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Isoliquiritigenin Activates Nuclear
Factor Erythroid-2 Related Factor 2
to Suppress the NOD-Like Receptor
Protein 3 Inflammasome and Inhibits
the NF-xB Pathway in Macrophages
and in Acute Lung Injury

Qinmei Liu, Hongming Lv, Zhongmei Wen, Xinxin Ci* and Liping Peng*

Department of Respiration, The First Hospital of Jilin University, Changchun, China

Among the cellular response mechanisms, the nuclear factor erythroid-2 related factor 2
(Nrf2) pathway is considered a survival pathway that alleviates oxidative injury, while both
the NOD-like receptor protein 3 (NLRP3) and NF-kB pathways are pro-inflammatory
pathways that cause damage to cells. These pathways are implicated in the development
and resolution of acute lung injury (ALI). Isoliquiritigenin (ISL), a flavonoid from the liquorice
compound, is suggested to be a regulator of the above pathways, but the mechanisms
of how the NLRP3/NF-kB pathway interacts with Nrf2 and its protective effects in ALI
remain unknown. In the present study, ISL inhibited reactive oxygen species (ROS) gen-
eration and cytotoxicity induced by t-BHP and pro-inflammatory enzymes production
induced by LPS in RAW 264.7 cells. Such cytoprotective effects coincided with the
induction of AMP-activated protein kinase (AMPK)/Nrf2/antioxidant response element
(ARE) signaling and the suppression of the NLRP3 and NF-kB pathways. Consistent with
these findings, ISL treatment significantly alleviated lung injury in LPS-induced ALI mice,
which was reflected by reductions in histopathological changes, pulmonary edema, and
protein leakage. At the same time, the increased levels of inflammatory cell exudation
and pro-inflammatory mediators, the enhanced production of ROS, myeloperoxidase,
and malondialdehyde, and the depleted expression of GSH and superoxide dismutase
induced by LPS were ameliorated by ISL. Furthermore, ISL notably activated AMPK/
Nrf2/ARE signaling and inhibited LPS-induced NLRP3 and NF-«kB activation in the lung.
Moreover, although inhibition of the LPS-induced histopathological changes and ROS
production were attenuated in Nrf2-deficient mice, the repression of the NLRP3 and
NF-kB pathways by ISL was Nrf2-dependent and Nrf2-independent, respectively. In
conclusion, our results are the first to highlight the beneficial role and relevant mecha-
nisms of ISL in LPS-induced ALI and provide novel insight into its application.

Keywords: isoliquiritigenin, oxidative stress, inflammation, acute lung injury, AMP-activated protein kinase/
nuclear factor erythroid-2 related factor 2, NOD-like receptor protein 3, NF-xB

Frontiers in Immunology | www.frontiersin.org 1

November 2017 | Volume 8 | Article 1518


http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.01518&domain=pdf&date_stamp=2017-11-09
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.01518
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:cixinxin@jlu.edu.cn
mailto:plp640317@163.com
https://doi.org/10.3389/fimmu.2017.01518
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01518/full
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01518/full
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01518/full
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01518/full
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01518/full
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01518/full
http://loop.frontiersin.org/people/427513

Liu et al.

Isoliquiritigenin Protect Against ALI

INTRODUCTION

In recent decades, redox homeostasis has been proven to play an
essential role in the survival of aerobic organisms (1). The redox
homeostasis is maintained by the balance between the generation
of oxidants and free radicals, especially reactive oxygen species
(ROS), and the scavenging capacity of endogenous antioxidant
systems (2). However, after exposure to harmful stimuli, exces-
sive production of ROS may overwhelm the antioxidant capacity,
causing toxicity to cellular components including DNA, lipids,
and proteins, which in turn exacerbates the oxidative burden and
leads to oxidative stress (3). Increasing evidence indicates that
oxidative stress is involved in the pathogenesis of diverse diseases,
such as atherosclerosis, diabetes (4), carcinogenesis (5), and
airway disorders (6). Furthermore, oxidative stress and inflam-
mation, which are classical mechanisms of various diseases,
are intimately correlated and orchestrated in a cycle that drives
the central pathophysiological processes (7). Thus, the search
for potential antioxidative pathways that can be regulated by
endogenous or exogenous compounds may become prospective
therapeutic targets for human diseases.

Among these antioxidative pathways, the pathway of the tran-
scription factor nuclear factor erythroid-2 related factor 2 (Nrf2)
is essential. Under basal conditions, Nrf2 is constitutively kept in
the cytoplasm and degraded via binding to its main antagonist,
Kelch-like ECH-associated protein 1 (Keapl). Upon oxidative
stress, Nrf2 dissociates from Keap1 through diverse mechanisms,
including the classical oxidative modification of cysteine thiols
in Keap1 and the phosphorylation at specific amino acid residues
of Nrf2 through several protein kinase pathways (8, 9). The intra-
cellular energy sensor AMP-activated protein kinase (AMPK)
is a kinase that works upstream of Nrf2 and that has attracted
attention for its relationship with redox homeostasis and energy
metabolism (10). Furthermore, a more detailed mechanism of
AMPK-mediated Nrf2 activation may include the kinases Akt
and glycogen synthase kinase 3 beta (GSK3p) (11). Nevertheless,
no matter how Nrf2 dissociation occurs, after being released from
Keap1, Nrf2 translocates into the nucleus and binds to antioxidant
response elements (AREs) in the promoter region of a multiple
cytoprotective genes (e.g., HO-1, GCLC, GCLM, NQO1). The
induction of antioxidant cascades rescues the organisms from
oxidative injury and meanwhile exerts a protective effect against
inflammation (12, 13).

The interdependent relationship between oxidative stress and
inflammation is supported by numerous studies (14, 15). Not only
does inflammation induce oxidative stress but oxidative stress also
accelerates inflammation through the activation of pro-inflam-
matory pathways, including the well-known NOD-like receptor
protein 3 (NLRP3) inflammasome and nuclear factor kappa B
(NF-xB) pathways (16, 17). NLRP3 inflammasome, the most fully
characterized inflammasome, is an oligomeric molecular complex
that can be activated by diverse “danger signals” (e.g., ATP and ROS)
(18). Several important pro-inflammatory cytokines such as IL-1§
and IL-18 are controlled by NLRP3 activation through recruitment
of the adaptor protein ASC, activation of caspase-1 and cytokine
precursors processing to mature forms (19, 20). Intriguingly, the
NE-kB pathway does not merely act as a classical pro-inflammatory

pathway with a conventional mode of action but also provides
novel insight due to its critical role in the initial step of NLRP3
activation (21). Furthermore, numerous compounds have simul-
taneous anti-inflammatory and antioxidative effects, making the
interaction between Nrf2 and NLRP3/NF-kB interesting (12, 13).

The pathogenesis of acute lung injury (ALI)/acute respira-
tory distress syndrome (ARDS), a major clinical syndrome with
limited therapy and high mortality, is closely related to oxidative
stress and inflammation (22, 23). Indeed, previous studies have
investigated the protective effects of Nrf2 and the harmful effects
of NLRP3 and NF-xB in the context of ALI/ARDS (24, 25).
Isoliquiritigenin (ISL: Figure 1A), a flavonoid originating from
G. uralensis, is an effective Nrf2 activator and NF-kB inhibitor,
and recent evidence has shown that it can inhibit the activation
of NLRP3 (26, 27). However, there is still no evidence to explain
the mechanism of how the NLRP3/NF-kB pathway interacts
with Nrf2 and whether that mechanism allows it to protect
against ALL Since infection by gram-negative bacteria containing
lipopolysaccharide (LPS) is one of the most important causes of
ALI/ARDS and leads to a substantial increase in oxidative stress
and inflammation (28, 29), in the present study, we investigated
the potential of ISL to protect against LPS-induced cell injury and
ALI in mice and possible mechanisms underlying its effects.

