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Flavokawain B alleviates LPS-induced acute lung injury via
targeting myeloid differentiation factor 2
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Acute lung injury (ALIl) is a sudden onset systemic inflammatory response. ALI causes severe morbidity and death and currently no
effective pharmacological therapies exist. Natural products represent an excellent resource for discovering new drugs. Screening
anti-inflammatory compounds from the natural product bank may offer viable candidates for molecular-based therapies for ALI. In
this study, 165 natural compounds were screened for anti-inflammatory activity in lipopolysaccharide (LPS)-challenged
macrophages. Among the screened compounds, flavokawain B (FKB) significantly reduced LPS-induced pro-inflammatory IL-6
secretion in macrophages. FKB also reduced the formation of LPS/TLR4/MD2 complex by competitively binding to MD2,
suppressing downstream MAPK and NF-kB signaling activation. Finally, FKB treatment of mice reduced LPS-induced lung injury,
systemic and local inflammatory cytokine production, and macrophage infiltration in lungs. These protective activities manifested
as increased survival in the ALI model, and reduced mortality upon bacterial infection. In summary, we demonstrate that the natural
product FKB protects against LPS-induced lung injury and sepsis by interacting with MD2 and inhibiting inflammatory responses.
FKB may potentially serve as a therapeutic option for the treatment of ALI.
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INTRODUCTION

Acute lung injury (ALl) is a common critical illness that seriously
injures the respiratory system. Recently, ALl was reclassified as
mild to moderate acute respiratory distress syndrome [1].
Histopathological features of ALl include recruitment of neutro-
phils, interstitial edema, destruction of epithelial integrity, and
excessive production of inflammatory cytokines. Although ALI
causes significant morbidity and mortality in the critically ill
patient population, there are no FDA approved treatments for ALI
[2]. Thus, there is an urgent need to identify new pharmacological
targets and develop novel and effective drugs for ALI.

One of the key pathophysiological features of ALl is uncon-
trolled or excessive inflammatory response, which can be
triggered by damage-associated molecular patterns (such as
histones, HMGB1, etc.) or pathogen-associated molecular patterns
(such as lipopolysaccharide (LPS), lipoteichoic acid, etc.) [3]. LPS,
an important component of Gram-negative bacteria cytoderm, is
commonly administered to mice to produce a clinically relevant
model of ALI [4]. Toll-like receptor 4 (TLR4) is the main receptor of
LPS. LPS activates TLR4 by first binding to a TLR4 co-receptor
called myeloid differentiation protein-2 (MD2). This binding then
initiates LPS-MD2-TLR4 complex formation, which is necessary for
signal propagation inside the cell. Intracellular adaptor molecules
are recruited to the complex and convey downstream signal

transduction involving mitogen-activated protein kinases (MAPKs)
and nuclear factor-kB (NF-kB), leading to a transcription of
inflammatory cytokines [5]. In this signaling pathway, LPS/TLR4/
MD2 may represent an important node for therapeutic interven-
tion of ALI.

Natural products represent an excellent resource for new drug
discovery. In the present study, 165 natural products from
different origins (Supplementary Table 1) were evaluated for
anti-inflammatory effects in LPS-challenged mouse primary
macrophages (MPMs). Of the screened compounds, flavokawain
B (FKB; Fig. 1b), a natural chalcone isolated from the root
extracts of kava-kava plants (Piper methysticum), displayed
robust anti-inflammatory activity without MPM cytotoxicity
(Fig. 1a). Previous studies have shown that FKB may reduce
turmor burdon [6-8] and initiate anti-inflammatory responses
[9]. The anti-inflammatory activity of FKB is attributed to
inhibition of the NF-kB signaling pathway [9]. However, the
detailed mechanisms underlying the observed effects remain
elusive. Here, we demonstrated that FKB protected against LPS-
induced ALl by physically interacting with TLR4 co-receptor
MD2. This interaction reduced LPS/TLR4/MD2 complex-
mediated inflammatory responses in vivo and in vitro. Our
findings also indicate that FKB is a novel MD2 inhibitor and
could be a potential therapeutic candidate for ALI.
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MATERIALS AND METHODS

