 10 mM Tris-HCl, 150 mM NaCl and 2% SDS were used to
lyse the cells. 30 pL of supernatant was subjected to immunoblot ana-
lysis to evaluate the expression of Nrf2. Four-fold of the buffer con-
taining 10 mM Tris-HCl, 150 mM NaCl and 1% Triton X-100 was added
to the residual supernatant. Then antibodies against IgG and Nrf2
(Proteintech Group, IL, USA), protein A beads (Santa Cruz
Biotechnology, CA, USA) were added to the mixture, the precipitates
were washed and analyzed by immunoprecipitation.

2.12. Measurement of NO production

RAW 264.7 cells (8 x 10* cells/well) were evenly seeded in the 96-
well plates for overnight incubation, and exposed to indicated con-
centrations of DHS or Didox, together with LPS (1 pg/mL) for 24 h.
100 pL of supernatants were mixed with the100 L of the Griess reagent
(1% sulfanilamide, 0.1% naphthylethylenediamine, and 5% phosphoric
acid) and incubated for 10 min at R. T. The absorbance was detected at
a wavelength of 570 nm using the Model 680 plate reader (Bio-Rad, CA,
USA). NaNO,, was used to build a standard curve.

2.13. Enzyme-linked immunosorbent assay (ELISA)

RAW 264.7 cells were seeded in D35 dishes and pretreated with
indicated doses of DHS for 1 h, followed by cotreatment with DHS and
LPS (1 pg/mL) for additional 16 h. The contents of cytokine in the
culture media were measured using ELISA kits (Shanghai Enzyme-
linked Biotechnology Co., Ltd., China) following the manufacturer's
instructions.

2.14. Real-time reverse transcription-polymerase chain reaction (RT-PCR)

Beas-2B cells or RAW 264.7 cells were seeded into D35 dishes for
indicated time, and treated with different doses of DHS for 18 h for
Beas-2B cells or pretreated with indicated doses of DHS for 1 h, fol-
lowed by cotreatment with DHS and LPS (1 pug/ml) for additional 16 h
for RAW 264.7 cells. Total RNA was gathered with RNAiso Blood
(Takara Bio Inc., Shiga, Japan) following the instructions. Equal
amount of total RNA (1 pg) was reverse transcribed into cDNA by
PrimeScript™ RT Reagent Kits with gDNA Eraser (Takara Bio Inc.,
Shiga, Japan). Primer were synthesized by Sangon Biotech (Shanghai,
China) and the sequences are as follows: hNrf2, forward (5’-ACACGG
TCCACAGCTCATC-3’) and reverse (5-TGTCAATCAAATCCATGTC
CTG-3%); hNQO1, forward (5-ATGTATGACAAAGGACCCTTCC-3") and
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reverse (5-TCCCTTGCAGAGAGTACATGG-3"); hGCLM, forward (
5-GACAAAACACAGTTGGAACAGC-3’) and reverse (5-CAGTCAAATC
TGGTGGCATC-3"); hKeapl, forward (5-ACCACAACAGTGTGGAGA
GGT-3’) and reverse (5-CGATCCTTCGTGTCAGCAT-3"); hGAPDH, for-
ward (5’-CTGACTTCAACAGCGACACC-3’) and reverse (5’-TGCTGTAG
CCAAATTCGTTGT-3"); miNOS, forward (5-CAAGAGTTTGACCAGAGG
ACC-3") and reverse (5-TGGAACCACTCGTACTTGGGA-3’); mTNF-a,
forward (5-TTGACCTCAGCGCTGAGTTG-3") and reverse (5-CCTGTA
GCCCACGTCGTAGC-3); mlIL-1B3, forward (5-CAGGATGAGGACATGA
GCACC-3) and reverse (5-CTCTGCAGACTCAAACTCCAC-3’); mCOX-2,
forward (5-CACTACATCCTGACCCACTT-3") and reverse (5-ATGCTCC
TGCTTGAGTATGT-3"); mMMP-9, forward (5-GCTGACTACGATAAGG
ACGGCA-3) and reverse (5-GCGGCCCTCAAAGATGAACGG-3’); mIL-6,
forward (5’-GTACTCCAGAAGACCAGAGG-3’) and reverse (5-TGCTGG
TGACAACCACGGCC-3"); mf-Actin, forward (5-CGCTCATTGCCGATA
GTGAT-3") and reverse (5-TGTTTGAGACCTTCAACACC-3’). RT-PCR
was carried out using TB Green™ Premix Ex Taq™ (Takara Bio Inc.,
Shiga, Japan) and primer. The data obtained was relative mRNA levels
normalized to GAPDH or f3-actin.

