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ARTICLE INFO ABSTRACT

Abundant natural flavonoids can induce nuclear factor-erythroid 2 related factor 2 (Nrf2) and/or AMP-activated
protein kinase (AMPK) activation, which play crucial roles in the amelioration of various inflammation- and
oxidative stress-induced diseases, including acute lung injury (ALI). Xanthohumol (Xn), a principal prenyl-
flavonoid, possesses anti-inflammation and anti-oxidant activities. However, whether Xn could protect from
LPS-induced ALI through inducing AMPK/Nrf2 activation and its downstream signals, are still poorly
elucidated. Accordingly, we focused on exploring the protective effect of Xn in the context of ALI and the
involvement of underlying molecular mechanisms. Our findings indicated that Xn effectively alleviated lung
injury by reduction of lung W/D ratio and protein levels, neutrophil infiltration, MDA and MPO formation, and
SOD and GSH depletion. Meanwhile, Xn significantly lessened histopathological changes, reactive oxygen
species (ROS) generation, several cytokines secretion, and iNOS and HMGB1 expression, and inhibited Txnip/
NLRP3 inflammasome and NF-kB signaling pathway activation. Additionally, Xn evidently decreased t-BHP-
stimulated cell apoptosis, ROS generation and GSH depletion but increased various anti-oxidative enzymes
expression regulated by Keapl-Nrf2/ARE activation, which may be associated with AMPK and GSK3(
phosphorylation. However, Xn-mediated inflammatory cytokines and ROS production, histopathological
changes, Txnip/NLRP3 inflammasome and NF-kB signaling pathway in WT mice were remarkably abrogated
in Nrf27/" mice. Our experimental results firstly provided a support that Xn effectively protected LPS-induced
ALI against oxidative stress and inflammation damage which are largely dependent upon upregulation of the
Nrf2 pathway via activation of AMPK/GSK3p, thereby suppressing LPS-activated Txnip/NLRP3 inflammasome
and NF-xB signaling pathway.
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1. Introduction Numerous neutrophils influx into the lungs which not only results in

the release of uncontrolled inflammatory cytokines, but also leads to

Acute lung injury (ALI) and its more serious form, respiratory
distress syndrome (ARDS), are regarded as an acute and severe
inflammatory process existing in lungs which results from various
direct and indirect insults, and still remain high mortality rates [1,2].
Furthermore, increasing evidence shows that oxidative stress is recog-
nized as key lung injury pathways affecting the severity of ALI [3].
Inflammation and oxidative stress are considered for an extremely
related event, which involved in the pathological process of ALI [4-6].
Accordingly, focusing on the inhibitory of inflammation and/or oxida-
tive stress may be potential strategies for the prevention and treatment
of ALL

Lipopolysaccharide (LPS), derived from the outer membranes of
Gram-negative bacteria, exposure to lung elicits many macrophages
activation and inflammatory cells leakage, especially neutrophils [7,8].
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the formation of reactive oxygen species (ROS) and oxidative stress
[3,9]. It is of considerable interest that multiple signal pathways are
activated or inhibited, which is strongly associated with regulation of
inflammatory responses and oxidative stress in process of LPS-induced
ALIL Indeed, previous reports have showed that LPS can activate
nuclear factor-kappa B (NF-kB), a key nuclear transcription factor that
plays a vital role in regulation of inflammation and immune responses
[10]. Under physiological condition, heterodimers of NF-kB compo-
nents, mainly p50/p65, remain in the cytoplasm in an inactive form
through their linkage to an inhibitor of kB (IxkB) protein [11]. Once
activated, however, IkB is phosphorylated by IkB kinase (IKK) and is
rapidly degraded, which subsequently dissociates from NF-kB, en-
abling NF-xB dimers to enter the nucleus and regulate various
inflammatory mediators, including tumor necrosis factor-a (TNF-a),
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interleukin-1p (IL-1p), IL-6, inducible nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2) [12]. Moreover, high mobility group
box 1 (HMGB1), a late inflammatory cytokine, promotes lung vascular
hyperpermeability in ventilator-induced lung injury [13]. Importantly,
release of these pro-inflammatory cytokines result in the activation of
peripheral polymorphonuclear neutrophils (PMNs) and its over-activa-
tion further aggravates inflammatory responses and induces oxidative
stress [14], the primary sources of which are respiratory burst and
degranulation. Oxidative stress leads to overproduction of ROS,
myeloperoxidase (MPO) and malondialdehyde (MDA) formation and
decreases expression of anti-oxidative enzymes, such as superoxide
dismutase (SOD) and reduced glutathione (GSH), protecting lung
tissues against oxidative damage in vivo [15]. Intriguingly, increasing
evidences shows that thioredoxin-interacting protein (Txnip) is im-
portant point linkage oxidative stress to inflammation. In response to
ROS, Txnip detaches from thioredoxin (Trx), which is composed of two
isoforms, including the cytosolic Trx-1 and mitochondrial Trx-2, and
binds to nucleotide-binding domain-like receptor protein 3 (NLRP3),
resulting in NLRP3 inflammasome activation [16,17]. Activation of
NLRP3 inflammasome, including NOD like receptor, NLRP3 protein,
the adaptor ASC protein and caspase-1, result in the maturation and
release of pro-inflammatory cytokines, IL-13 and IL-18 which also
plays a significant role in the development of ALI [18,19].