MATERIALS AND METHODS

Drug and Reagents

Isoliquiritigenin, purity > 98%, was obtained from Chengdu
Pufei De Biotech Co., Ltd. Compound C (CC, a specific inhibitor
of AMPK), brusatol (a specific inhibitor of Nrf2), and tert-butyl
hydroperoxide (t-BHP) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Dexamethasone was obtained from
TianJin KingYork Group HuBei TianYao Pharmaceutical
Co., Ltd. LPS (Escherichia coli 055:B5) and dimethylsulfoxide
(DMSO) were obtained from Sigma Chemical Co. (St. Louis,
MO, USA). Penicillin and streptomycin, fetal bovine serum
(FBS), and Dulbeccos modified Eagle’s medium (DMEM) for cell
culture use were obtained from Invitrogen-Gibco (Grand Island,
NY, USA). Myeloperoxidase (MPO), malondialdehyde (MDA),
GSH, and superoxide dismutase (SOD) determination kit were
provided by the Jiancheng Bioengineering Institute of Nanjing
(Jiangsu, China). Mouse TNF-a, IL-1f, and IL-6 enzyme-linked
immunosorbent assay (ELISA) kits were provided by Biolegend
(San Diego, CA, USA). Antibodies against NLRP3, ASC,
Caspase-1, IL-1f, p-AMPK, AMPK, p-GSK38, GSK3p, p-IxBa,
IxB, Nrf2, HO-1, NQO1, GCLM, GCLC, p-actin, and Lamin B
were obtained from Cell Signaling (Boston, MA, USA) or Abcam
(Cambridge, MA, USA). The horseradish peroxidase-conjugated
anti-rabbit or anti-mouse IgG were obtained from Protein-Tech
(Boston, MA, USA). Unless specifically stated, all other chemicals
were obtained from Sigma-Aldrich (St. Louis, MO, USA).

Cell Culture

RAW 264.7 cells were obtained from the China Cell Line Bank
(Beijing, China). The cells were cultured in DMEM supple-
mented with 10% FBS, 100 U/ml of penicillin and 100 U/ml of

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1518


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Liu et al.

Isoliquiritigenin Protect Against ALI

streptomycin in a 5% CO,-humidified atmosphere at 37°C prior
to experiments.

Cell Viability

Cell viability were determined using an MTT (3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. RAW 264.7
cells were plated at a density of 2 X 10* cells per well in a 96-well
plate and incubated at 37°C for 18 h. The cells were treated with
various concentrations of ISL (5, 10, 20 uM) for 18 h with or
without brusatol (a specific inhibitor of Nrf2) and then exposed
to t-BHP (10 mM) for 3 h. After that, 20 pL of MTT (0.5 mg/mL)
was added into each well, and the cells were incubated for another
4 h. The formazan crystals were solubilized in 150 pL DMSO, and
the absorbance was measured at 570 nm on a microplate reader.
The relative cell viability was calculated as a percentage against
the untreated group.

ARE Promoter Activity

RAW 264.7 cells were plated at a density of 1.5 X 10* cells per well
in a 96-well plate and cultured to reach 75% confluence. Using
the Viafect transfection reagent (Invitrogen, Carlsbad, CA, USA),
pGL4.37 (luc2P/ARE/Hygro vector) and pGL4.74 (hRluc/TK
vector) plasmids were transfected into cells. After treatment of
ISL at different concentrations (5, 10, 20 uM) for 18 h or at 20 uM
for 1, 3, 6, and 18 h, a dual-luciferase reporter assay system (Dual-
Glo® Luciferase Assay System) was put into use to determine the
ARE-driven promoter activity.

Animal

Wild-type (WT) C57BL/6 mice (18-20 g) were purchased
from Liaoning Changsheng Technology Industrial Co., Ltd.
(Certificate SCXK2010-0001; Liaoning, China), and Nrf2~/~
(knockout) C57BL/6 mice were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). The animals were housed in
certified, standard laboratory cages and fed with food and water
ad libitum before using for experiments. All of the experiments
were approved by Animal Use Committee of Jilin University
(license number: SYXK (Ji) 2014-0006), in accordance with
International Guiding Principles for Biomedical Research
Involving Animals.

Grouping and Establishment of

LPS-Induced ALI Mouse Model

To establish ALI model, an intranasal instillation of LPS (0.5 mg/
kg) was administered to the mice. In the treated groups, mice
received a single dose of ISL or dexamethasone (Dex) via
intraperitoneal (i.p.) route 1 h before the administration of
LPS. Briefly, WT were divided into five groups randomly: (1)
control, (2) ISL (30 mg/kg), (3) LPS (0.5 mg/kg), (4) LPS + ISL
(30 mg/kg), and (5) LPS + dexamethasone (5 mg/kg). For further
comparison between WT and Nrf2”~ (knockout) mice, they
were, respectively, divided into four groups: (1) control, (2) ISL
(30 mg/kg), (3) LPS (0.5 mg/kg), and (4) LPS + ISL (30 mg/kg). At
12 h after LPS treatment, the mice were sacrificed by diethyl ether.

isoliquiritigen

FIGURE 1 | Effects of isoliquiritigenin (ISL) on t-BHP-induced oxidative injury in RAW 264.7 cells. (A) The chemical structure of ISL. (B) RAW 264.7 cells were
treated with isoliquiritigenin (5, 10, 20 puM) for 18 h, and then subjected to t-BHP (10 mM) for 3 h. The cell viability was determined by a MTT assay. (C,D) RAW
264.7 cells were treated with isoliquiritigenin (5, 10, 20 uM) for 18 h and then stained with DCFH-DA (5 uM) for 40 min, followed by exposed to t-BHP (10 mM) for

5 min to induce reactive oxygen species (ROS). The ROS production was detected by microscope (original magnification 100x) and fluorescence microplate reader:
(a) control, (b) isoliquiritigenin (20 uM), (c) t-BHP (10 mM), (d) t-BHP + isoliquiritigenin (5 uM), (e) t-BHP + isoliquiritigenin (10 uM), and (f) t-BHP + isoliquiritigenin

(20 pM). Data were expressed as mean = SEM. n = 5. *P < 0.05 and **P < 0.01 vs control group. *P < 0.05 and #*P < 0.01 vs t-BHP group.
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FIGURE 2 | Effects of isoliquiritigenin (ISL) on AMP-activated protein kinase (AMPK)/nuclear factor erythroid-2 related factor 2 (Nrf2) pathway in RAW 264.7 cells.
(A,B) The effect of isoliquiritigenin on antioxidant response element (ARE) Iuciferase activity for different concentrations (5, 10, 20 uM) or time points (1, 3, 6, or 18 h)
in RAW 264.7 cells was determined by a dual-luciferase reporter assay system. (C) RAW 264.7 cells were treated with isoliquiritigenin (20 pM) for different time
points (1, 3, 6 h). Total, nuclear and cytoplasmic levels of Nrf2 were determined by western blot. (D) RAW 264.7 cells were treated with isoliquiritigenin (20 uM) for
different time points (1, 3, 6, or 18 h). The protein expressions of HO-1, GCLC, GCLM, and NQO1 were determined by western blot. (E) RAW 264.7 cells were
treated with isoliquiritigenin (20 pM) for different time points (0.5, 1, 3 h). The protein expressions of p-AMPK and AMPK were determined by western blot. (F) RAW
264.7 cells were treated with CC (compound C, an inhibitor of AMPK, 5 uM) for 24 h, and then subjected to isoliquiritigenin for 3 h. The protein expressions of
p-AMPK, AMPK, and nuclear levels of Nrf2 were determined by western blot. The results of western blot were expressed as densitometry quantitation using p-actin
as an internal control for total or cytoplasmic proteins and Lamin B for nuclear proteins. Data were expressed as mean + SEM. n = 5. *P < 0.05 and **P < 0.01 vs

control group, *P < 0.05 and **P < 0.01 vs ISL only group.
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FIGURE 3 | Effects of isoliquiritigenin (ISL) on lipopolysaccharide (LPS)-stimulated inflammatory responses in RAW 264.7 cells. (A) RAW 264.7 cells were treated
with isoliquiritigenin (20 uM) for 1 h and then exposed to LPS (1 pg/mL) for 24 h. The protein expressions of inducible nitric oxide synthase and cyclooxygenase-2
were determined by western blot. (B) RAW 264.7 cells were treated with isoliquiritigenin (20 uM) for 1 h and then exposed to LPS (1 pg/mL) for 6 h. The protein
expressions of p-AMPK, AMP-activated protein kinase (AMPK), and nuclear levels of nuclear factor erythroid-2 related factor 2 (Nrf2) were determined by western
blot. (C) RAW 264.7 cells were treated with BT (brusatol, an inhibitor of Nrf2, 300 nM) for 1 h and then subjected to isoliquiritigenin (20 uM) for 6 h. The inhibition of
Nrf2 expression was determined by western blot. (D) RAW 264.7 cells were treated with BT (300 nM) for 1 h, and then subjected to isoliquiritigenin (20 uM) for 1 h
prior to incubation with LPS (1 pug/mL) for another 6 h followed by ATP (5 mM) stimulation for 45 min. The protein expression of NOD-like receptor protein 3 (NLRP3)
were determined by western blot. (E) RAW 264.7 cells were treated with BT (300 nM) for 1 h, and then subjected to isoliquiritigenin (20 uM) for 6 h prior to incubation
with LPS (1 pg/mL) for another 1 h. The protein expressions of p-lkBa and IkBa, nuclear and cytoplasmic levels of p65 were determined by western blot. The results
were expressed as densitometry quantitation using p-actin as an internal control for total or cytoplasmic proteins and Lamin B for nuclear proteins. Data were
expressed as mean + SEM. n = 5. *P < 0.05 and **P < 0.01 vs control group. *P < 0.05 and *P < 0.01 vs LPS group, *P < 0.05 and **P < 0.01 vs ISL only group.
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Isolation of Peritoneal Macrophages

Mice received starch broth of 6% via intraperitoneal (i.p.) route 2
or 3 days before isolation. Serum-free DMEM was injected into
the abdominal cavity of the mice, while the abdomen was kneaded
softly for 2 min. The culture medium was drawn out and collected,
and then centrifuged for 5 min at 1,500 rpm. Sediment cells were
resuspended in DMEM, which regulated the concentration of the
cells at 2 X 10° cells/ml. The cells were cultivated in 96-well plates at
37°C for 2 h until they had adhered, then the cultivation holes were
washed with PBS. The adherent cells were peritoneal macrophages.