2.15. In vivo model establishment and drug administration

36 male C57BL/6 mice (6-8 weeks, 20-22 g, Animal Center of
Shandong University) were used in this research. The animals were
maintained under a 12 h day/night cycle with water and regular rodent
diet given ad libitum. All in vivo experiments complied with the rules of
Ethical Committee and Institutional Animal Care and Use Committee of
Shandong University. After one-week quarantine adaptation, above
mice were assigned to 6 groups randomly for different treatment: the
control group, the CS exposure group, the tBHQ group (40 mg/kg), the
dexamethasone (Dex) group (1 mg/kg), the low dose group of DHS
(2 mg/kg) and the high dose group of DHS (4 mg/kg). Dex, tBHQ and
DHS were dissolved with DMSO and further diluted with sterile water
to working concentration. Above mice, except those in the control
group (exposure to fresh air), were placed in a 18-L perspex chamber,
exposed to smoke generated from 5 cigarettes (the exposure to the
smoke of one cigarette was 6 min) with a 5 min smoke-free break be-
tween exposure to each cigarette. The fresh air was simultaneously
delivered into the chamber by a peristaltic pump with a rate of 2 L/min.
The mean total suspended particulate mass concentration in the
chamber was approximately 524 mg/m> recorded by a MicroDust
Monitor. CS-exposed mice had a carboxyhemoglobin (HbCO) level of
11.23% versus mice in control group with a HbCO level of 0.41%. The
exposures of mice to CS were performed for a total of 16 weeks (5 days/
week). The cigarettes are produced by Hongta Tobacco (group) Co.,
LTD, Yunnan, China, and the composition of one cigarette smoke were
1.0 mg nicotine, 11 mg CO, and 10 mg tar. The administration of DHS
was carried out via an intraperitoneal injection (i.p.) at doses of 2 and
4 mg/kg/d before CS exposure for a total of 16 weeks (4 days/week).
Dex (1 mg/kg) and tBHQ (40 mg/kg), as positive control drugs, were
given i.p. before CS exposure. Simultaneously, a same volume of vehicle
was administered to mice in the control group and CS exposure group in
the same way. The procedure for administration and CS exposure per
week has been displayed in Fig. 7A. During this period, the body weight
was measured every other week. 24 h after the last CS exposure, the
mice were executed via cervical dislocation. The lung tissues and
bronchoalveolar lavage fluid (BALF) were gathered for subsequent
analysis.

2.16. Collection and analysis of serum and BALF

Prior to mice execution, orbital blood was gathered, and subse-
quently centrifuged at 2500 rpm for 15 min. The supernatant of serum
was subjected to further analysis of cytokines. For the collection of
BALF, 1 mL of pre-cooled PBS was injected into trachea and retrieved
by a tracheal cannula three times after execution, and followed by
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centrifugation at 1500 rpm for 10 min. The supernatant of BALF was
subjected to subsequent cytokine analysis. Levels of cytokines, in-
cluding TNF-a, IL-6, and IL-1B were measured using ELISA Kkits
(Shanghai Enzyme-linked Biotechnology Co., Ltd, China) according to
the protocols of manufacturer.

2.17. Histopathological evaluation

The right lower lobes of lung tissues were immersed in 4% paraf-
ormaldehyde for 24 h, dehydrated and embedded in paraffin. Then, the
paraffin-embedded lung tissues were sliced into 4 pm sections. After
deparaffinization, the sections were stained with Masson's trichrome,
hematoxylin and eosin (H&E) or periodic acid schiff (PAS). The images
of sections were observed under 200 X magnification by BX53 + DP73
microscope system (Tokyo, Japan).

2.18. Analysis of lung homogenate

The lung tissues were weighed and homogenized in sterile physio-
logical saline solution (1 g of the tissue in 9 ml of physiological saline).
After centrifugation at 10,000 rpm for 10 min, the supernatant was
taken for the subsequent measurements. Protein concentrations were
detected using a BCA Protein Assay Kit (Beijing Com Win Biotech Co.,
Ltd., China), and the contents of GSH, and malondialdehyde (MDA)
were measured by commercial kits (Jiancheng Bioengineering Institute,
Nanjing, China). The levels of 8-0x0-7,8-dihydro-2’-deoxyguanosine (8-
0x0-dG) and transforming growth factor-p1 (TGF-B1) were detected by
ELISA kits (Shanghai Enzyme-linked Biotechnology Co., Ltd., China)
following the manufacturer's instructions.

2.19. Immunohistochemical analysis

The paraffin-embedded lung sections were deparaffinized with xy-
lene followed by rehydration in graded decreasing concentrations of
ethanol (100%, 100%, 85%, 75%, 0% and 0%). Antigen retrieval was
carried out using a pressure cooker in citrate buffer (pH 6). After rinsing
in PBS for 3 times, endogenous peroxidase blocker was added to the
sections to block endogenous peroxidase. Then the sections were
blocked with normal goat serum, exposed to primary antibodies against
Nrf2 (1:500), NF-xB p65 (1:500), TGF-p1 (1:500) and 8-0x0-dG (1:500)
overnight at 4 °C, and incubated with reaction enhancer and enzyme-
enhanced goat anti-mouse/rabbit IgG polymer at R.T. for 20 min, se-
quentially. Staining for visualization was executed with a DAB kit fol-
lowing the manufacturer's instructions. The sections were subsequently
counterstained with hematoxylin and dehydrated. After sealing with a
cover glass, the images of sections were observed under 200 X magni-
fication by BX53 + DP73 microscope system (Tokyo, Japan).