Nuclear factor-erythroid 2 related factor 2 (Nrf2) plays a crucial
role in the amelioration of various inflammatory- and oxidative
stress-induced diseases, such as chronic obstructive pulmonary
disease (COPD), ALI and asthma [20,21]. Under unstressed con-
ditions, Nrf2 is bound to Keap1 (Kelch-like ECH-associated protein
1, its repressor protein) in the cytoplasm and degraded through the
ubiquitin-proteasome pathways. Upon exposure to stressors and
inducers, however, the release of Nrf2 from Keap1 translocates into
the nucleus to result in the expression of various cytoprotective
genes, such as the glutamate-cysteine ligase modifier (GCLM), the
catalytic (GCLC) subunit, heme oxygenase-1 (HO-1), NAD (P) H:
quinone oxidoreductase (NQO1) and Trx, dependent upon binding
to conserved antioxidant response elements (AREs) [22,23]. In this
process, AMP-activated protein kinase (AMPK) mediates inactiva-
tion of glycogen synthase kinase 3 (GSK3p) to increase nuclear
accumulation of Nrf2 [24]. AMPK, which is a key energy sensor of
cellular metabolism, involves in metabolic stress, including
neurodegeneration, inflammation, and oxidative stress [25].
Furthermore, emerging evidence indicates that AMPK, as a nega-
tive modulator of inflammatory responses, plays protective roles in
a LPS-induced mouse model of ALI [26]. Taken together, to inhibit
NF-kB and Txnip/NLRP3 inflammasome activation or/and to
activate AMPK and Nrf2 signaling pathway may contribute to
anti-oxidant and anti-inflammatory for the attenuation of ALI.

To date, abundant reports have revealed that consumption of
natural flavonoids is essential for the prevention of diseases
particularly resulted from inflammation and oxidative stress, such
as ALI [27]. Xanthohumol (2, 4’, 4-trihydroxy-6’-methoxy- 3’-
prenylchalcone, Xn: Fig. 1A), the principal prenylflavonoid that
exists mainly in the hop plants (Humulus lupulus L.), is exploited
for preserving and flavoring beer which has been attracted con-
siderable attention because of its various biological activities,
including anti-inflammatory and antioxidant properties [28].
Furthermore, recent studies also uncovered that Xn can positively
regulate AMPK activity contributing to activate Nrf2 antioxidative
signaling pathways, suggesting that it effectively improved oxida-
tive-stress-induced cell injury [29,30]. Up to now, however, little is
known about the protective effect of Xn against LPS-induced
damage in vitro or in vivo. Consequently, we investigated the
protective effect of Xn on LPS-induced ALI and the mechanisms
related to inflammation and oxidative stress associated with the
regulation of AMPK/GSK3{3-Nrf2 axis.
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2. Materials and methods
2.1. Reagents and chemical

Xanthohumol (Xn), purity >98%, was provided by the Chengdu
Herbpurify CO., LTD (Chengdu, China). LPS (Escherichia coli 055:B5)
and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Compound C and Brusatol (specific inhibitors of
the AMPK, and Nrf2, respectively), and tert-butyl hydroperoxide (t-
BHP) were offered by Sigma-Aldrich (St. Louis, MO). Penicillin and
streptomycin, Fetal bovine serum (FBS) and Dulbecco's modified
Eagle's medium (DMEM) were acquired from Invitrogen-Gibco
(Grand Island, NY). Antibodies against Nrf2, Keapl, GCLC, HO-1,
NQO1, GCLM, Trx-1, Txnip, NLRP3, casapase-1, ASC, IL-1f, Lamin B
and B-actin were supplied by Cell Signaling (Boston, MA, USA) or
Abcam (Cambridge, MA, USA). The Annexin V fluorescein isothiocya-
nate (FITC)/Propidium Iodide (PI) apoptosis kit were offered from
Beyotime Institute of Biotechnology (Jinlin, China). In addition, GSH,
MDA, SOD and MPO test kits were obtained from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). All other chemicals were
offered by Sigma-Aldrich (St. Louis, MO, USA), if not otherwise
indicated.

2.2. Animals

Wild-type (WT) and Nrf2~/~(knockout) C57BL/6 mice were pur-
chased from Liaoning Changsheng Technology Industrial Co., LTD
(Certificate SCXK2010-0001; Liaoning, China) and The Jackson
Laboratory (Bar Harbor, ME, USA), respectively. All animals were
raised under SPF-condition after feeding for several days. All studies
were in accordance with the International Guiding Principles for
Biomedical Research Involving Animals, which was published by the
Council for the International Organizations of Medical Sciences.

2.3. Experimental protocol

WT mice were randomly divided into six groups: Control (saline
+0.5% DMSO), Xn only (50 mg/kg, dissolved in 0.5% DMSO), LPS only
(0.5 mg/kg, dissolved in saline), Xn (10 or 50 mg/kg)+LPS, and
dexamethasone (Dex, as a positive drug, 5 mg/kg dissolved in
saline)+LPS. In addition, Nrf2”/~ mice were randomly divided into four
groups: Control (saline+0.5% DMSO), Xn only (50 mg/kg, dissolved in
0.5% DMSO), LPS only (0.5 mg/kg, dissolved in saline), Xn (50 mg/
kg)+LPS. In briefly, Xn (10 or 50 mg/kg) and Dex (5 mg/kg) were
administered intraperitoneally. After 1 h, the mice were anesthetized
with diethyl ether, and LPS was administered intranasally (i.n.) to
induce lung injury. After LPS administration for 12 h, the animals were
euthanized by CO, asphyxiation. Subsequently, lung tissue samples
and the bronchoalveolar lavage fluid (BALF) were collected and used
for hematoxylin and eosin (H & E) staining, Western blot assay,
enzyme-linked immunosorbent assay (ELISA) and flow cytometry
assay.