Evaluation of Histological Changes
For the histological analysis of lung tissue, mice were eutha-
nized and the lower lobes from left lungs were fixed in 4%

formalin, followed by dehydrated with ethanol. Subsequently,
5 um sections were cut after paraffin embedding, and stained
with hematoxylin and eosin (H&E) according to previous
description (30). The H&E-stained sections were observed
under a light microscope to evaluate pathological changes.
At the same time, we applied a standard assessment method
to judge the lung injury (31). In detail, lung injury was scored
based on edema, neutrophil infiltration, hemorrhage, bronchi-
ole epithelial desquamation, and hyaline membrane formation,
and five visual fields were observed for each slice. The works
were performed in a blinded manner. A score scaled from 0 to
4 represents the severity: 0 for no damage, 1 for mild damage,
2 for moderate damage, 3 for severe damage, and 4 for very
severe damage.
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Measurement of Lung Wet/Dry

Weight Ratios

Right lungs of the mice were separated by blunt dissection, and
the wet weights were measured. And then the lungs were dried
in an oven continuously at 60°C for 3 days to determine the dry
weights. Ultimately, we calculated the ratios of wet/dry weight to
evaluate the degree of pulmonary edema.

Bronchoalveolar Lavage Fluid (BALF)
Analysis

Trachea was exposed after the mice were euthanized. Gently we
injected 0.5 mL PBS into the trachea and aspirate the liquid for
three times to obtain BALF (32). BALF were centrifuged to pellet
cells, the supernatants were used to measure total protein concen-
tration by BCA (Bicinchoninic acid) method. The cells were then
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lysed by ACK Lysis Buffer for 5 min, washed twice with ice-cold
PBS, and then centrifuged again at 3,000 rpm for 10 min at 4°C.
After that, sediment cells were resuspended in PBS to count total
cell number with a hemocytometer or conduct Wright-Giemsa
staining using a cytospin and count differential inflammatory
cell numbers, as well as measure the ROS level. Meanwhile, the
supernatants were conserved at —80°C to measure cytokine levels
by ELISA.

Cytospins and Wright-Giemsa Staining

Cells from BALF were spun onto glass slides by a cytospin. After
the slide was mixed in methyl alcohol, Wright-Giemsa A was
added onto it for 1 min, and then Wright-Giemsa B was added
on top of Wright-Giemsa A for 5 min. The dye liquor was washed
off gently by running water, followed by drying and observation
under a microscope. To count differential inflammatory cell

number, 300 cells in total were counted, and 100 of the cells in
each microscopic field were scored. The mean number of cells
per field was reported.

Enzyme-Linked Immunosorbent Assay
Applying a commercially available mouse ELISA kits, the levels
of pro-inflammatory cytokines IL-1p, IL-6, and TNF-a in BALF
were detected. The absorbance was read at 450 nm with a micro-
plate reader.

Measurements of MPO, MDA, GSH,
and SOD Contents

Right lungs of the mice were excised and homogenized in saline.
The levels of MPO, MDA, GSH, and SOD were determined by
commercially available test kits according to the manufacturer’s
kit protocols.
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FIGURE 6 | Effects of isoliquiritigenin (ISL) on inflammation in lipopolysaccharide (LPS)-induced ALI mice. (A) Wright-Giemsa staining was used to display
morphology of different inflammatory cells (magnification x400, black arrows: macrophages; red arrows: neutrophils): (a) control, (b) isoliquiritigenin (30 mg/kg), (c)
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hemocytometer to determine the inflammatory cell infiltration. (B) Lung tissues from different experimental groups were obtained at 12 h after LPS administration.
Total protein was extracted from lung homogenization. The expressions of inducible nitric oxide synthase (INOS) and cyclooxygenase-2 (COX-2) were determined by
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Measurement of ROS Generation

Reactive oxygen species scavenging activity of ISL was assayed
with the oxidant-sensitive fluorescent probe, DCFH-DA (20,
70-Dichlorofluorescein diacetate). ISL-treated cells with or with-
out brusatol were stained with DCFH-DA (5 uM) for 40 min prior
to t-BHP (10 mM) for 5 min, or stimulated with LPS (1 ug/mL)
for 24 h prior to DCFH-DA (5 pM) for 40 min, the fluorescence
intensity was read by a microplate reader at an excitation wave-
length of 488 nm and an emission wavelength of 535 nm. As well,
resuspended cells in BALF were stained with the same fluorescent
dye, but the ROS levels were determined by both the microplate
reader and flow cytometry.

Isolation of Nuclear and

Cytosolic Fractions
Cytoplasmic and 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 on ice.

Western Blots

For western blot analysis, homogenized lung tissues and treated
cells were lysed in RIPA buffer with protease and phosphatase
inhibitors for 30 min, followed by centrifugation at 12,000 rpm
for 10 min at 4°C. The supernatants were collected, and BCA
method was used to determine protein concentration. Protein
samples were separated by 10-12.5% SDS-PAGE, and were
transferred to a PVDF membrane. The membrane was blocked in
5% skim milk at room temperature for 1 h, blotted with each pri-
mary antibody (1:1,000) overnight at 4°C and the corresponding
secondary antibody (1:5,000) at room temperature for 1 h. Finally
the blots were visualized with an enhanced chemiluminescence
western blot detection system (Amersham Pharmacia Biotech,
Piscataway, NJ, USA) and band intensities were quantified using
Image J gel analysis software.
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Statistical Analysis

The data were analyzed using SPSS19.0 (IBM) and expressed
as mean + SEM. The statistical analysis of comparison among
groups was performed with the one-way analysis of variance,
whereas multiple comparisons were made using the LSD
method. Statistical significance was accepted when P < 0.05 or
P <0.01.

RESULTS

ISL Inhibited Cell Death and ROS
Production in t-BHP-Treated RAW 264.7

Cells via a Nrf2-Dependent Mechanism

First, the cytoprotective effects of ISL were confirmed in t-BHP-
treated RAW 264.7 cells. Pretreatment with ISL (18 h) attenuated
the cell death induced by t-BHP in an MTT assay (Figure 1B).
Meanwhile, incubation with t-BHP significantly raised the intra-
cellular ROS levels, which were inhibited by pretreatment with

ISL (Figures 1C,D). These results suggest that ISL may alleviate
cytotoxicity through its intracellular ROS scavenging activity.
However, brusatol pretreatment abolished the protective effects
of ISL on cell viability and ROS (Figures S1A,B in Supplementary
Material), which indicated that the cytoprotective and antioxi-
dant effects of ISL in t-BHP-treated RAW cells were dependent
on Nrf2.

ISL Upregulated AMPK/Nrf2/ARE
Signaling and Related Antioxidant
Enzyme Expression Levels in
RAW 264.7 Cells

Under conditions of oxidative stress, the expressions of anti-
oxidant enzymes regulated by Nrf2, such as HO-1, GCLM,
GCLC, and NQOI, are clearly increased. As expected,
we discovered that ISL significantly increased the ARE-
mediated transcriptional activities of antioxidant enzyme
genes (Figures 2A,B). In addition, the results of western blot
showed that ISL increased the protein expression of total Nrf2
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Lung tissues from different experimental groups were obtained at 12 h after LPS administration. Total protein, cytoplasmic, and nuclear extracts were extracted from
lung homogenization. The expressions of different protein were determined by western blot and expressed as densitometry quantitation using p-actin as an internal
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and HO-1, GCLM, GCLC, and NQOI in a time-dependent
manner, as well as resulted in an increase in the nuclear
expression and a decrease in cytoplasmic expression of Nrf2
(Figures 2C,D).