2.20. Statistical analysis

One way analysis of variance (ANOVA) and post hoc multiple
comparison Bonferroni test were used to determine the significant dif-
ference between two groups in cell-based assay. Kruskal-Wallis test and
subsequent Mann-Whitney U test were applied for statistical compar-
isons in vivo. Results are presented as the mean = SD. P < 0.05 was
considered to be significant.

3. Results
3.1. Identification of resveratrol analogues as potential Nrf2 activators

To find molecules with potent Nrf2 inducing properties, a chemical
synthesis and modification of resveratrol-based analogues has been
performed. Firstly, the substituents on two aromatic rings were changed
to give C2-linkage resveratrol analogues (A1-A6). Secondly, the two-
carbon chain linking the two aromatic rings in resveratrol was modified



T. Wang, et al.

to give C4-linkage (B1-B6) and C6-linkage (C1-C2) resveratrol analo-
gues (Fig. 1). Based on their capability of inducing ARE-luciferase ac-
tivity, we concluded that resveratrol analogues with 4,4’-dihydroxy
substituents on the two aromatic rings, exemplified by DHS (A3), B3
and C2, possessed potent Nrf2 inducing effect. Among them, DHS (A3)
is the most active molecule with 5.6-fold induction of ARE luciferase
activity at 2.5 pM, which is stronger than that of SF (2.6-fold induction
at 2.5 pM) (Fig. 1C). Therefore, DHS has been selected for the further
research on its mechanism and therapeutic potential against COPD.

3.2. DHS enhances intracellular antioxidant capacity in Beas-2B cells

We first evaluated the antioxidant capability of DHS by measuring
the effect on reduced GSH in normal lung epithelial Beas-2B cells. As
depicted in Fig. 2A, DHS dose-dependently upregulated the level of
intracellular reduced GSH, from 0.5 to 4 pM, demonstrating a more
potent antioxidant effect than that of SF. Furthermore, it was found that
the level of reduced GSH in cells treated by DHS gradually increased
from 1 h to 24 h (Fig. 2B). Since As(III) can induce overproduction of
ROS [22], we adopted a cell-based oxidative insult model to test the
antioxidant property of DHS. DHS (4 uM) significantly attenuated As
(IID-induced overproduction of ROS (Fig. 2C-D). Taken together, DHS
is able to upregulate the intracellular level of GSH, and inhibit toxicant-
induced oxidative stress.

3.3. DHS activates Nrf2-mediated defensive response in Beas-2B cells

The normal human lung epithelial Beas-2B cell line was used to
evaluate the capability of DHS on activation of Nrf2-mediated anti-
oxidant response. Consistent with the result observed in MDA-MB-
231 cells stably expressing ARE-luciferase (Fig. 1C), the transcriptional
activity of Nrf2 was also dose-dependently induced by DHS in an ARE
dual luciferase assay (Fig. 3A). We determined the mRNA levels of Nrf2,
Keapl, NQO1, and GCLM in Beas-2B cells in response to DHS treatment
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using qRT-PCR. DHS had no impact on the mRNA levels of Nrf2 and
Keapl, but upregulated the NQO1 and GCLM levels (Fig. 3B). As ex-
pected, the protein levels of Nrf2 and its regulated genes, NQO1 and
GCLM, dose-dependently increased after exposure of cells to DHS for
16 h (Fig. 3C and S2). Next, the time dependent activation of Nrf2 by
DHS was conducted. As depicted in Fig. 3D, the protein level of Nrf2 in
cells treated by DHS increased as early as 1 h, reached the maximum
level at 8 h, and then gradually decreased to the basal level. While the
protein levels of NQO1 and GCLM demonstrated sustained upregulation
up to 48 h and 24 h, respectively. Translocation of Nrf2 into nucleus is
essential for activation of Nrf2-mediated defensive response, and thus
Nrf2 nuclear translocation was determined by immunofluorescence and
immunoblot assays. DHS evidently promoted Nrf2 nuclear accumula-
tion (Fig. 3E), which was further confirmed by Nrf2 protein level in the
cytoplasmic and nuclear fractions (Fig. 3F). More importantly, the po-
tency on induction of the transcription, as well as mRNA and protein
expressions of Nrf2 by DHS at doses of 0.5 and 1 uM was comparable to
that of SF at 2.5 uM (Fig. 3A-B and S2), suggesting that DHS is more
active than the positive control SF. Taken together, DHS is a potent
activator which induces expression of Nrf2 target genes by upregulation
of Nrf2 at the protein level in Beas-2B cells.