Reagents and antibodies

A 165 natural product library was purchased from Topscience
(Shanghai, China). The detailed information of the natural
compounds is listed in Supplementary Table 1. FKB (Cat. No.
19309-14-9) was purchased from Zhongke Quality Inspection
(Beijing, China). LPS (Cat. No. L6386-100MG) was obtained from
Sigma-Aldrich (St. Louis, MO). Antibodies against p38 (Cat. No.
9212S), phosphorylated (p-) p38 (Cat. No. 9211S), c-Jun N-terminal
kinase (JNK; Cat. No. 9252S), p-JNK (Cat. No. 4668S), extracellular
signal-regulated kinase (ERK; Cat. No. 4695S), p-ERK (Cat. No.
4695S), p-p65 (Cat. No. 3033S) and inhibitor of kB-a (IkB-a; Cat. No.
4812S) were from Cell Signaling Technology (Danvers, MA).
Antibody against GAPDH (Cat. No. AB-P-R001) was obtained from
Goodhere (Hangzhou, China). Antibodies against NF-kB P65 (Cat.
No.sc-8008), TLR4 (Cat. No. sc-293072), MD2 (Cat. No. sc-80183),
and macrophage markers CD68 (Cat. No. sc-20060) and F4/80 (Cat.
No. sc-377009) were purchased from Santa Cruz Biotechnology
(Dallas, TX). IL-6 antibody (Cat. No. 66146-1-g) was obtained from
Proteintech (Wuhan, China). Recombinant human MD2 (rhMD2,
Cat. No. 1787-MD-050/CF) protein was obtained from R&D
Systems (Minneapolis, MN). Human recombinant TLR4 ectodo-
main (ECD) protein (Cat.No.10146-H08B, His Tag) was purchased
from Sinobiological Inc. (Beijing, China). Mouse TNF-a (Cat. No. 85-
88-7324-76) and IL-6 ELISA kits (Cat. No. 85-88-7064-76) were
obtained from eBioscience (San Diego, CA).

Cell isolation and culture

Mouse primary peritoneal macrophages (MPMs) were prepared
from C57BL/6 mice as described in our previous study [10]. MPMs
were cultured and expanded in RPMI-1640 medium with 10% FBS.
Mouse macrophage line RAW264.7 stably expressing NF-kB-RE-
EGFP reporter (RAW264.7-NF-kB-RE-EGFP) was constructed, as
described in our previous study [11]. RAW264.7-NFkB-RE-EGFP
cells were cultured and expanded in MEM-a medium containing
10% FBS and 0.1 ug/mL puromycin.

ELISA

TNF-a and IL-6 proteins in cell culture media were measured by
ELISA, according to the manufacture’s recommendations. Data
were normalized to total proteins in the respective cell lysates, and
expressed as a percentage of the LPS-challenged condition. In
addition, levels of TNF-a and IL-6 in serum and bronchoalveolar
lavage fluid (BALF) of mice were determined by ELISA.

MTT assay

MPM cells were seeded into 96-well plates at 10 000 cells/well and
cultured overnight. Cells were then treated with the 165 natural
products at 10 uM for 24 h. MTT reagent (Cat. No. M8180-250,
Solarbio, Beijing, China) was added to each well and cells were
incubated for 4 h. The media was then removed and the purple
crystals were dissolved by adding DMSO. Finally, absorbance was
detected at 490 nm using SpectraMax M5 Multi-Mode Microplate
Reader (Molecular Devices, San Jose, CA). Cell viability was
expressed as the percentage of the untreated controls.

Surface plasmon resonance analysis

The binding affinity of FKB to rhMD2 and rhTLR4 protein was
determined by Surface Plasmon Resonance (SPR), using a
Biacore T200 instrument (GE Healthcare Inc., Piscataway, NJ)
with a CM7 sensor chip (Cat. No. 29-1470-20, GE Healthcare Inc.,
Piscataway, NJ). Briefly, rhMD2 or rhTLR4 proteins were loaded
to the sensors using Amine coupling kit (Cat. No. BR-1000-50s,
GE Healthcare Inc., Piscataway, NJ). FKB samples (0, 0.203, 1.625,
6.25, 12.5, 25 or 50 uM) were prepared in running buffer (PBS,
0.5% P20 and 5% DMSO) and injected at a flow rate of 30 uL/min
for a 180 s association phase, followed by a 270s dissociation
phase at 25°C. Data were analyzed using Biacore™
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T200 software EV. Ky values were calculated using global fitting
of the kinetic data from various concentrations of FKB by the 1:1
Langmuir binding model.

LPS displacement assay

The ability of FKB to interfere with LPS binding to MD2 was
determined using a cell-free assay. 96-well Clear Polystyrene
Microplates (Cat. No. 9018, Coring) were blocked with 3% BSA at
4°C overnight. After washing with PBST, 500 pg/mL LPS was
added and plates were incubated for 1 h at room temperature.
After an additional PBST wash, samples were added, including:
(1) a vehicle control (10 mM Tris-HCI buffer, pH 7.5); (2) rhMD2
(1 pg/mL in 10 mM Tris-HCl buffer, pH 7.5); (3) a rhMD2-FKB
mixture prepared by incubating rhMD2 (1 pg/mL in 10 mM Tris-HCI
buffer, pH 7.5) with FKB (10, 20, 50 and 100 puM) at room
temperature on a shaker for 1 h. Samples were incubated in LPS-
coated plates at room temperature for 2 h. Plates were washed with
PBST and anti-MD2 primary antibody was added for 2 h at room
temperature. Horseradish peroxidase (HRP)-labeled secondary anti-
body was then added for 1 h at room temperature. HRP activity was
determined using SpectraMax M5 at 450 nm after the addition of
TMB substrate (Cat. No. 34022, Thermo Scientific, Waltham, MA).