Furthermore, previous studies have shown that the AMPK
pathway may work upstream of Nrf2. In the current study, we
also found that ISL increased the phosphorylation of AMPK
slightly prior to the induction of Nrf2 (Figure 2E), while
pretreatment with an AMPK inhibitor, CC decreased the ISL-
induced Nrf2 activation (Figure 2F). The results suggest that
in ISL-mediated Nrf2 activation, AMPK signaling works as an
upstream regulator.
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FIGURE 9 | Nuclear factor erythroid-2 related factor 2 (Nrf2) dependence of
protective effects mediated by isoliquiritigenin in lipopolysaccharide
(LPS)-induced ALI mice. Wild-type (WT) and Nrf2-/~ mice were used to
established the LPS-induced ALI model. (A) To confirm the knockout of Nrf2,
nuclear levels of Nrf2 in lung homogenization were determined by western
blot. The results of western blot were expressed as densitometry quantitation
using Lamin B as an internal control. (B) Lung tissues from each experimental
group (n = 5) were obtained at 12 h after LPS administration and processed
for histological evaluation by H&E staining (original magnification x200). As
well, lung mean injury score was determined according to a five-point scale
that was previously described.

ISL Protected RAW 264.7 Cells from
LPS-Induced Inflammation via both
Nrf2-Dependent and Nrf2-Independent

Mechanisms

Recently, a series of studies have shown that the potent anti-
inflammatory effect of ISL is partly derived from the inhibition
of the caspase-1/IL-1f and NF-kB pathways. However, due to
the crosstalk between Nrf2 and anti-inflammatory pathways, we
deemed it worthwhile to investigate whether the Nrf2 activator
ISL exerts anti-inflammatory effects through Nrf2 signaling. We
confirmed that ISL also inhibited the induction of two important
pro-inflammatory enzymes inducible nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2) in RAW 264.7 cells (Figure 3A).
The results showed that AMPK/Nrf2 signaling was activated in
the ISL-treated group after stimulation with LPS, preliminarily
suggesting that ISL does exert its anti-inflammatory effects
through Nrf2 signaling (Figure 3B). Subsequently, we observed
that the protein expression levels of NLRP3, p-IkBa and nuclear
NF-xB (p65) were significantly increased by the combination
of LPS and ATP or by just LPS stimulation, while this increase
was blocked by pretreatment with ISL. Furthermore, we used a
specific inhibitor of Nrf2, brusatol, to inhibit ISL-induced Nrf2
activation (Figure 3C), and the inhibitory effects of brusatol on
the antioxidant enzymes regulated by Nrf2 were also investigated
(Figure S2 in Supplementary Material). As might be expected, ISL
failed to inhibit the increase in NLRP3 expression after brusatol
pretreatment (Figure 3D). Nevertheless, we were surprised to
discover that the inhibitory effects on the NF-xB pathway were
not affected (Figure 3E). These results suggest that ISL suppresses
the LPS-induced inflammation in RAW 264.7 cells through the
inhibition of NLRP3 in a Nrf2-dependent way and the suppres-
sion of the NF-kB pathway in a Nrf2-independent way.

ISL Reduced the Severity of
LPS-Induced ALI

Previous studies have shown that the pathological characteristics
of LPS-induced ALI in a mouse model are fairly similar to those
in human ALI (33). Therefore, LPS instillation was applied to
induce ALI in our study and to investigate the protective effects
of ISL. To observe the tissue damage, the lower lobes of the left
lungs were taken for histology 12 h after the LPS challenge. The
administration of LPS led to diffuse pathological changes in
the lung, which were characterized by alveolar congestion and
inflammatory cell infiltration. However, pretreatment with ISL
significantly reduced these changes, just as the positive control
drug dexamethasone did. The evaluation of lung injury severity
was also performed by calculating alung injury score (Figure 4A).
In accordance with the pathological analysis, the lung wet/dry
weight ratio and total protein concentration in BALF showed
similar results (Figures 4B,C). These results indicate that ISL
effectively alleviates LPS-induced pathological changes in ALL

ISL Alleviated LPS-Induced

Oxidative Stress in ALI
To further confirm whether ISL combats LPS-induced ALI
through its antioxidative effect, we examined the levels of ROS
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in different groups. After 12 h, stimulation with LPS significantly
increased the ROS levels of sediment cells in BALF, and ISL sig-
nificantly reduced this increase (Figures 5A,B). Additionally, we
measured indexes of oxidative stress, including MPO, a marker
of neutrophil accumulation that can cause tissue injury by itself
or through derived oxidants; MDA, a product of lipid peroxida-
tion considered as a marker of oxidative stress; and glutathione
(GSH) and SOD, two essential antioxidant factors (34-37). The
results showed that pretreatment with ISL markedly decreased
LPS-induced MPO production and MDA formation and reduced
the depletion of GSH and SOD (Figures 5C-F). These results
reveal that ISL attenuates lung injury through the inhibition of
oxidative stress.

ISL Repressed the LPS-Induced
Recruitment of Inflammatory Cells and

Production of Pro-inflammatory Mediators
The number of total and differential inflammatory cells as well as
the levels of pro-inflammatory cytokines in BALF are involved in
the pathogenesis of LPS-induced ALI and indicate the severity
of lung inflammation. As evidenced by Wright-Giemsa staining
and cell counting, LPS induced a significant increase in the num-
ber of total cells, neutrophils, and macrophages in BALF, while
pretreatment with ISL caused a notable reduction in cell number
compared with that after LPS treatment alone (Figure 6A).
Moreover, the results showed that ISL inhibited the production
of COX-2 and iNOS in the lung tissue, and TNF-«, IL-1f, and
IL-6 in BALF (Figures 6B,C). These results suggest that ISL
alleviates lung injury by inhibiting the recruitment of inflamma-
tory cells and the production of pro-inflammatory mediators in
LPS-induced ALL

ISL Activated the AMPK/Nrf2 Signaling
and Its Downstream Antioxidant Enzymes
in LPS-Induced ALI

Various cellular and mouse models have been used to investigate
the protective effects of Nrf2 against ALI/ARDS (38, 39). As
expected, ISL treatment also evoked a notable increase in the
expression of nuclear Nrf2 and its target enzymes (e.g., HO-1,
GCLM, GCLC, and NQOI) in lung homogenates (Figure 7A).
Moreover, the results showed that ISL markedly increased the
phosphorylation of AMPK, GSK3p, and Akt (Figure 7B), which
have been confirmed to be upstream regulators of Nrf2 (11). Such
findings suggest that ISL may protect against LPS-induced ALI
through the upregulation of the AMPK/Nrf2 signaling.

ISL Suppressed the NLRP3 Inflammasome
and NF-xB Pathways in LPS-Induced ALI

Accumulated evidence has revealed that the NLRP3 inflamma-
some and NF-«B pathways are essential for the full development
of ALI Hence, we analyzed the expression levels of proteins in
the NLRP3 and NF-«B pathways. The results showed that in the
lung tissue, the administration of LPS substantially increased
the protein expression levels of NLRP3, ASC, and caspase-1,
which have been proven to be three important components of

the inflammasome. ISL successfully suppressed the activation of
the NLRP3 inflammasome induced by LPS. In agreement with
this, the increase in both pro-IL-1p (31 kDa) and mature IL-1p
(17.5 kDa) after the LPS challenge was blocked by ISL pretreat-
ment (Figure 8A). Moreover, ISL reduced the LPS-stimulated
increase in p-IkBa and the nuclear expression of NF-kB,
both of which are important proteins in the NF-xB pathway
(Figure 8B).

Nrf2 Dependency of ISL in Repressing
Oxidative Stress and Inflammation in
LPS-Induced ALI

To further investigate whether the antioxidative and anti-inflam-
matory effects of ISL on LPS-induced ALI are due to Nrf2 activa-
tion, we used WT and Nrf2”- C57BL/6 mice, and the western blot
results confirmed the knockout of Nrf2 (Figure 9A). Histological
analysis provided a clear impression of the protective effect: ISL
notably alleviated the histopathological changes in WT mice,
but the inhibitory effect was fairly weaker in the Nrf2~~ mice
(Figure 9B). Furthermore, ISL significantly suppressed the LPS-
induced ROS production in peritoneal macrophages of WT mice
but not in the peritoneal macrophages of the Nrf2~~ mice (Figure
S3 in Supplementary Material), showing that the antioxidative
capacity of ISL was dependent on Nrf2 activation. In addition, in
accordance with the in vitro experiments, the inhibitory effect of
ISL on the NLRP3 pathway was substantially blocked in Nrf2~/~
mice compared with WT mice, while the inhibitory effect on
the NF-kB pathway still existed (Figure 10). Meanwhile, in the
Nrf2~/'~ mice, we were surprised to find that the ISL + LPS group
had increased expression levels of the NLRP3 inflammasome
components compared with their levels in the LPS group, but the
reason remains unclear. Such findings further support the results
that ISL alleviates LPS-induced ALI through the inhibition of
NLRP3 in a Nrf2-dependent way and the suppression of the
NF-kB pathway in a Nrf2-independent way.