3.4. DHS blocks Nrf2 ubiquitylation and activates Nrf2 in a Keap1-Cys151-
dependent manner

The possible mechanism for activation of Nrf2 by DHS was in-
vestigated targeting Keapl-mediated ubiquitylation and 26S protea-
some-mediated degradation. As displayed in Fig. 4A, DHS (4 uM) sig-
nificantly blocked ubiquitylation of Nrf2. Accordingly, analysis of the
half-life of endogenous Nrf2 protein indicated that it was 13.1 min
under the basal condition, and increased to 35.2 min in response to DHS
treatment (Fig. 4B). Thus, DHS increased Nrf2 protein stability by
suppressing Nrf2 ubiquitylation. DHS-induced suppression of Nrf2
ubiquitylation might be related to the interruption of Nrf2-Keapl
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Fig. 2. DHS enhances intracellular antioxidant capacity in Beas-2B cells. (A-B) DHS upregulated the level of intracellular reduced GSH. For A, cells were
exposed to the indicated doses of DHS for 24 h, and SF (5 uM) was used as a positive control. For B, cells were exposed to DHS (4 uM) and collected at indicated time.
(C-D) DHS attenuated As (Il)-induced overproduction of ROS. For C, Beas-2B cells were exposed to 5 uyM As (III) for 10 h after 4 uM DHS pretreatment or
untreatment for 8 h. For D, Beas-2B cells were exposed to 5 pM As (III) for 16 h after 4 pM DHS pretreatment or untreatment for 8 h. The level of ROS was determined
using the ROS detection kits. The scale bar was 20 pm. Results are expressed as mean * SD (n = 3). #p < 0 05 treated versus control; #p < 0.05 treated versus As
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protein-protein interaction (PPI). To test the function of DHS on it, Immunoprecipitation showed that the ratio of Nrf2 to Keapl decreased
Beas-2B cells transfected with Nrf2 and Keapl plasmids, were treated with the DHS treatment, suggesting that DHS interrupted the Nrf2-
with DHS, and the cell lysates were immunoprecipitated with anti- Keapl PPI (Fig. 4C). Since Keapl contains many cysteine residues
Keapl antibody and blotted with anti-Nrf2 and anti-Keapl bodies. As which bears high-reactive sulfhydryl groups, Nrf2 activators can react
observed in Fig. 4C, DHS treatment increased the Nrf2 protein level, with these cysteines by covalent bonds, produce an alteration of Keapl
and has no effect on the Keapl protein expression. conformation, and promote the release of Nrf2 from Keapl. Among
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Fig. 4. DHS blocks Nrf2 ubiquitylation and activates Nrf2 in a Keap1l-Cys151-dependent manner. (A) DHS inhibited Nrf2 ubiquitination. The Nrf2, Keapl,
hemagglutinin (HA)-ubiquitin, and vector plasmids were cotransfected into cells. The transfected cells were exposed to 4 uM DHS or 2 uM positive control drug SF,
together with MG132 (10 uM) for 6 h, and then collected cells and performed immunoblot analysis and immunoprecipitation analysis. (B) DHS extended the half-life
of Nrf2. Beas-2B cells were pretreated with or without 4 pM DHS for 8 h, and then exposed to 50 uM CHX. Protein lysates were collected at 0, 10, 20, 30, 40 min, and
were subjected to immunoblot analysis. (C) DHS interrupted interaction between Keapl and Nrf2. Beas-2B cells transfected with Nrf2 and Keapl plasmids were
treated with 2 M and 4 uM DHS or 2 pM SF for 12 h, together with MG132 (10 uM) for 6 h, and then collected cells and performed immunoblot analysis and
immunoprecipitation analysis. (D-F) DHS increased level of Nrf2 protein in a Keapl-Cys151-dependent manner. The Keapl-siRNA, together with wild-type Keapl
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*p < 0 05 Keapl-mutated vs. Keapl-WT.

these cysteine residues, Cys151, Cys273 and Cys288 play a vital role for and displaced with wild-type Keapl (Keapl-WT) or mutated Keapl
Keapl-dependent activation of Nrf2. Herein, we investigated the po- (Keapl-C151S, Keapl-C273S, and Keapl-C288S) by transfection. As
tential reaction between DHS and these three high-reactive cysteines. shown in Fig. 4D-F, similar to SF, DHS upregulated the protein level of
Cells were transfected with Keapl-siRNA to silence endogenous Keapl Nrf2 in the cells transfected with Keapl-WT, Keap1-C273S, and Keap1-
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C288S. However, increased level of Nrf2 protein by DHS or SF treat-
ments was prevented in the cells transfected with Keap1-C151S. Col-
lectively, these data implies that DHS activates Nrf2 through blocking
Nrf2 ubiquitylation and reacting with Cys151 cysteine in Keapl pro-
tein.