Molecular docking of flavokawain B to MD2

The molecular docking simulation was performed using AutoDock
version 4.2.6. The crystal structure of human MD2 lipid IVa
complex (PDB code 2E59) was obtained from Protein Data Bank.
The AutoDock Tools version 1.5.6 package was applied to
generate the docking input files and analyze the docking results.
A 60 x 60 x 60-point grid box with a spacing of 0.375 A between
the grid points was implemented. The affinity maps of MD2 were
calculated by AutoGrid. One hundred Lamarckian genetic algo-
rithm runs with default parameter settings were processed. The
hydrogen bonds and bond lengths within the interactions of
complex protein-ligand conformations were also analyzed.

Bis-ANS fluorescence displacement assays

Fluorescence displacement assays were also performed to study
the interaction between FKB and MD2. Briefly, 5uM 4,4'-bis
(phenylamino)-[1,1-binaphthalene]-5,5'-disulfonic acid (bis-ANS,
Cat. No. 5908/10, Tocris, Carlsbad, CA) and 5nM rhMD2 were
mixed in PBS (pH 7.4) and allowed to reach stable fluorescence
under excitation at 385 nm. FKB, at 2.5, 5, 10, 20, and 30 pM, was
then added for 5 min. The relative fluorescence unit emitted at
440-570 nm was measured using SpectraMax M5 at 25°Cin 5nm
path-length quartz cuvettes.

BALF preparation and analysis

A tracheal cannula was inserted into the primary bronchus, and
BALF was collected through the cannula by using Ca?*/Mg*"-free
PBS. Approximately 0.8 mL BALF was acquired and centrifuged at
1000x g for 15min at 4°C. The supernatant was immediately
stored at —80 °C for protein concentration and cytokine determi-
nation. The sediment was resuspended in 50 uL 0.9% saline for
determination of the total cell number and neutrophil counts.
Total cell number was acquired using Countstar (ALIT Life Science,
shanghai China). Neutrophil count was determined by counting
200 cells on a smear prepared by Wright-Giemsa stain (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

Western blotting

Samples were lysed using radioimmunoprecipitation assay buffer.
Total protein levels were measured by the Bradford assay (Cat. No.
5000205, Bio-Rad, Hercules, CA). Protein samples were boiled in
loading buffer (cat. No. FD006, Hangzhou FUDE biological
Technology, Hangzhou, China) for 10 min and then separated by
10% SDS-PAGE and transferred onto a PVDF membrane (Cat. No.
1620177, Bio-Rad, Hercules, CA). Membranes were blocked with
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5% nonfat-milk in Tris-buffered saline containing 0.05% Tween 20
(TBST) for 1.5h at room temperature. The membranes were
incubated with primary antibodies at 4°C overnight. The
membranes were then washed with TBST and incubated with
HRP-conjugated secondary antibodies (1:10000) for 1h at room
temperature. Blots were then visualized using an enhanced
chemiluminescence reagent (Cat. No. P10300, NCM Biotech,
Suzhou, China). The density of the immunoreactive bands was
analyzed using Image)J software (NIH, Bethesda, MD).

Immunoprecipitation assay for MD2-TLR4 complexes
determination

Samples were lysed with an extraction buffer containing
Mammalian Protein Extraction reagent (Cat. No. 78501; Thermo
Fisher) and protease and phosphatase inhibitor cocktail (Cat. No.
P8340; Sigma-Aldrich). Samples were centrifuged at 15 000 x g for
10 min at 4 °C. MD2 antibody was added to 500 ug protein, and
samples were gently rotated at 4°C overnight. The immune
complexes were precipitated with protein A + G agarose (Cat. No.
P2012, Beyotime, Shanghai, China), and the precipitates were
washed four times with ice-cold PBS. Finally, the proteins were
released by boiling in sample buffer, followed by Western blotting
analysis as described above.

Myeloperoxidase activity assay

To quantify neutrophil infiltration, myeloperoxidase (MPO) activity
in homogenized lung tissues was measured using a MPO
Detection Kit (Cat. No. A044, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). Lung tissues were homogenized in 1T mL
of 50mM potassium PBS (pH 6.0) containing 0.5% hexadecyl-
trimethylammonium hydroxide. Samples were centrifuged at
12 000x g at 4°C for 20 min. Then, 10 uL of the supernatant
was transferred to PBS containing 0.17 mg/mL 3,3’-dimethoxy-
benzidine and 0.0005% hydrogen peroxide (H,0,). MPO activity in
the supernatant was determined by measuring absorbance at 460
nm and presented as U/g protein.