DISCUSSION

Oxidative stress represents a perturbed redox equilibrium and is
reported to have an interdependent relationship with inflamma-
tion (2, 7). It is intimately involved in multiple diseases, including
ALI/ARDS, a major clinical syndrome characterized by diffuse
inflammation and respiratory failure (23, 28). For protection
against oxidative stress and relevant inflammation, organisms
have developed a complex cellular defense system and Nrf2 is
an important component of that system. ISL, a flavonoid from
G. uralensis, possesses diverse biological properties, including
antioxidant and anti-inflammatory activities, which may be due
to its regulation of Nrf2 and other pro-inflammatory pathways
(26, 27). The present study revealed the protective effect of ISL on
ALI/ARDS and the underlying mechanisms of this effect, includ-
ing the regulation and crosstalk of the Nrf2, NLRP3, and NF-xB
pathways (Figure 11).

To imitate the environment of oxidative stress in ALI, t-BHP
is widely used to induce ROS in vitro, and LPS-related models are
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usually used in vivo (28, 29). Excessive ROS mediates epithelial
and endothelial injury in the lung (40, 41) and promotes tissue
destruction, such as histopathological changes, lung edema, and
protein leakage in ALI It is widely accepted that the transcrip-
tion factor Nrf2 effectively reduces ROS levels and combats redox
disruption through the induction of ARE-dependent genes (8).
Moreover, Nrf2 is considered a candidate susceptibility gene in
several ALI model and has notable benefits in ALI/ARDS (42).
In the current study, ISL also increased the expression levels of
nuclear Nrf2 and its target antioxidant enzymes including HO-1,
NQO1, GCLM, and GCLC. At the same time, excessive ROS was
indeed eliminated by ISL and was accompanied by reductions in
t-BHP-stimulated cell death in vitro and in LPS-induced MPO/
MDA production, GSH/SOD depletion and lung injury in vivo.
Therefore, the alleviation of cytotoxicity and lung injury by ISL
might be linked to its ability to counterbalance excessive ROS
through Nrf2 signaling.

Furthermore, AMPK, an energy sensor that regulates cell
survival or death, can also be activated by ISL and exert cyto-
protective effects (10, 43). Recently, crosstalk between Nrf2 and
AMPK has been reported in human endothelial cells, and AMPK
is considered to work as an upstream kinase of Nrf2 (44, 45).
Moreover, certain compounds activate AMPK by increasing its
phosphorylation level, subsequently promoting the Akt-mediated
phosphorylation of GSK3p and eventually leading to Nrf2 activa-
tion (11). Although previous studies have also shown that CC may
exert effects independent of AMPK inhibition, such as inhibit the
BMP pathway, UPR transcription program, and antiglioma, it is
still the only available cell-permeable AMPK inhibitor (46-49).
Using CC, the present study results suggested that ISL activated
Nrf2 in an AMPK-dependent way in macrophages. Meanwhile,
the increased phosphorylation of AMPK, GSK3p, and Akt was
also observed in ISL-treated mice. The ability of AMPK to regu-
late Nrf2 further indicated that energy metabolism dysfunction
might interact with oxidative stress and serve as a danger signal in
ALI while the influence of ISL on energy metabolism and oxida-
tive stress may satisfy the prerequisites of each other.

Nevertheless, persistent and uncontrolled inflammation is
also intimately associated with oxidative stress and implicated
in LPS-induced ALI (50). LPS promotes the infiltration of
inflammatory cells and pro-inflammatory mediators to evoke
more production of ROS; in turn, excessive ROS inflicts more
severe inflammation, exacerbating tissue destruction (51, 52).
As reported, the severity of ALI is correlated with two interde-
pendent processes: the recruitment of inflammatory cells and
the upregulation of pro-inflammatory cytokines (53-55). ISL
significantly inhibited LPS-induced inflammation, including the
infiltration of inflammatory cells (neutrophils, macrophages)
and the overproduction of two important pro-inflammatory
enzymes, COX-2, and iNOS, and other pro-inflammatory
cytokines (TNF-a, IL-1f, and IL-6). Clearly, in addition to its
antioxidative property, the ISL-mediated alleviation of lung
injury was also derived from the reduction of these inflamma-
tory components.

Among the various inflammatory responses, two pathways
are particularly required for lung injury: the NF-kB and NLRP3
pathways. NF-kB, a transcription factor mainly composed of

the p50/p65 heterodimer, plays a crucial role in regulating pro-
inflammatory cytokines. Under unstimulated conditions, NF-kB
interacts with its inhibitor protein IkB and is sequestered in the
cytosol. Upon stimulation, IkB is phosphorylated and degraded,
and then, NF-kB is released, phosphorylated and translocated into
the nucleus to trigger cytokine precursors (56, 57). Furthermore,
the activation of NF-kB is an essential initial step for the priming
of NLRP3 activation, and ROS generated from NF-xB-mediated
inflammation also serves as a danger signal that activates NLRP3
(18, 21). Once NLRP3 is activated, there ensues the recruitment
of ASC, activation of caspase-1, and processing of pro-IL-1f or
pro-IL-18 into mature forms ensues (19). Thus, these two separate
signals act together to induce the activation of cytokines such as
IL-1pB, promoting lung injury in ALI. The present study verified
the inhibitory effects of ISL on both the NF-xB and NLRP3 path-
ways. This dual inhibitory effect might act at different steps in the
pathways alleviating lung injury in LPS-induced ALI, and was
more effective than the inhibition of a single pro-inflammatory
signaling pathway.

Moreover, recent studies have also revealed that Nrf2 activa-
tion is able to repress inflammation-mediated injury through its
antioxidant cascades (38). However, the relationship between
Nrf2 and pro-inflammatory pathways, such as the NF-«B and
NLRP3 pathways, is still controversial in several studies (58-61).
In the present study, we also investigated the crosstalk between
Nrf2 and these two pathways. Brusatol (a specific inhibitor of
Nrf2) pretreatment abolished the protective effects of ISL on cell
viability and ROS in RAW 264.7 cells, and the inhibition of ROS
was also abolished in the peritoneal macrophages of Nrf2~'~ mice.
The inhibitory effect of ISL on NLRP3 activation was markedly
reduced when cells were treated with brusatol and in the lung
of Nrf2=~ mice, while the inhibition of IkBa degradation was
not affected. This suggests that ISL might attenuate LPS-induced
ALI by inhibiting the NLRP3 pathway in a Nrf2-dependent way
and the NF-kB pathway in a Nrf2-independent way. Hence, the
impact of ISL on these two pro-inflammatory pathways may
act, respectively, and NF-kB inhibition might not be adequate
to dampen LPS-induced lung injury. More intriguingly, ISL
treatment significantly alleviated the histopathological changes
in WT mice, while this protective effect was fairly weaker in the
Nrf2~'~ mice. On one hand, these results indicate that the anti-
inflammatory activity of ISL was at least partly dependent on
Nrf2; on the other hand, the NLRP3 pathway might be regulated
by other priming signals apart from NF-kB and play a much more
important role in the full development of ALIL

In conclusion, we first demonstrated that ISL significantly
alleviated LPS-induced ALI in mice and that the mechanisms
underlying this protective effect might include the restriction of
oxidative damage and inflammatory injury, which was derived
from the activation of AMPK/Nrf2/ARE signaling and the inhibi-
tion of the NF-kB and NLRP3 pathways. Additionally, although
the antioxidative effect of ISL is mainly derived from Nrf2
activation, the inhibitory effect of ISL on LPS-induced inflam-
mation may be either Nrf2-dependent or Nrf2-independent. In
summary, the present results provide experimental evidence for
the application of ISL in the treatment of ALI/ARDS associated
with gram-negative bacterial infection.
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FIGURE 10 | Nuclear factor erythroid-2 related factor 2 (Nrf2) dependence of NOD-like receptor protein 3 (NLRP3)/NF-xB inhibition mediated by isoliquiritigenin in
lipopolysaccharide (LPS)-induced ALI mice. Wild-type (WT) and Nrf2~~ mice were used to established the LPS-induced ALI model, and lung tissues from each
experimental group (n = 5) were obtained at 12 h after LPS administration. Total protein, cytoplasmic, and nuclear extracts were extracted from lung
homogenization. The expressions of different protein were determined by western blot and expressed as densitometry quantitation using B-actin as an internal
control for total or cytoplasmic proteins and Lamin B for nuclear proteins. NLRP3, ASC, Caspase-1-p10, pro- and mature IL-16, p-IkBa and IkBa, and nuclear levels
of pB5. Data were expressed as mean + SEM. n = 5. *P < 0.05 and **P < 0.01 vs control group. *P < 0.05 and #*P < 0.01 vs LPS group (downregulation).