2.4. Cell counting and protein concentration assay in
bronchoalveolar lavage fluid (BALF)

After LPS challenge for 12 h, all mice were euthanized for collecting
their BALF. The BALF samples were centrifuged to pellet the cells,
lysed by ACK Lysis Buffer for 5 min, washed twice with ice-cold PBS
and collected, and then again centrifuged for another 5 min, 4 °C.
Subsequently, the sedimented cells were resuspended in PBS to obtain
the total counts of cells, neutrophils and macrophages were counted
using a hemocytometer, and the Wright-Giemsa staining method was
used for cytosine staining. In addition, the BALF samples were
collected and untreated, and then their protein concentrations were
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Fig. 1. Protective effects of Xn treatment against LPS-induced ALI mice. (A) The hop plants (Humulus lupulus L.). (B) The chemical structure of Xanthohumol (Xn). Xn (10 or
50 mg/kg) or Dex (5 mg/kg) was administered intraperitoneally to mice 1 h prior to LPS (0.5 mg/kg) pretreatment. (C) Lungs (n=5) from each experimental group were processed for
histological evaluation at 12 h after the LPS challenge. (D) The lung injury score was determined following a five-point scale from 0 to 4 as follows: 0, 1, 2, 3, and 4 represent no damage,
mild damage, moderate damage, severe damage, and very severe damage, respectively. Representative histological sections of the lungs were stained with hematoxylin and eosin (H & E
staining, magnification x400). (E) The lung W/D ratio was determined at 12 h after LPS challenge. BALF was collected 12 h after LPS challenge to measure (F) amount of protein or (G)
levels of cytokines (TNF-a, IL-6 and IL-1p) secretion. (H-I) Protein of lungs was analyzed by Western blot with specific antibodies (iNOS, COX-2 and HMGB1). Similar results were
obtained from three independent experiments. All data are presented as means + SEM (n=5 in each group). **p < 0.01 vs Control group; 'p < 0.05 and “p < 0.01 vs LPS group.

directly measured using a BCA protein assay kit (Beyotime, China).
2.5. Histopathological evaluation

The left lungs of mice were excised at 12 h after the LPS challenge.
A histopathological examination was performed on the mice that were
not subjected to BALF collection. The lung tissue samples were
immersed in normal 10% neutral buffered formalin and fixed for
48 h, dehydrated in a series of graded ethanol, embedded in paraffin
wax, and cut into 5-pum-thick sections. The paraffin-embedded sections
were stained with hematoxylin and eosin (H & E) for pathological
analysis.

2.6. Measurement of MPO, MDA, GSH and SOD levels in lung tissues

All mice were sacrificed using CO» asphyxiation, and the right lungs
were excised after 12 h of LPS-administration. The lung tissues were
homogenized and dissolved in extraction buffer for the analysis of
MPO, MDA, SOD and GSH content. To examine the accumulation of
neutrophils and level of lipid peroxidation in the lung tissue, MPO and
MDA content was assessed using commercially available assay kits in
accordance with the respective manufacturer's instructions.
Furthermore, to further measure the antioxidative enzyme activities
in the lung tissue, SOD and GSH levels were detected following the
respective manufacturer's instructions.

2.7. Lung wet/dry (W/D) ratios

Lung samples were collected 12 h after LPS stimulation, blotted dry
and weighed immediately after removal (wet weight) before being
subjected to desiccation in an oven at 80 °C for 48 h to obtain the ‘dry’
weight. The ratio of wet lung weight to dry lung weight was measured
by assessment of tissue edema.

2.8. Cell culture and MTT assay

The RAW 264.7 cells (a macrophage line of mouse originated from
the China Cell Line Bank, Beijing, China), was cultured in DMEM
medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL
of penicillin, 100 U/mL of streptomycin and 3 mM glutamine at 37 °C
in a humidified atmosphere containing 5% CO2. In all experiments,
cells were allowed to acclimate for 24 h before any treatments.

Cell viability was measured by an MTT assay in accordance with the
manufacturer's instructions. RAW 264.7 cells were seeded into 96-well
plates (2x10* cells/well) for 24 h and treated with different concentra-
tions of Xn (final concentration: 0, 0.625, 1.25, 2.5, 5, 10 or 20 uM) for
1 h, and then exposed to LPS (1 pg/mL) for 24 h. Subsequently, MTT
(5 mg/mL) was added to the cells, which were then incubated for an
additional 4 h. DMSO was added to dissolve the formazan crystals, and
the absorbance was measured at 570 nm.

2.9. Measurement of ROS production

After the BALF samples were lysed by ACK Lysis Buffer, the
sedimented cells were resuspended in PBS for detecting ROS genera-
tion. Briefly, the cells were stained with 50 uM of DCFH-DA at 37 °C in
a dark place for 30 min. DCF fluorescence intensities were detected by
flow cytometry and a multi-detection reader (Bio-Tek Instruments Inc.)
at an excitation and emission wavelength of 485 nm and 535 nm,
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respectively. Moreover, for intracellular ROS measurement, RAW
264.7 cells were seeded into 96-well plates (2x10* cells/well) for
24 h incubation, and then recovered in serum-free DMEM and
pretreated with Xn for 1 h. Subsequently, cells were subjected to LPS
(1 pg/mL) for additional 24 h and washed with PBS twice for DCFH-
DA staining. Additionally, RAW 264.7 cells were pretreated with Xn for
18 h and stained with DCFH-DA 30 min prior to stimulation with ¢-
BHP.

2.10. ELISA assay

The BALF was obtained from each sample in vivo, centrifuged,
collected supernatants for measurement of the TNF-a, IL-6 and IL-1§
secretion using an enzyme-linked immunosorbent assay (ELISA) kit as
the manufacturer's instructions (BioLegend, Inc., CA, USA), respec-
tively. In addition, RAW 264.7 macrophages were grown in 24-well
plates (2x10° cells/well) for 1 h, and then treated with Xn 1 h prior to
exposure to LPS (1 pg/mL). After LPS-stimulation for 24 h, the cell-
free supernatants were collected for analysis of the TNF-a, IL-6 and IL-
1B secretion. The optical density from each well was detected at
450 nm.