3.5. DHS inhibits LPS-stimulated inflammatory response in RAW
264.7 cells

The potential inhibitory effect of DHS against inflammatory
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response was investigated using a LPS-stimulated inflammatory model
in RAW 264.7 macrophages. The proinflammatory mediators (e.g. NO,
IL-6, IL-1f3, TNF-a, iNOS, MMP-9 and COX-2) which are involved in the
inflammatory response of COPD, have been determined. DHS dose-de-
pendently inhibited LPS-induced overproduction of NO from the dose of
0.2 pM, and no cytotoxicity was observed below the doses of 3.12 uM
(Fig. 5A). The doses <2 puM were selected for the subsequent bioassay.
Immunoblot analysis indicated that DHS suppressed LPS-stimulated
overexpression of COX-2 and iNOS (Fig. 5B). As depicted in Fig. 5C-E,
DHS reverted LPS-stimulated upregulations of IL-6, IL-1f3, and TNF-a,
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Fig. 5. DHS inhibits LPS-stimulated inflammatory response in RAW 264.7 cells. (A) DHS inhibited LPS-induced overproduction of NO. RAW cells were exposed
to indicated concentrations of DHS or Didox (100 uM), together with LPS (1 ug/mL) for 24 h. NO levels in supernatant were analyzed using Griess reagent. (B) DHS
reverted LPS-stimulated activation of iNOS and COX-2 in the protein levels. Cells were pretreated with specified doses of DHS for 1 h, followed by cotreatment with
DHS and LPS (1 pg/mL) for additional 16 h. (C-E) DHS reverted LPS-stimulated upregulations of IL-6, IL-1f3, and TNF-a. The contents of cytokine in the culture media
were measured with ELISA kits. (F-K) DHS blocked LPS-stimulated increase of proinflammatory mediators in mRNA levels. RAW cells were pretreated with varying
concentrations of DHS for 1 h, followed by cotreatment with DHS and LPS (1 pg/mL) for additional 16 h. The mRNA contents were examined with RT-PCR. Results
are expressed as mean = SD (n = 3). xp < 0 05 treated versus control; #p < 0.05 treated versus LPS-treated alone.
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which were detected by ELISA. Furthermore, we measured the mRNA
levels of IL-6, IL-1p, TNF-a, iNOS, MMP-9 and COX-2 in response to LPS
stimulation in the presence or absence of DHS by qRT-PCR. LPS-sti-
mulated increases of these proinflammatory mediators have been dose-
dependently blocked (Fig. 5F-K). Therefore, these results definitely
support that DHS inhibits LPS-induced inflammatory response in
RAW264.7 cells in vitro.

3.6. DHS inhibits LPS-stimulated activation of NF-kB in RAW 264.7 cells

Since NF-xB is a key regulator of inflammatory response and in-
volved in the regulation of proinflammatory mediators (e.g. IL-6, IL-13,
TNF-a, iNOS, MMP-9 and COX-2), we determined the effect of DHS on
NF-kB pathway. DHS inhibited LPS-stimulated NF-kB transcription in
the dual luciferase assay (Fig. S3). Exposure of cell to LPS gave rise to
upregulations of NF-kB p65 and P-p65 protein levels, and a decrease of
IkBa protein level (Fig. 6A). However, the protein levels of NF-xB p65
and P-p65 decreased in a dose-dependent manner when cells were
treated by DHS (Fig. 6A). As expected, the protein level of LPS-stimu-
lated decrease of IkBa was dose-dependently reverted by DHS. When
cells are exposed to stimuli (e.g. LPS), NF-kB p65 escapes from IkB-a,
translocates to the nucleus, and activates the inflammation-related
genes. As depicted in Fig. 6B, NF-xB p65 subunit accumulated in the
nuclear after exposure to LPS, while DHS suppressed the process of its
nuclear translocation, which was further confirmed by measuring the
protein level of NF-kB p65 in nucleus and cytoplasm (Fig. 6C). Thus,
these results indicate that DHS is able to inhibit NF-kB-mediated in-
flammatory response in RAW 264.7 cells.

3.7. DHS alleviates CS-induced pulmonary pathological impairment and
fibrosis

To investigate the potential prevention and therapy of DHS against
COPD, a CS-induced pulmonary impairment mice model has been es-
tablished. During sixteen weeks' exposure, the body weights and the
food intake of mice in control group are higher than that of mice ex-
posed to CS, and no significant difference were observed in the mice
cotreated with CS and DHS, tBHQ, and Dex (Fig. S4). After sixteen
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weeks’ exposure, the lung tissues were collected and subjected to ana-
lysis (Fig. 7A). HE and PAS staining indicated that the lungs in mice
exposed to CS alone demonstrated typical features for pathological al-
terations and inflammatory response, including thickening of the al-
veolar septa, proliferation of fibroblasts, hyperplasia of pneumocytes,
distinct infiltration of leukocytes, and goblet cell hyperplasia in peri-
bronchial and perivascular areas (Fig. 7B-C). Similar with the positive
control tBHQ and Dex, DHS treatment evidently attenuated CS-induced
inflammatory response and pathological changes (Fig. 7B-C). Masson
staining indicated that CS-induced pulmonary fibrosis could be alle-
viated by DHS treatment (Fig. 7D). Activation of TGF-P1 is a key me-
chanism for the lung fibrosis, and we determined the content of TGF-f1
in lung tissues using IHC staining and ELISA. Exposure to CS led to a
significant increase of TGF-B1 in the lung tissue. However, CS-induced
upregulation of TGF-B1 has been evidently inhibited by DHS, tBHQ,
and Dex treatments (Fig. 7E-F). Therefore, these results indicate that
DHS alleviates CS-induced pulmonary pathological impairment and fi-
brosis.