$P < 0.05 and *P < 0.01 vs LPS group (upregulation).
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FIGURE S1 | Effects of isoliquiritigenin on t-BHP-induced oxidative injury in RAW
264.7 cells. (A) RAW 264.7 cells were treated with isoliquiritigenin (5, 10, 20 M)
for 18 h with/without BT (300 nM), and then subjected to t-BHP (10 mM) for 3 h.
The cell viability was determined by a MTT assay. (B) RAW 264.7 cells were
treated with isoliquiritigenin (5, 10, 20 uM) for 18 h with/without BT and then
stained with DCFH-DA (5 uM) for 40 min, followed by exposed to t-BHP (10 mM)
for 5 min to induce reactive oxygen species (ROS). The ROS production was
detected by fluorescence microplate reader. Data were expressed as

mean + SEM. n = 5. *P < 0.05 and **P < 0.01 vs control group. *P < 0.05 and
#P < 0.01 vs t-BHP group.

FIGURE S2 | Inhibition of Nrf2-target antioxidative enzymes by Brusatol. RAW
264.7 cells were treated with BT (Brusatol, an inhibitor of Nrf2, 300 nM) for 1 h
and then subjected to isoliquiritigenin (20 uM) for 6 h. The inhibition of HO-1,
GCLM, GCLC, and NQO1 expression were determined by western blot and
expressed as densitometry quantitation using p-actin as an internal control. Data
were expressed as mean + SEM. n = 5. *P < 0.05 and **P < 0.01 vs control
group. *P < 0.05 and *P < 0.01 vs isoliquiritigenin only group.

FIGURE S3 | Nrf2 dependence of antioxidative effects mediated by
isoliquiritigenin in peritoneal macrophages. Peritoneal macrophages isolated
from wild-type (WT) and Nrf2-~ mice were pre-treated with isoliquiritigenin

(20 uM) for 1 h and then stimulated with lipopolysaccharide (LPS) for another
24 h. After that, cells were stained with DCFH-DA (5 puM) for 40 min, and
reactive oxygen species production was detected by fluorescence microplate
reader. Data were expressed as mean + SEM. n = 5. *P < 0.05 and **P < 0.01
vs control group. *P < 0.05 and *P < 0.01 vs LPS group.

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1518


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/article/10.3389/fimmu.2017.01518/full#supplementary-material
http://www.frontiersin.org/article/10.3389/fimmu.2017.01518/full#supplementary-material

Liu et al.

Isoliquiritigenin Protect Against ALI

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Cho HY, Reddy SP, Kleeberger SR. Nrf2 defends the lung from oxidative stress.
Antioxid Redox Signal (2006) 8(1-2):76-87. d0i:10.1089/ars.2006.8.76
Stangherlin A, Reddy AB. Regulation of circadian clocks by redox homeosta-
sis. ] Biol Chem (2013) 37:26505-11. doi:10.1074/jbc.R113.457564

Ray PD, Huang BW, Tsuji Y. Reactive oxygen species (ROS) homeostasis
and redox regulation in cellular signaling. Cell Signal (2012) 5:981-90.
doi:10.1016/j.cellsig.2012.01.008

Paravicini TM, Touyz RM. Redox signaling in hypertension. Cardiovasc Res
(2006) 2:247-58. doi:10.1016/j.cardiores.2006.05.001

Trachootham D, Alexandre ], Huang P. Targeting cancer cells by ROS-
mediated mechanisms: a radical therapeutic approach? Nat Rev Drug Discov
(2009) 7:579-91. doi:10.1038/nrd2803

Cho HY, Kleeberger SR. Nrf2 protects against airway disorders. Toxicol
Appl Pharmacol (2010) 1:43-56. doi:10.1016/j.taap.2009.07.024

Biswas SK. Does the interdependence between oxidative stress and inflam-
mation explain the antioxidant paradox? Oxid Med Cell Longev (2016)
2016:5698931. doi:10.1155/2016/5698931

Nguyen T, Sherratt PJ, Huang HC, Yang CS, Pickett CB. Increased protein
stability as a mechanism that enhances Nrf2-mediated transcriptional acti-
vation of the antioxidant response element. Degradation of Nrf2 by the 26 s
proteasome. J Biol Chem (2003) 7:4536-41. d0i:10.1074/jbc.M207293200
Tkachev VO, Menshchikova EB, Zenkov NK. Mechanism of the Nrf2/Keap1/
are signaling system. Biochemistry (Mosc) (2011) 4:407-22. doi:10.1134/
$0006297911040031

Peairs A, Radjavi A, Davis S, Li L, Ahmed A, Giri S, et al. Activation of AMPK
inhibits inflammation in MRL/lpr mouse mesangial cells. Clin Exp Immunol
(2009) 3:542-51. doi:10.1111/j.1365-2249.2009.03924.x

Wang L, Zhang S, Cheng H, Lv H, Cheng G, Ci X. Nrf2-mediated liver
protection by esculentoside a against acetaminophen toxicity through the
AMPK/AKT/GSK3beta pathway. Free Radic Biol Med (2016) 101:401-12.
doi:10.1016/j.freeradbiomed.2016.11.009

Lv H, Yu Z, Zheng Y, Wang L, Qin X, Cheng G, et al. Isovitexin exerts anti-
inflammatory and anti-oxidant activities on lipopolysaccharide-induced
acute lung injury by inhibiting MAPK and NF-kappaB and activating HO-1/
Nrf2 pathways. Int ] Biol Sci (2016) 1:72-86. doi:10.7150/ijbs.13188

Yeh CH, Yang JJ, Yang ML, Li YC, Kuan YH. Rutin decreases lipopolysac-
charide-induced acute lung injury via inhibition of oxidative stress and
the MAPK-NF-kappaB pathway. Free Radic Biol Med (2014) 69:249-57.
doi:10.1016/j.freeradbiomed.2014.01.028

Huang CH, Yang ML, Tsai CH, Li YC, Lin Y], Kuan YH. Ginkgo biloba leaves
extract (EGB 761) attenuates lipopolysaccharide-induced acute lung injury
via inhibition of oxidative stress and NF-kappaB-dependent matrix metal-
loproteinase-9 pathway. Phytomedicine (2013) 20(3-4):303-9. doi:10.1016/j.
phymed.2012.11.004

Su ZQ, Mo ZZ, Liao JB, Feng XX, Liang YZ, Zhang X, et al. Usnic acid
protects LPS-induced acute lung injury in mice through attenuating inflam-
matory responses and oxidative stress. Int Immunopharmacol (2014) 2:371-8.
doi:10.1016/j.intimp.2014.06.043

Shimada K, Crother TR, Karlin ], Dagvador;j J, Chiba N, Chen S, et al. Oxidized
mitochondrial DNA activates the NLRP3 inflammasome during apoptosis.
Immunity (2012) 3:401-14. doi:10.1016/j.immuni.2012.01.009

Flohe L, Brigelius-Flohe R, Saliou C, Traber MG, Packer L. Redox regulation
of NF-kappa B activation. Free Radic Biol Med (1997) 6:1115-26. doi:10.1016/
S0891-5849(96)00501-1

Gross O, Thomas CJ, Guarda G, Tschopp J. The inflammasome: an integrated
view. Immunol Rev (2011) 1:136-51. doi:10.1111/j.1600-065X.2011.01046.x
Abderrazak A, Syrovets T, Couchie D, El Hadri K, Friguet B, Simmet T, et al.
NLRP3 inflammasome: from a danger signal sensor to a regulatory node of
oxidative stress and inflammatory diseases. Redox Biol (2015) 4:296-307.
doi:10.1016/j.redox.2015.01.008

Jiang L, Zhang L, Kang K, Fei D, Gong R, Cao Y, et al. Resveratrol ameliorates
Ips-induced acute lung injury via NLRP3 inflammasome modulation. Biomed
Pharmacother (2016) 84:130-8. doi:10.1016/j.biopha.2016.09.020
Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D,
et al. Cutting edge: NF-kappaB activating pattern recognition and cytokine
receptors license NLRP3 inflammasome activation by regulating NLRP3
expression. ] Immunol (2009) 2:787-91. doi:10.4049/jimmunol.0901363

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Baetz D, Shaw J, Kirshenbaum LA. Nuclear factor-kappaB decoys suppress
endotoxin-induced lung injury. Mol Pharmacol (2005) 4:977-9. doi:10.1124/
mol.105.011296