2.11. Apoptosis quantification

RAW 264.7 cells were plated into a 12-well plate (4x10° cells/well)
for 24h and were then pretreated with Xn for 18 h followed by
exposure to t-BHP (5 mM) for an additional 30 min. Cells were washed
twice with ice-cold PBS, collected and centrifuged at 1500 rpm for
5 min at 4 °C. Next, cells were examined with FITC-labeled annexin V
and propidium iodide staining, and the percentages of apoptosis and
necrosis were detected using flow cytometry.

2.12. Isolation of nuclear and cytosolic fractions

The cytoplasmic and the nuclear extracts were prepared using an
NE-PER Nuclear and Cytoplasmic Extraction Reagents kit (Pierce
Biotechnology, Rockford, IL, USA), following the manufacturer's
instructions. All steps were performed from on ice or at 4 °C.

2.13. ARE promoter activity

RAW 264.7 cells were seeded in 96-well plates (2x10* cells/well)
for incubation. When cell density reached approximately 75% con-
fluence, pGL4.37 and pGL4.74 plasmids were transfected into cells
using Viafect transfection reagent in accordance with the manufac-
turer's protocol (Invitrogen, Carlsbad, CA, USA). After Xn (1.25, 2.5 or
5 uM) treatment for 6 h, we exploited a dual-luciferase reporter assay
system (Dual-Glo® Luciferase Assay System) for detecting and analyz-
ing ARE-driven promoter activity.

2.14. Western blot analysis

Lung tissue samples or cells were lysed in a RIPA buffer with
protease and phosphatase inhibitors for 30 min. The protein concen-
trations were measured using a BCA protein assay kit (Beyotime,
China), and 40 pg of proteins were electrophoretically transferred onto
a PVDF membrane following separation on a 10% SDS-polyacrylamide
gel. The membrane was blocked with blocking solution (5% (w/v)
nonfat dry milk) for 1 h, followed by an overnight incubation at 4 °C



H. Lv et al. Redox Biology 12 (2017) 311-324
Control Xn (50 mg/kg) LPS (0.5 mg/kg)
A :
c
- ™4 Ve & s
< ’ L K . L/
! PN Y
As E‘!) .
g. °,
— .»c‘ A
kf » k—’ ¢ \/\ e 54 » .
& ”"‘ L ¢
20 pm - 20 pm -4 4 . 20 pm
Xn (10 mg/kg) + LPS Xn (50 mg/kg) + LPS Dex (5 mg/kg) + LPS
L) A ; o
¥ L. K
LK
]
&I ¢
. z v
R s @&
&
20 pm ‘* 20 pm 20 pm
B, 61 CL 3 D 4
< i 3 g =
m o E” ##
£ s 4 c ;T 2 S 34
» —w 4] =
= = i f— 2
e x %k 3‘5' ; 24 *k
= *k Rk 8 14
=
0- 0- 04
Xn(mgkg) - 50 - 10 50 - Xn(mgkg) - 50 - 10 50 - Xn(mgkg)- 50 - 10 50 -
Dex (5mgkg) - - - - - + Dex(5mgkg)- - - - - + Dex(5mgkg)- - - - -+
LPS (0.5 mg/kg) - - + + + + |PS(05mgkg)- - + + + + LPS(05mgkg)- - + + + +

Fig. 2. Effects of Xn treatment on inflammatory cell count and MPO levels in LPS-induced ALI mice. After LPS challenge for 12 h, all mice were euthanized and their
BALF and lungs were collected. (A—C) The total counts of cells, macrophages and neutrophils from the BALF were counted using a hemocytometer, and the Wright-Giemsa staining
method was used for cytosine staining (magnification x400, red arrows: macrophages; green arrows: neutrophils). (D) MPO activity in lung tissues was measured at 12 h after LPS
challenge. Similar results were obtained from three independent experiments. All data are presented as means + SEM (n=>5 in each group). **p < 0.01 vs Control group; p < 0.05 and ""p
< 0.01 vs LPS group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

with a specific primary antibody. The following day, the membrane was
incubated for an additional 1 h with HRP-conjugated secondary anti-
body (1:5000 dilution) at room temperature after thoroughly washing
three times with PBST. Bands were detected by ECL (Amersham
Pharmacia Biotech, Piscataway, NJ) and band intensities were quanti-
fied using Image J gel analysis software. All experiments were
performed in triplicate.

2.15. Statistical analysis

All data referenced above were expressed as the means + SEM and
analyzed using SPSS19.0 (IBM). Comparisons between experimental
groups were conducted using one-way ANOVA, whereas multiple
comparisons were made using the LSD method. Statistical significance
was defined as p < 0.05 or p <0.01.
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3. Results

3.1. Xn treatment inhibited inflammatory responses and alleviated
LPS-induced ALI mice

The histological changes of lung tissues were assessed by light
microscopy, as shown in Fig. 1C, LPS induced evidently pathologic
changes by increasing accumulation of inflammatory cells and alveolar
hemorrhage, when compared with control group and Xn-treated alone
group. However, LPS-induced severe histopathological changes were
obviously weakened by pretreatment of Xn or Dex, which was
measured by the lung injury score (Fig. 1D). Additionally, the severity
of edema formation was educated by W/D ratios of lung and protein
leakage in BALF. As illustrated in Fig. 1E—F, LPS-stimulated W/D ratio
and protein concentration were significantly higher than that of the
normal group and Xn-treated alone group. In contrast, pretreatment
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Fig. 3. Effects of Xn treatment on LPS-triggered oxidative stress in ALI mice. Xn (10 or 50 mg/kg) was administered intraperitoneally to mice 1 h prior to LPS (0.5 mg/kg)
pretreatment, BALF and lungs of mice were collected. (A) ROS generation in BALF was determined using flow cytometry. (B) ROS production in the BALF was analyzed by Fluorence
microplate reader. (C—E) Effects of Xn on levels of MDA, GSH and SOD from lung homogenates. Similar results were obtained from three independent experiments. All data are
presented as means + SEM (n=>5 in each group). **p < 0.01 vs Control group; 'p < 0.05 and “"p < 0.01 vs LPS group.