3.8. DHS relieves CS-induced pulmonary oxidative insults via activation of
Nrf2

Activation of Nrf2-mediated antioxidant response and oxidative
insults in the lung tissue were determined to verify the beneficial effect
of DHS against CS-induced pulmonary oxidative damages. The protein
level of Nrf2 and its target gene NQO1 slightly increased after exposure
to CS, suggesting that Nrf2-mediated antioxidant response was induced
by oxidants from CS and CS-stimulated inflammatory cells (Fig. 8A).
Consistent with the results of study in vitro (Fig. 3C), treatment with
DHS markedly upregulated the protein expressions of Nrf2 and NQO1
as measured by immunoblot analysis (Fig. 8A) and im-
munohistochemistry (IHC) (Fig. 8B). Accordingly, DHS treatment en-
hanced production of endogenous antioxidant GSH (Fig. 8C). Im-
portantly, DHS significantly reduced CS-induced oxidative damage in
the lung, as measured by the levels of MDA in the lung tissue (Fig. 8D).
Next, ELISA and IHC analysis for 8-0x0-dG in lung were performed to
evaluate CS-induced oxidative DNA damage. As depicted in Fig. 8E and
F, CS-induced enhancement of 8-0x0-dG content and its staining were

Fig. 6. DHS inhibits NF-kB-mediated in-
flammatory response in RAW 264.7 cells.
(A) DHS reverted LPS-stimulated activation
of NF-kB p65, IkBa and P-p65 in the protein
levels. Cells were pretreated with specified
doses of DHS for 1 h, and followed by co-
treatment with DHS and LPS (1 pg/mL) for
additional 3 h. (B-C) DHS suppressed the
LPS-stimulated NF-xB p65 nuclear translo-
cation. Cells were exposed to 2 pM DHS for
1 h, followed by cotreatment with DHS and
LPS (1 pg/mL) for additional 3 h, and then
were subjected to fluorescence staining (B)
and nuclear and cytoplasmic protein ex-
traction (C). Results are expressed as
mean * SD (n = 3). xp < 0 05 treated
versus control; #p < 0.05 treated versus
LPS-treated alone.
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significantly inhibited by DHS treatment. Collectively, these data imply
that DHS activates Nrf2-mediated antioxidant response, and relieves
CS-induced pulmonary oxidative insults in vivo.

3.9. DHS attenuates CS-induced pulmonary inflammation via inhibition of
NF-kB

Inhibition of NF-kB-mediated inflammatory response in the lung
tissue was tested to confirm the beneficial effect of DHS against CS-
induced pulmonary inflammation. Immunoblot analysis indicated that
CS-induced upregulation of P-NF-kB p65 protein expression could be
evidently reverted by DHS, tBHQ, and Dex (Fig. 9A). As expected, this
result was further confirmed by IHC analysis of NF-kB p65 in lung tissue

11

(Fig. 9B). Next, we determined the levels of proinflammatory media-
tors, including TNF-a, IL-6, and IL-1f, in BALF (Fig. 9C-E) and serum
(Fig. 9F-H) using ELISA. Mice receiving CS exposure alone had a
greater degree of inflammatory response as shown by the significantly
increased levels of TNF-a, IL-6, and IL-1f in BALF and serum
(Fig. 9C-H). Importantly, DHS administration alleviated CS-induced
increases of these three pro-inflammatory mediators. Collectively, these
data suggest that DHS attenuates CS-induced pulmonary inflammatory
response via inhibition of NF-kB.

4. Discussion

Interest in resveratrol has been kept and renewed for a long time,
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Fig. 8. DHS relieves CS-induced oxidative insults via activation of Nrf2. (A-B) DHS upregulated the levels of Nrf2 and NQO1 in the lung tissue. For A, the protein
extraction was analyzed by immunoblot analysis. For B, the expression of Nrf2 in lung tissue was determined using IHC staining. (C) DHS enhanced production of
reduced GSH. The contents of GSH in the lung homogenate were measured by reduced GSH kits. (D) DHS reverted CS-induced increase of MDA. The contents of MDA
in the lung homogenate were measured by MDA kits. (E-F) DHS inhibited CS-induced enhancement of 8-oxo-dG. The content of 8-oxo-dG in lung tissues was