Sarma JV, Ward PA. Oxidants and redox signaling in acute lung injury. Compr
Physiol (2011) 3:1365-81. doi:10.1002/cphy.c100068

Grailer ], Canning BA, KalbitzM, Haggadone MD, Dhond RM, Andjelkovic AV,
et al. Critical role for the NLRP3 inflammasome during acute lung injury.
J Immunol (2014) 12:5974-83. doi:10.4049/jimmunol.1400368

Kim KH, Kim DH, Jeong N, Kim KI, Kim YH, Lee M, et al. Therapeutic effect
of Chung-Pae, an experimental herbal formula, on acute lung inflammation is
associated with suppression of NF-kappa B and activation of Nrf2. Evid Based
Complement Alternat Med (2013) 2013:659459. doi:10.1155/2013/659459
Wang R, Zhang CY, Bai LP, Pan HD, Shu LM, Kong AN, et al. Flavonoids
derived from liquorice suppress murine macrophage activation by up-
regulating heme oxygenase-1 independent of Nrf2 activation. Int Immuno-
pharmacol (2015) 2:917-24. doi:10.1016/j.intimp.2015.03.040

Honda H, Nagai Y, Matsunaga T, Okamoto N, Watanabe Y, Tsuneyama K, et al.
Isoliquiritigenin is a potent inhibitor of NLRP3 inflammasome activation and
diet-induced adipose tissue inflammation. J Leukoc Biol (2014) 6:1087-100.
doi:10.1189/j1b.3A0114-005RR

Ware LB, Matthay MA. The acute respiratory distress syndrome. N Engl ] Med
(2000) 18:1334-49. doi:10.1056/NEJM200005043421806

de Souza LE Barreto E da Silva EG, Andrades ME, Guimaraes EL, Behr GA,
etal. Regulation of LPS stimulated ROS production in peritoneal macrophages
from alloxan-induced diabetic rats: involvement of high glucose and pparga-
mma. Life Sci (2007) 2:153-9. doi:10.1016/j.1f5.2007.04.035

Mabalirajan U, Ahmad T, Leishangthem GD, Joseph DA, Dinda AK, Agrawal A,
et al. Beneficial effects of high dose of L-arginine on airway hyperresponsive-
ness and airway inflammation in a murine model of asthma. J Allergy Clin
Immunol (2010) 3:626-35. doi:10.1016/j.jaci.2009.10.065

Zhou ZH, Sun B, Lin K, Zhu LW. Prevention of rabbit acute lung injury by
surfactant, inhaled nitric oxide, and pressure support ventilation. Am J Respir
Crit Care Med (2000) 2 Pt 1:581-8. doi:10.1164/ajrccm.161.2.9901048

Kuo MY, Liao ME, Chen FL, Li YC, Yang ML, Lin RH, et al. Luteolin attenuates
the pulmonary inflammatory response involves abilities of antioxidation and
inhibition of MAPK and NFkappaB pathways in mice with endotoxin-in-
duced acute lung injury. Food Chem Toxicol (2011) 10:2660-6. doi:10.1016/j.
fct.2011.07.012

Rojas M, Woods CR, Mora AL, Xu J, Brigham KL. Endotoxin-induced lung
injury in mice: structural, functional, and biochemical responses. Am J Physiol
Lung Cell Mol Physiol (2005) 2:L333-41. doi:10.1152/ajplung.00334.2004
Annapurna A, Ansari MA, Manjunath PM. Partial role of multiple pathways
in infarct size limiting effect of quercetin and rutin against cerebral isch-
emia-reperfusion injury in rats. Eur Rev Med Pharmacol Sci (2013) 4:491-500.
Klebanoff SJ. Myeloperoxidase: friend and foe. J Leukoc Biol (2005) 5:598-
625. doi:10.1189/j1b.1204697

Manca D, Ricard AC, Trottier B, Chevalier G. Studies on lipid peroxidation in
rat tissues following administration of low and moderate doses of cadmium
chloride. Toxicology (1991) 3:303-23. doi:10.1016/0300-483X(91)90030-5
Park HA, Khanna S, Rink C, Gnyawali S, Roy S, Sen CK. Glutathione disulfide
induces neural cell death via a 12-lipoxygenase pathway. Cell Death Differ
(2009) 8:1167-79. doi:10.1038/cdd.2009.37

Joo Choi R, Cheng MS, Shik Kim Y. Desoxyrhapontigenin up-regulates Nrf2-
mediated heme oxygenase-1 expression in macrophages and inflammatory
lung injury. Redox Biol (2014) 2:504-12. doi:10.1016/j.redox.2014.02.001
Mehla K, Balwani S, Agrawal A, Ghosh B. Ethyl gallate attenuates acute lung
injury through Nrf2 signaling. Biochimie (2013) 12:2404-14. doi:10.1016/j.
biochi.2013.08.030

Abraham E, Carmody A, Shenkar R, Arcaroli J. Neutrophils as early immuno-
logic effectors in hemorrhage- or endotoxemia-induced acute lung injury. Am
J Physiol Lung Cell Mol Physiol (2000) 6:L1137-45.

Rahman I, Biswas SK, Kode A. Oxidant and antioxidant balance in the airways
and airway diseases. Eur ] Pharmacol (2006) 533(1-3):222-39. doi:10.1016/j.
ejphar.2005.12.087

Cho HY, Kleeberger SR. Association of Nrf2 with airway pathogenesis:
lessons learned from genetic mouse models. Arch Toxicol (2015) 11:1931-57.
doi:10.1007/500204-015-1557-y

Choi SH, Kim YW, Kim SG. AMPK-mediated GSK3beta inhibition by
isoliquiritigenin contributes to protecting mitochondria against iron-catalyzed

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1518


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1089/ars.2006.8.76
https://doi.org/10.1074/jbc.R113.457564
https://doi.org/10.1016/j.cellsig.2012.01.008
https://doi.org/10.1016/j.cardiores.2006.05.001
https://doi.org/10.1038/nrd2803
https://doi.org/10.1016/j.taap.2009.07.024
https://doi.org/10.1155/2016/5698931
https://doi.org/10.1074/jbc.M207293200
https://doi.org/10.1134/S0006297911040031
https://doi.org/10.1134/S0006297911040031
https://doi.org/10.1111/j.1365-2249.2009.03924.x
https://doi.org/10.1016/j.freeradbiomed.2016.11.009
https://doi.org/10.7150/ijbs.13188
https://doi.org/10.1016/j.freeradbiomed.2014.01.028
https://doi.org/10.1016/j.phymed.2012.11.004
https://doi.org/10.1016/j.phymed.2012.11.004
https://doi.org/10.1016/j.intimp.2014.06.043
https://doi.org/10.1016/j.immuni.2012.01.009
https://doi.org/10.1016/S0891-5849(96)00501-1
https://doi.org/10.1016/S0891-5849(96)00501-1
https://doi.org/10.1111/j.1600-065X.2011.01046.x
https://doi.org/10.1016/j.redox.2015.01.008
https://doi.org/10.1016/j.biopha.2016.09.020
https://doi.org/10.4049/jimmunol.0901363
https://doi.org/10.1124/mol.105.011296
https://doi.org/10.1124/mol.105.011296
https://doi.org/10.1002/cphy.c100068
https://doi.org/10.4049/jimmunol.1400368
https://doi.org/10.1155/2013/659459
https://doi.org/10.1016/j.intimp.2015.03.040
https://doi.org/10.1189/jlb.3A0114-005RR
https://doi.org/10.1056/NEJM200005043421806
https://doi.org/10.1016/j.lfs.2007.04.035
https://doi.org/10.1016/j.jaci.2009.10.065
https://doi.org/10.1164/ajrccm.161.2.9901048
https://doi.org/10.1016/j.fct.2011.07.012
https://doi.org/10.1016/j.fct.2011.07.012
https://doi.org/10.1152/ajplung.00334.2004
https://doi.org/10.1189/jlb.1204697
https://doi.org/10.1016/0300-483X(91)90030-5
https://doi.org/10.1038/cdd.2009.37
https://doi.org/10.1016/j.redox.2014.02.001
https://doi.org/10.1016/j.biochi.2013.08.030
https://doi.org/10.1016/j.biochi.2013.08.030
https://doi.org/10.1016/j.ejphar.2005.12.087
https://doi.org/10.1016/j.ejphar.2005.12.087
https://doi.org/10.1007/s00204-015-1557-y

Liu et al.