with Xn and Dex remarkably decreased lung edema and protein
leakage. Moreover, to analyze the effects of Xn on LPS-induced
inflammatory responses, the secretion of TNF-a, IL-6 and IL-1f in
BALF were measured by ELISA as well as the expression of iNOS, COX-
2 and HMGB1 protein were determined by Western blot. Our results
suggested that Xn pretreatment not only effectively reduced TNF-q, IL-
6 and IL-1B production, but also markedly inhibited expression of
iNOS and HMGB1 proteins, whereas the expression of COX-2 protein
did not exhibit an apparent decrease (Fig. 1G-1).

3.2. Xn treatment reduced total cell number, neutrophils and MPO
levels in LPS-induced ALI mice

The BALF from mice exposed to LPS contained more total cells,
neutrophils and macrophages were assayed by Wright-Giemsa staining
methods. As illustrated in Fig. 2A—C, compared with the control group, LPS
exposure to mice dramatically increased the number of total cells and
neutrophils, whereas pretreated with Xn and Dex effectively inhibited LPS-
induced the increased of these cells. Moreover, increased MPO activity
represents polymorphonuclear leukocyte accumulation in the lungs.
Analysis of MPO activity was detected according to the manufacturer's
instruction. This result indicated that both Xn and Dex significantly
decreased the increase in MPO activity that was measured in the LPS-only
group (Fig. 2D).

3.3. Xn treatment alleviated LPS-stimulated oxidative stress in ALI
mice

Due to oxidative damage plays a key role in LPS-induced ALI mice,
we examined whether Xn pretreatment could inhibit LPS-triggered
oxidative stress. Indeed, as shown in Fig. 3, Xn pretreatment not only
could dramatically reduce LPS-induced ROS generation and MDA
formation, but also obviously lessen SOD and GSH depletion, two
antioxidant enzymes which are essential for preventing LPS-induced
ALI against oxidative stress.
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3.4. Xn treatment suppressed LPS-activated Txinp-NLRP3
inflammasome and NF-kB signaling pathways in ALI mice

Given that Xn could effectively decreased LPS-induced ROS gen-
eration responsible for activation of Txnip, an inhibitor protein of Trx
which participates in NLRP3 inflammasome activation, the study
further investigated whether Xn could block Txinp-NLRP3 inflamma-
some activation. This result indicated that LPS-challenge evidently
promoted expression of Txnip, NLRP3, ASC, Caspase-1 and IL-1p
protein as well as reduction of Trx-1 protein, whereas these effects were
significantly blunted by Xn pretreatment in LPS-stimulated ALI mice
and the dosage of 50 mg/kg Xn displayed the more effective than
10 mg/kg (Fig. 4A-F). Moreover, NF-kB signal pathway is a typical
inflammatory pathway playing a vital role in LPS-induced ALI mice,
our experiment also detected the effects of Xn pretreatment on LPS-
activated NF-kB signal pathway. As presented in Fig. 4G-I, Xn
pretreatment remarkably suppressed p65 phosphorylation, blocked
IkBa phosphorylation and degradation in LPS-exposed ALI.

3.5. Xn treatment induced phosphorylation of AMPK and GSK3p as
well as upregulation of Nrf2 in LPS-induced ALI mice

To further investigate the protective mechanism of Xn treatment on
LPS-induced ALI, activities of AMPK, GSK3p and Nrf2, which are
responsible for improvement of lung injury, were analyzed by Western
blot. Our results unveiled that LPS-challenge mildly increased the
AMPK and GSK3f phosphorylation and enhanced the Nrf2 expression,
whereas these effect were strengthened by Xn pretreatment (Fig. 5),
indicating that the protective effects of Xn treatment on LPS-induced
ALI may be associated with enhancing phosphorylation of AMPK and
GSK3p as well as upregulation of Nrf2.
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Fig. 4. Effects of Xn treatment on LPS-activated Txinp-NLRP3 inflammasome and NF-kB signal pathways in ALI mice. Mice were given different concentrations of Xn
(10 or 50 mg/kg) with an intraperitoneal injection 1 h prior to LPS (0.5 mg/kg) pretreatment and lungs of mice were collected. Protein samples were extracted from the lungs and
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##p <0.01 vs Control group; p < 0.05 and “'p < 0.01 vs LPS group.