determined using IHC staining (E) and ELISA (F). Results are expressed as mean

since its diverse biological functions of chemoprevention, cardiopro-
tection, prolongation of lifespans of lower organism, and so on [23,24].
A growing body of evidence in vivo demonstrated the beneficial effects
of resveratrol against human diseases, and some clinical trials have
been performed for oral resveratrol against cancer [15]. However, its
poor bioavailability definitely limited its medical application. For in-
stance, the effective doses commonly used were 10-50 uM for different
cell-based assays [25], 5-100 mg per kg for various mice models
[26,27], and 7.5 g per day for the clinical trial [15]. Therefore, plenty of
researches have been performed to discovering resveratrol analogues
with potent efficiency and good bioavailability, and accordingly to in-
crease its feasibility to be developed as a clinical drug. A battery of
literature reported that resveratrol exerted endothelium protective
[18], cardioprotective [28], anti-inflammatory [19], and antioxidant
properties [29], because of its capability of inducing Nrf2 signaling
pathway. Herein, we verified that resveratrol is a weak Nrf2 inducer
(Fig. S1). To improve its capability of activating Nrf2, a series of re-
sveratrol analogues were prepared and subjected to biological in-
vestigation. DHS is a stilbene-type molecule with anti-tumor effect
verified by previous researches, and has been isolated from the bark of
Yucca periculosa [30-32]. In the present research, the Nrf2 inducing
effect of DHS was firstly identified. Similar to its parent compound
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SD (n = 3). #p < 0 05 treated versus control; #p < 0.05 treated versus CS.

resveratrol, DHS possesses a poor bioavailability, which could be evi-
dently improved by pharmaceutical techniques (e.g. solubilization via
adding hydroxypropyl-B-cyclodextrin) [33]. Importantly, DHS was
more potent than the well-known Nrf2 activator SF, and displayed an
approximately > 10-fold increase of Nrf2-inducing effect than that of
resveratrol, with a minimum effective dose of 130 nM (Fig. 1A, C, 3A-B,
S1 and S2). High potency of DHS might improve its opportunity to
become a clinically used drug. Therefore, our resveratrol-based che-
mical modification leads to the finding a potent Nrf2 activator DHS,
which might be a promising agent against human diseases.

There is a driving need to develop preventive and therapeutic agent
against COPD targeting its pathological process. Oxidative stress, in-
flammatory response, protease-antiprotease imbalance and their inter-
action have been found to be related to the onset and progression of
COPD [34]. Our experiments in vitro indicated that DHS enhanced an-
tioxidant capacity and protected cells against toxicant-induced oxida-
tive stress (Fig. 2). Nrf2 is released from Keapl and translocates into the
nucleus, and activatescytoprotective genes in response to oxidants,
toxicants or inducers [5]. We have observed that DHS promoted Nrf2
nuclear translocation (Fig. 3E and F), activated Nrf2-regulated defen-
sive response via suppressing its Keapl-mediated Nrf2 ubiquitination
and degradation of Nrf2, and thus enhancing Nrf2 protein stabilization
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Fig. 9. DHS attenuates CS-induced inflammation via inhibition of NF-kB. (A-B) DHS blocked CS-induced upregulation of NF-kB p65 and P-p65 in the lung tissue.
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alleviated CS-induced increases of IL-6, IL-1f3, and TNF-a. The levels of proinflammatory mediators in BALF (C-E) and serum (F-H) were measured by ELISA kits.

Results are expressed as mean +

(Fig. 4A and B). Modification of Keapl reactive cysteine residues is an
important mechanism for Nrf2 activation, and Cys151, Cys273, and
Cys288 have been found to be essential for regulating Nrf2 degradation
[35-38], implying that these cysteines are sensor sites for Nrf2 acti-
vators. Similar to the induction of Nrf2 by SF is highly dependent on
Cys151 of Keapl [39], we have identified Cys151, but not Cys273 and
Cys288 as a site of Keapl DHS reaction (Fig. 4D-F). In addition, DHS
evidently inhibited LPS-stimulated inflammatory response in vitro, and
the redox-sensitive NF-xB and pro-inflammatory mediators (e.g. IL-6,
IL-1B, TNF-a, iNOS, MMP-9 and COX-2), that were involved in the
pathological process of COPD, have been suppressed in mRNA or pro-
tein levels (Figs. 5 and 6). Our observations in bioassay in vitro verified
that DHS was a molecule with potent inhibitions against oxidative
stress and inflammatory response. Given the vial roles of oxidative
stress and inflammatory response in onset and progression of COPD,
DHS deserves to be sufficiently investigated using a COPD model in vivo.

Cigarette smoke (CS) contains high contents of free radicals and
oxidants, and is through to be the predominant cause of COPD and lung
cancer worldwide [1]. Hence, we used a CS-induced pulmonary im-
pairment mice model to evaluate the protective effect of DHS [40]. It
has been well documented that CS exposure causes damage of epithelial
cells, stimulates productions of pro-inflammatory mediators, and in-
duces infiltration and activation of neutrophils and macrophages
[41,42]. These two types of inflammatory cells can release endogenous
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SD (n = 3). #p < 0 05 treated versus control; #p < 0.05 treated versus CS.

ROS and reactive nitrogen species (RNS) to aggravate oxidant burden,
and generate excessive elastase and metalloproteinases (MMPs) to fa-
cilitate destruction of alveolar walls. In our established CS-induced
pulmonary impairment model group, excessive respiratory oxidative
stress, and inflammatory response verified by the increased levels of
oxidant biomarkers MDA and 8-oxo-dG, as well as upregulated ex-
pressions of pro-inflammatory mediators (e.g. IL-6, IL-1f3, TNF-a), have
been observed (Fig. 8D-F and 9C-H). Meanwhile, we have also detected
the respiratory pathological alterations induced by CS, exemplified by
infiltration of leukocytes, and proliferation of fibroblasts (Fig. 7B-D).
DHS at concentrations of 2 and 4 mg/kg significantly alleviated CS-
induced pathological changes (Fig. 7B-D), suggesting that DHS was a
potential agent for the prevention of pulmonary impairment.