Isoliquiritigenin Protect Against ALI

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

oxidative stress. Biochem Pharmacol (2010) 9:1352-62. doi:10.1016/j.
bcp.2009.12.011

Liu XM, Peyton K]J, Shebib AR, Wang H, Korthuis RJ, Durante W. Activation of
AMPK stimulates heme oxygenase-1 gene expression and human endothelial
cell survival. Am ] Physiol Heart Circ Physiol (2011) 1:H84-93. doi:10.1152/
ajpheart.00749.2010

Mo C, Wang L, Zhang J, Numazawa S, Tang H, Tang X, et al. The crosstalk
between Nrf2 and AMPK signal pathways is important for the anti-inflamma-
tory effect of berberine in Ips-stimulated macrophages and endotoxin-shocked
mice. Antioxid Redox Signal (2014) 4:574-88. doi:10.1089/ars.2012.5116
Isakovic A, Harhaji L, Stevanovic D, Markovic Z, Sumarac-Dumanovic M,
Starcevic V, et al. Dual antiglioma action of metformin: cell cycle arrest and
mitochondria-dependent apoptosis. Cell Mol Life Sci (2007) 10:1290-302.
doi:10.1007/s00018-007-7080-4

Liu X, Chhipa RR, Nakano I, Dasgupta B. The AMPK inhibitor compound
C is a potent AMPK-independent antiglioma agent. Mol Cancer Ther (2014)
3:596-605. doi:10.1158/1535-7163.MCT-13-0579

Saito S, Furuno A, Sakurai J, Park HR, Shin-ya K, Tomida A. Compound C
prevents the unfolded protein response during glucose deprivation through
a mechanism independent of AMPK and BMP signaling. PLoS One (2012)
9:e45845. doi:10.1371/journal.pone.0045845

Yu PB, Hong CC, Sachidanandan C, Babitt JL, Deng DY, Hoyng SA, et al.
Dorsomorphin inhibits BMP signals required for embryogenesis and iron
metabolism. Nat Chem Biol (2008) 1:33-41. doi:10.1038/nchembio.2007.54
Yin N, Peng Z, Li B, Xia ], Wang Z, Yuan J, et al. Isoflurane attenuates lipopoly-
saccharide-induced acute lung injury by inhibiting ROS-mediated NLRP3
inflammasome activation. Am J Transl Res (2016) 5:2033-46.

Fialkow L, Wang Y, Downey GP. Reactive oxygen and nitrogen species as sig-
naling molecules regulating neutrophil function. Free Radic Biol Med (2007)
2:153-64. doi:10.1016/j.freeradbiomed.2006.09.030

Wu Y, Lu J, Antony S, Juhasz A, Liu H, Jiang G, et al. Activation of TLR4 is
required for the synergistic induction of dual oxidase 2 and dual oxidase a2
by IFN-gamma and lipopolysaccharide in human pancreatic cancer cell lines.
J Immunol (2013) 4:1859-72. doi:10.4049/jimmunol.1201725

Agouridakis P, Kyriakou D, Alexandrakis MG, Prekates A, Perisinakis K,
Karkavitsas N, et al. The predictive role of serum and bronchoalveolar lavage
cytokines and adhesion molecules for acute respiratory distress syndrome
development and outcome. Respir Res (2002) 3:25. doi:10.1186/rr193

54.

55.

56.

57.

58.

59.

60.

61.

Meduri GU, Annane D, Chrousos GP, Marik PE, Sinclair SE. Activation
and regulation of systemic inflammation in ARDS: rationale for prolonged
glucocorticoid therapy. Chest (2009) 6:1631-43. doi:10.1378/chest.08-2408
Monaco C, Andreakos E, Kiriakidis S, Mauri C, Bicknell C, Foxwell B, et al.
Canonical pathway of nuclear factor kappa B activation selectively regulates
proinflammatory and prothrombotic responses in human atherosclerosis.
Proc Natl Acad Sci U S A (2004) 15:5634-9. doi:10.1073/pnas.0401060101

de Martin R, Vanhove B, Cheng Q, Hofer E, Csizmadia V, Winkler H, et al.
Cytokine-inducible expression in endothelial cells of an I kappa B alpha-like
gene is regulated by NF kappa B. EMBO ] (1993) 7:2773-9.

Kang SR, Han DY, Park KI, Park HS, Cho YB, Lee HJ, et al. Suppressive effect on
lipopolysaccharide-induced proinflammatory mediators by Citrus aurantium
L. in macrophage raw 264.7 cells via NF-kappaB signal pathway. Evid Based
Complement Alternat Med (2011) 2011:248592. doi:10.1155/2011/248592
LyuJH, Lee GS, Kim KH, Kim HW, Cho SI, Jeong SI, et al. Ent-kaur-16-en-19-
oic acid, isolated from the roots of Aralia continentalis, induces activation of
Nrf2. ] Ethnopharmacol (2011) 3:1442-9. doi:10.1016/j.jep.2011.08.024

Zhao C, Gillette DD, Li X, Zhang Z, Wen H. Nuclear factor E2-related factor-2
(Nrf2) is required for NLRP3 and AIM2 inflammasome activation. J Biol
Chem (2014) 24:17020-9. doi:10.1074/jbc.M114.563114

Garstkiewicz M, Strittmatter GE, Grossi S, Sand ], Fenini G, Werner S,
et al. Opposing effects of NRF2 and NRF2-activating compounds on the
NLRP3 inflammasome independent of NRF2-mediated gene expression. Eur
J Immunol (2017) 5:806-17. doi:10.1002/¢ji.201646665

Youn HS, Kim YS, Park ZY, Kim SY, Choi NY, Joung SM, et al. Sulforaphane
suppresses oligomerization of TLR4 in a thiol-dependent manner. J Immunol
(2010) 1:411-9. doi:10.4049/jimmunol.0803988

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Liu, Lv, Wen, Ci and Peng. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

17

November 2017 | Volume 8 | Article 1518


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.bcp.2009.12.011
https://doi.org/10.1016/j.bcp.2009.12.011
https://doi.org/10.1152/ajpheart.00749.2010
https://doi.org/10.1152/ajpheart.00749.2010
https://doi.org/10.1089/ars.2012.5116
https://doi.org/10.1007/s00018-007-7080-4
https://doi.org/10.1158/1535-7163.MCT-13-0579
https://doi.org/10.1371/journal.pone.0045845
https://doi.org/10.1038/nchembio.2007.54
https://doi.org/10.1016/j.freeradbiomed.2006.09.030
https://doi.org/10.4049/jimmunol.1201725
https://doi.org/10.1186/rr193
https://doi.org/10.1378/chest.08-2408
https://doi.org/10.1073/pnas.0401060101
https://doi.org/10.1155/2011/248592
https://doi.org/10.1016/j.jep.2011.08.024
https://doi.org/10.1074/jbc.M114.563114
https://doi.org/10.1002/eji.201646665
https://doi.org/10.4049/jimmunol.0803988
http://creativecommons.org/licenses/by/4.0/

	Isoliquiritigenin Activates Nuclear Factor Erythroid-2 Related Factor 2 to Suppress the NOD-Like Receptor Protein 3 Inflammasome and Inhibits the NF-κB Pathway in Macrophages and in Acute Lung Injury
	Introduction
	Materials and Methods
	Drug and Reagents
	Cell Culture
	Cell Viability
	ARE Promoter Activity
	Animal
	Grouping and Establishment of LPS-Induced ALI Mouse Model
	Isolation of Peritoneal Macrophages
	Evaluation of Histological Changes
	Measurement of Lung Wet/Dry 
Weight Ratios
	Bronchoalveolar Lavage Fluid (BALF) Analysis
	Cytospins and Wright–Giemsa Staining
	Enzyme-Linked Immunosorbent Assay
	Measurements of MPO, MDA, GSH, 
and SOD Contents
	Measurement of ROS Generation
	Isolation of Nuclear and 
Cytosolic Fractions
	Western Blots
	Statistical Analysis

	Results
	ISL Inhibited Cell Death and ROS Production in t-BHP-Treated RAW 264.7 Cells via a Nrf2-Dependent Mechanism
	ISL Upregulated AMPK/Nrf2/ARE Signaling and Related Antioxidant Enzyme Expression Levels in RAW 264.7 Cells
	ISL Protected RAW 264.7 Cells from LPS-Induced Inflammation via both Nrf2-Dependent and Nrf2-Independent Mechanisms
	ISL Reduced the Severity of 
LPS-Induced ALI
	ISL Alleviated LPS-Induced 
Oxidative Stress in ALI
	ISL Repressed the LPS-Induced Recruitment of Inflammatory Cells and Production of Pro-inflammatory Mediators
	ISL Activated the AMPK/Nrf2 Signaling and Its Downstream Antioxidant Enzymes in LPS-Induced ALI
	ISL Suppressed the NLRP3 Inflammasome and NF-κB Pathways in LPS-Induced ALI
	Nrf2 Dependency of ISL in Repressing Oxidative Stress and Inflammation in LPS-Induced ALI

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