3.6. Xn exposure blocked LPS-induced inflammatory responses in
RAW 264.7 cells

Based on these results in vivo, our further studies investigated
whether Xn treatment could inhibit LPS-induced inflammatory re-
sponses in RAW 264.7 cells. In this study, the effects of different
dosages of Xn and LPS (1 pg/mL) on cell viability were assessed using a
MTT assay. The results indicated that LPS (1 pg/mL) plus Xn up to
10 uM were not toxic to RAW 264.7 cells (Fig. 6A). Thus, the dosages of
1.25, 2.5 or 5 uM Xn was chosen for exposure to RAW 264.7 cells for
1 h and then subjected with LPS (1 pg/mL) for another 24 h. As shown
in Fig. 6B—C, RAW 264.7 cells were treated with Xn (5 uM) to
determine the most effective dosage for inhibiting iNOS and HMGB]1,
whereas Xn had no significant effect on COX-2 protein expression.
Moreover, treatment of RAW 264.7 cells with LPS alone significantly
increased production of TNF-a, IL-6, IL-1B and ROS, whereas Xn
(5 uM) considerably inhibited LPS-induced the TNF-q, IL-6, IL-1 and
ROS generation (Fig. 6D—G). Because ROS generation triggers dis-
sociation of Txnip from Trx and allowing it to bind and activate NLRP3
inflammasome activation which further leads to inflammatory re-
sponses. Our results suggested that Xn treatment markedly inhibited
LPS-induced expression of Txnip, NLRP3, ASC, Caspase-1 and IL-1f
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protein and reduction of Trx-1 protein. In addition, NF-xB signaling
pathway is one of typical inflammatory signaling pathways, we
examined the effects of Xn treatment on LPS-induced NF-kB activa-
tion. The result suggested that the Xn pretreatment effectively reduced
p65 phosphorylation, blocked IkBa phosphorylation and degradation
in LPS-induced RAW 264.7 cells (Fig. 6H-P).

3.7. Xn exposure increased antioxidant enzymes expression to
attenuate t-BHP-stimulated oxidative damage in RAW 264.7 cells

t-BHP, a chemical toxin, leads to a variety of cellular injuries by
triggering oxidative stress in biological systems. Therefore, to further
investigate the potential anti-oxidant effect of Xn, we used t-BHP-
induced toxicity in RAW 264.7 cells. Our results suggested that Xn
effectively reduced t-BHP-triggered ROS generation, GSH depletion
and cell apoptosis in RAW 264.7 (Fig. 7A-E). Given that various
antioxidative enzymes, including GCLC, GCLM, HO-1, NQO1 and Trx-
1, enhance the resistance of cells to oxidative damage, these enzymes
expression were measured by Western blot analysis. In our studies, Xn
pretreatment obviously induced GCLC, GCLM, HO-1, NQO1 and Trx-1
protein expression in different dosages and periods (Fig. 7F-1).



H. Lv et al.

Redox Biology 12 (2017) 311-324

LPS (0.5 mg/kg)

A
Xn (mg/kg)- 50 - 10 50
Fk
P-AMPEK | S5 S s sm——— | B | . )
X
AMPK — ——| O -
< 1.0 2
P_GSK3BI— — o — -I E
0.5-
GSK3p| " w———— =
o
NEF2 | - — 0-
LPS - - + + +
B-actin s emsamsampeam»| Xn - 50 - 10 50
Jok
C 1.5 D 1.5, —
%) *k #H
x 1 £ ## *%
® 1.0 g = 51.01 "
2 <
0.5 £0.5,
o =z
o
0- 0-
LPS - - + + + Lps - - + + +
Xn - 50 - 10 50 Xn - 50 - 10 50

Fig. 5. Effects of Xn treatment on AMPK, GSK3p phosphorylation and Nrf2 expression in LPS-induced ALI mice. Mice were given different concentrations of Xn (10 or
50 mg/kg) with an intraperitoneal injection 1 h prior to LPS (0.5 mg/kg) pretreatment and lungs of mice were collected. Protein samples were extracted from the lungs and analyzed by
Western blot. Quantification of relative expression of P-AMPK/AMPK, P-GSK3f/GSK3p and Nrf2/B-actin were performed by densitometric analysis. Similar results were obtained from
three independent experiments. All data are presented as means + SEM (n=5 in each group). **p < 0.01 vs Control group; 'p < 0.05 and “"p < 0.01 vs LPS group.

3.8. Xn exposure regulated the AMPK/GSK3f and Keapl-Nrf2/ARE
signaling pathways in RAW 264.7 cells

Due to the Keapl-Nrf2/ARE signaling pathway plays a key role in
regulating numerous antioxidant enzymes expression, we detected
whether Xn treatment could upregulate the Keap1-Nrf2/ARE signaling
pathway. Our investigations showed that Xn efficiently induced the
total protein expression of Nrf2 and Keapl degradation (Fig. 8A—C).
Additionally, our results further suggested that 5 uM of Xn significantly
resulted in an increase in the nuclear expression and a concomitant
decrease in the cytoplasmic expression of Nrf2 (Fig. 8D-E).
Furthermore, because ARE activation is essential for increasing Nrf2
nuclear transcription, Xn-induced changes in luciferase activity acted
as a measure of ARE activation. The result discovered that Xn also
effectively strengthened ARE-driven luciferase activity in a time-
dependent manner (Fig. 8F). Considered that Xn could induce activa-
tion of AMPK and inactivation of GSK3f in LPS-induced ALI, our
further work explored whether Xn-upregulated Nrf2 is associated with
AMPK/GSK3p signaling pathway. In the present study, consistent with
results in vivo, Xn treatment significantly induced phosphorylation of
AMPK and GSK3p in RAW 264.7 cells (G-I). To further investigate the
linkage between Xn-mediated Nrf2 and AMPK/GSK3B, cells were
pretreated with Compound C (an inhibitor of AMPK) or Brusatol (an
inhibitor of Nrf2). Subsequently, we asked the effect of two inhibitors
on Nrf2 expression and AMPK and GSK3[ phosphorylation, finding
that Xn-mediated Nrf2 activation and GSK3f phosphorylation was
effectively blocked by AMPK inhibitor. However, Nrf2 inhibitor had no
a significant effect on Xn-mediated AMPK and GSK3f phosphoryla-
tion, indicating that AMPK may act as upstream of Nrf2 (Fig. 8J-M).
Moreover, we further clarify effects of Xn on Nrf2 expression and
AMPK and GSK3f phosphorylation in LPS-induced RAW 264.7. As
presented in Fig. 8N-Q, 1 pg/mL of LPS exposure has almost no effect
on Nrf2 expression, AMPK and GSK3[ phosphorylation, whereas Xn
treatment could evidently induced Nrf2 expression, AMPK and GSK3f3
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phosphorylation.