The protein level of Nrf2 and its target gene NQO1 slightly in-
creased after exposure to CS (Fig. 8A-B). Compared with the control
group, no evident changes of the intracellular antioxidant GSH level in
CS-treated group has been detected (Fig. 8C). It is rational that Nrf2-
mediated antioxidant response is induced to counteract the insults
caused by exposure to CS. However, CS-induced upregulation of Nrf2-
mediated antioxidant response could not efficiently prevent the im-
pairment because of low basal level of Nrf2 in the lung. When the mice
were administrated with DHS, there was a sharp increases of Nrf2,
NQO1, and GSH (Fig. 8A-C), which significantly attenuated CS-induced
oxidative stress and lung impairment. It has been observed that CS
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exposure gave rise to decreases of body weight and food consumption,
however, induction of Nrf2 by DHS did not alleviate the loss of body
weight and food consumption (Fig. S4). Besides these tested proteins
and enzymes, combined activation of the Nrf2-mediated defensive
system, covering intracellular antioxidant enzymes and phase II de-
toxifying enzymes (e.g. GCLM, NOQ1, HO-1), and many other cyto-
protective proteins, may contribute to the DHS-mediated protection
against CS-stimulated pulmonary impairment in mice model.

Literature reported that CS was a potent stimulator of NF-«B in the
lung, and stimulated inflammatory response by NF-kB-dependent pro-
duction of inflammatory mediators [43]. These inflammatory mediators
are involved in CS-induced ongoing inflammatory response, and lead to
parenchymal tissue destruction (resulting in emphysema) and disrupted
normal repair and defense mechanisms (resulting in small airway fi-
brosis) [1]. When NF-kB is activated by CS exposure, IL-6 and IL-1f is
overproduced by innate immune system cells (e.g. macrophages, neu-
trophils, and B lymphocyte), and significantly increased compared with
non-smokers [44]. TNF-a level is raised in sputum of COPD patient, and
a positive correlation between the level of TNF-a and the severity of
COPD has been observed [45]. TNF-a enhances inflammatory response
and induces IL-8 and other chemokines in airway cells. MMP-9 is a
protease, and overexpressed by alveolar macrophages in the COPD
patients [46]. It is able to damage connective tissue in the lung par-
enchyma to give emphysema. The potent fibrosis inducer of TGF-p1 is
highly expressed in epithelium cells and macrophages of small airways
in COPD patient [47]. Furthermore, TGF-f1 can stimulate MMP-9, and
MMP-9 regulates proteolysis of TGF-$1 binding protein, which could be
a mechanism for physiological release of TGF-1 [48]. Increased levels
of MMP-9 and TGF-B1 form a positive cycle and aggravate the em-
physema and fibrosis. Given their biological functions, inhibitions of
these proinflammatory mediators have been regarded to be effective
strategy for the therapy of COPD [13]. Herein, our results indicate that
DHS inhibits these inflammatory mediators, covering IL-6, IL-1(3, TNF-
a, MMP-9, and TGF-f1, in the bioassay in vitro or in vivo.

Besides regulation on oxidative stress, Nrf2 is able to suppress the
inflammatory response. Nrf2-deficiency gives rise to an exacerbation of
inflammation-related diseases verified by the experiments in vivo
[8,49,50]. It is well-recognized that Nrf2-mediated upregulation of
antioxidant enzymes, and increased ability of eliminating ROS is the
predominant molecular mechanism of Nrf2-associated anti-in-
flammatory property [51-53]. Therefore, there is a negative regulation
of Nrf2 on inflammatory mediators in a ROS-independent manner.
More interestingly, a recent study indicated that Nrf2 suppressed ex-
pressions of proinflammatory cytokine genes (e.g. IL-6 and IL-1f)
through the ROS-independent transcriptional inhibition [54]. Nrf2 can
bind to the proximity of proinflammatory genes and suppress their RNA
polymerase II recruitment. Based on these findings, relief of CS-induced
damage might be also related to the inhibitions of Nrf2 on the ex-
pressions of IL-6, IL-1f3, TNF-a, iNOS, MMP-9, and COX-2.

Taken together, our findings indicate that the synthetic resveratrol
analogue DHS potently inhibits oxidative stress through activating Nrf2
pathway. Furthermore, DHS effectively suppresses inflammatory re-
sponse via inhibiting NF-kB. More importantly, an in vivo study de-
monstrates the feasibility of preventing CS-induced pulmonary im-
pairment by administration of DHS. On the basis of these promising
results, a detailed pharmacokinetic and pharmacodynamic investiga-
tion of DHS should be performed to evaluate its bioavailability and
druggability.
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