3.9. Xn treatment protected from LPS-induced ALI and Nrf2
dependency

To ascertain whether the protective effect of Xn-displayed against
LPS-induced ALI is dependent upon Nrf2 activation, WT mice and
Nrf2”/" mice were conducted. As shown in Fig. 9, Xn treatment
markedly inhibited production of TNF-a, IL-6, IL-1f and ROS in
BALF of WT mice, but significantly blocked in BALF of Nrf2”/~ mice.
Moreover, Xn treatment effectively attenuated severe histopathological
changes in WT mice were obviously abrogated in Nrf2”/~ mice.
Importantly, Xn treatment mediated increases of Nrf2 and Trx-1 as
well as decreases of Txnip and NLRP3 protein expressions in WT mice
were significantly inhibited in Nrf2”~ mice. Furthermore, Xn treatment
remarkably inhibited IkBa phosphorylation and degradation in WT
mice were evidently impeded in Nrf2”/~ mice. Taken together, our
experimental results revealed that Xn plays an important role in the
attenuation of LPS-induced oxidative stress and inflammation damage
of lungs via inhibiting NF-kB and Txinp/NLRP3 inflammasome
activation, which may be dependent upon upregulation of Nrf2.

4. Discussion

Excessive oxidative stress and/or overwhelmed inflammatory re-
sponses are thought to play essential roles in the pathogenesis of ALI
[3,31]. Oxidative stress can exaggerate proinflammatory gene expres-
sion, and inflammatory cells can similarly trigger overproduction of
reactive oxygen species (ROS), which creates a vicious cycle to provoke
the occurrence and development of various diseases, including ALI
[32,33]. Furthermore, Nrf2 has been suggested to play a key coordi-
nator as protecting cells against oxidative and inflammatory insults
[34]. Xanthohumol (Xn) has been shown to induce Nrf2 activation in
human hepatocytes and PC12 cells [30,35], and display various
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biological activities, such as anti-inflammatory and antioxidant proper-
ties in streptozotocin-induced diabetic Wistar rats [28]. In the present
study, we aimed to investigating whether Xn could mediate Nrf2
signaling pathway, conferring an antioxidant and anti-inflammatory
properties to prevent from LPS-induced ALI mice.

Accumulating evidences shows that multiple pathological pro-
cesses, such as capillary permeability increase, extensive neutrophil
infiltration, inflammatory mediators release and edema, are displayed
in the pathogenesis of ALI [36]. Our results indicated that Xn alleviated
LPS-induced pulmonary edema, coagulation and inflammation cells,
reduced neutrophil numbers and MPO activity. Moreover, elevation of
lung W/D ratio and protein level could account for an increased
pulmonary permeability and lung edema in LPS-instillation lungs
[37], which was markedly decreased by Xn pretreatment. Moreover,
macrophages activation and neutrophils accumulation in the lung,
which not only boost inflammatory cytokines and cells release, but also
enhance ROS production, are nearly correlated to the severity of ALI
[38,39]. It is reported that LPS-induced an ALI model is similar with
pathological features to ALI in humans by triggering excessive inflam-
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matory mediators secretion, chemokines release and ROS generation
[40,41]. Long-term inflammatory mediators, including TNF-qa, IL-6,
IL-1B, iNOS, and COX-2, are strongly related to the development of
acute and chronic inflammation diseases [42,43]. HMGBI1, a late
inflammatory cytokine, irritates the inflammation cascade [44], which
aggravates various human diseases. These inflammatory mediators
production at the site of injury is one of the hallmarks of ALI. Our
findings indicated that Xn treatment effectively reduced TNF-q, IL-6
and IL-1f3 secretion as well as suppressed HMGB1 and iNOS protein
expression in LPS-induced RAW cells and ALI mice. Moreover, the
instillation of LPS into the lungs can lead to excessive ROS accumula-
tion and MDA formation, which are reduced by antioxidant enzymes
SOD and GSH, protecting various cells against oxidative damage
[45,46]. In our experiments, Xn treatment dramatically induced an
increase of SOD and GSH contents and caused a decrease of the levels
of MDA and ROS in LPS-induced ALI mice. Our further experimental
results discovered that t~-BHP significantly induced cell apoptosis, ROS
accumulation and GSH depletion, whereas Xn treatment effectively
inhibited t-BHP-stimulated these effects in RAW 264.7 cells. Taken
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together, these investigations implied that Xn is able to mitigate
inflammation- and oxidative stress-induced damage in vivo and in
vitro.

Based on the above outcome, our further studies explored the
mechanism of the protective effect of Xn against LPS-induced inflam-
mation and oxidative stress in ALI mice. Previous abundant reports
suggested that NF-kB-mediated various inflammation mediators play a
vital role in the pathogenesis of ALI [47]. In this study, Xn treatment
efficiently inhibited NF-kB (p65) and IkBa phosphorylation, blocked
IkBa degradation in LPS-induced RAW 264.7 cells and ALI mice.
Importantly, recent several reports revealed that Txnip is a key point
linking oxidative stress to inflammation. In response to ROS, Txnip
detaches from Trx and binds to NLRP3, which leads to NLRP3
inflammasome activation [16]. LPS-challenge excited oxidative stress
and triggered ROS generation in the lung, following Txnip induction
and interaction of Txnip-NLRP3 [48]. Our results similarly discovered
that LPS instillation obviously enhanced Txnip protein expression,
inhibited Trx-1 protein expression and induced NLRP3 inflammasome
activation through increasing the expression of NLRP3, ASC, Caspase-
1 and IL-1 protein in the lung and RAW 264.7 cells, whereas these
LPS-exhibited effects were blocked by Xn pretreatment. Collectively,
these results suggested that Xn-inhibited inflammatory responses may
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be associated with the suppression of NF-kB and Txnip/NLRP3
inflammasome activation.

In fact, Nrf2, as a multiple signaling pathways coordinator,
attenuated hyperoxia-induced ALI by inhibition of inflammation
and oxidative stress [49,50]. In this study, Xn treatment could
effectively upregulated Nrf2 protein expression LPS-induced ALI,
indicating that the Xn-exhibited protection effect on LPS-induced
ALI may be closely correlated to activation of Nrf2. Hence, to
further explore the mechanism of Xn-mediated Nrf2 activation, we
observed the effect of Xn on the Keapl-Nrf2/ARE antioxidant
pathway and regulation of antioxidant enzymes in RAW 264.7
cells. Previous reports showed that activated-Nrf2 is released from
Keapl and translocated into the nucleus, whereupon it sequentially
binds to ARE in the promoter region of its target genes, resulting in
expressions of various cytoprotective genes and antioxidative
enzymes [51]. Our results demonstrated that Xn apparently in-
duced a decrease of Keapl and an increase of Nrf2 in total cell
lysates, which were related to enhance the nuclear translocation of
Nrf2 and heighten ARE luciferase activity in a dose-dependent
manner in RAW 264.7 cells. Additionally, our findings indicated
that various dosages and periods of Xn treatment effectively
enhanced expressions of GCLC, GCLM, HO-1, NQO1, and Trx-1
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Fig. 9. Protective effects of Xn-meditated Nrf2 on LPS-induced ALI mice. WT and Nrf2”/~ mice were intraperitoneally injected with Xn (50 mg/kg) prior to LPS (0.5 mg/kg)
pretreatment. (A-D) Levels of cytokines (TNF-a, IL-6 and IL-1f) secretion and ROS generation in BALF were measured by ELISA. (E-F) Lungs (n=5) from each experimental group
were processed for histological evaluation at 12 h after the LPS challenge (H & E staining, magnification x100). (G—M) Effects of Xn on expressions of Nrf2, Txnip, Trx-1, NLRP3, P-
IxBa and IxBa protein. Similar results were obtained from three independent experiments. All data are presented as means + SEM (n=>5 in each group). **p < 0.01 vs Control group; p <

0.05 and “"p < 0.01 vs LPS group.

protein in RAW 264.7 cells. More intriguingly, increasing evidences
indicates that AMPK, which leads to accumulation of Nrf2 nuclear
transcription through phosphorylation in addition to GSK3p in-
hibition, attenuates LPS-induced ALI [24,26]. In our study, Xn
treatment could significantly resulted in the phosphorylation of
AMPK and GSK3f in RAW 264.7 cells and mice. Therefore, to
further relationship between AMPK and Nrf2 activated by Xn, cells
were pretreatment with Compound C or Brusatol (an inhibitor of
AMPK and Nrf2, respectively). Western blot analysis showed that
Xn-induced p-AMPK, p-GSK3p and Nrf2 protein expression were
mostly blocked by Compound C exposure, whereas Brusatol pre-
treatment only inhibited Nrf2 protein expression. This results
indicated that AMPK may act upstream of Nrf2 in Xn-induced
AMPK and Nrf2 activation. Given all of these results, to further
illuminate whether Xn-exhibited anti-oxidant and anti-inflamma-
tion activities in LPS-induced ALI is directly associated with Nrf2
activation, Nrf2 deficient mice were used as a tool for investigating
an underlying connection. Our findings noticed that both Xn-
inhibited production of TNF-a, IL-6, IL-1f and ROS and Xn-
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attenuated severe histopathological changes in WT mice were
effectively abrogated in Nrf2”/~ mice. Moreover, Xn-mediated
increases of Nrf2 and Trx-1 as well as decreases of Txnip and
NLRP3 protein expressions in WT mice were significantly inhibited
in Nrf2”/~ mice. In addition to these, Xn-inhibited IxBa phosphor-
ylation and degradation in WT mice were evidently blocked in
Nrf2”/~ mice. Collectively, our experimental results provided a
support that Xn are crucial for inhibition of LPS-induced oxidative
stress and inflammation damage of lungs, which may be associated
with upregulation of Nrf2 pathway dependent upon AMPK activa-
tion.

In conclusion, as illustrated in Fig. 10, our findings firstly demon-
strated that Xanthohumol (Xn) effectively protected acute lung injury
against oxidative stress and inflammation damage which was largely
dependent on the upregulation of the Nrf2 pathway via activation of
AMPK and inhibition of GSK3[, thereby suppressing LPS-activated
Txnip/NLRP3 inflammasome and NF-xB signaling pathway. This study
provides beneficial evidence for the application of Xn in the prevention of
inflammation- and oxidative stress-associated diseases, especially ALL
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10. Scheme summarizing the protective effects of Xn on LPS-induced

acute lung injury via activation of the AMPK/GSK3p-Nrf2 axis. Xanthohumol
(Xn) treatment effectively protected LPS-induced acute lung injury against oxidative
stress and inflammation damage which is largely dependent on upregulation of the Nrf2-
mediated anti-oxidant pathway via activation of AMPK/GSK3p, thereby suppressing
LPS-activated Txnip/NLRP3 inflammasome and NF-kB signaling pathway.
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