Assay of cellular NF-kB p65 translocation

NF-kB activation was assessed by Cellular NF-kB p65 Translocation
Kit (cat. No. SN368, Beyotime Biotech, Shanghai, China) following
manufacturer’s protocol.

RNA extraction and RT-qPCR assay

Cultured cells and lung tissues were homogenized using TRIZOL
(Invitrogen, Carlsbad, CA). Total RNA concentration and purity was
measured using an nanodrop 2000 (Thermo Scientific, San Diego,
CA). Samples with OD ratio of Aye0/Azg0 Within 1.8-2.2 were used.
RT-qPCR was performed using the M-MLV Platinum RT-qPCR Kit
(Invitrogen, Carlsbad, CA) in an Eppendorf Realplex4 instrument
(Eppendorf, Hamburg, Germany). Primers for genes encoding TNF-
q, IL-6, IL-1B, intercellular cell adhesion molecule 1 (ICAM-1), and
vascular cell adhesion molecule 1 (VCAM-1) were obtained from
Invitrogen (Carlsbad, CA). Transcript levels were normalized to (-
actin reference gene.

Mouse model of ALI

All animal care and experimental procedures were approved by
Wenzhou Medical University Animal Policy and Welfare Commit-
tee (Approval Document No. wydw2016-0124). Studies were
performed in full conformity with the NIH Guide for the Care
and Use of Laboratory Animals.

Forty male C57BL/6 mice, weighing 18-22 g, were obtained
from GemPharmatech Co., Ltd. (Nanjing, China). All animals were
housed at a constant room temperature with a 12:12 h light/dark
cycle and given food and water freely. Mice were acclimatized to
the laboratory for 7 days, and were randomly assigned to one of
five groups (n = 8): vehicle control (CON), LPS-induced ALI (LPS;
5mg/kg, iv.), FKB-treated mice (FKB; 20 mg/kg), LPS-induced ALI
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mice treated with 10 mg/kg of FKB (LPS + FKB 10), LPS-induced
ALl mice treated with 20 mg/kg of FKB (LPS 4+ FKB 10). FKB was
dissolved in 0.5% sodium carboxymethyl cellulose (CMC-Na). All
FKB treatments were carried out for 3 consecutive days prior to
intratracheal LPS instillation. Mice in the vehicle control and LPS
groups received the same volume of 0.5% CMC-Na during this
period. Six hours after LPS challenge, mice were sacrificed with 0.2
mL sodium pentobarbital (100 mg/mL, i.p.). Serum, BALF, and lung
tissue samples were collected and stored at —80 °C.

Serum was used for measurement of TNF-a and IL-6. BALF
samples were collected from left lungs and used for cytokine and
cell measurements. Unirrigated right lungs from the superior lobes
were collected and weighed (wet weight). Lung tissues were then
dried at 60 °C for more than 48 h and weighed again (dry weight).
The ratio of wet: dry lung weight was calculated to assess edema.
Portions of unirrigated lung sections were fixed in formalin and
embedded in paraffin for histological analysis. The remaining
unirrigated lung tissues were used for RNA isolation and protein
lysate preparation.

Lung histopathology

Lung tissues were sectioned at 5-um thickness. Sections were
stained with hematoxylin and eosin to evaluate the degree of lung
injury using light microscopy. The degree of injury was scored
essentially as described previously [12] on the following variables:
hemorrhage, edema, exudation, necrosis, congestion, neutrophil
infiltration and atelectasis. The severity of injury was judged
according to the following criteria: no injury = 0; injury to 25% of
the field = 1; injury to 50% of the field = 2; injury to 75% of the
field = 3 and diffuse injury = 4. Lung injury score was calculated as
the sum of scores from 4 different views of the lung tissue section
of each mouse (6 mice/group).

For immunohistochemical staining, dewaxed and rehydrated
sections were subjected to heat-induced antigen retrieval in 0.01
mol/L citrate buffer (pH 6.0) for 3 min at 98°C. Endogenous
peroxidase activity was blocked with 3% hydrogen peroxide in
methanol for 30 min at room temperature. Slides were then
blocked with 5% BSA for 30 min. Primary antibodies against IL-6 or
macrophage markers CD68 and F4/80 (1:200) were applied and
slides were kept overnight at 4°C. HRP-conjugated secondary
antibody (1:200, 1h) and DAB were used for detection.
Immunoreactivity was measured by Image J software (NIH,
Bethesda, MD).

For immunofluorescence staining, dewaxed and rehydrated
sections were subjected to heat-induced antigen retrieval as
described above. Slides were blocked in 5% BSA for 30 min.
Primary antibody against NF-kB p65 (1:200) was applied and slides
were incubated overnight at 4 °C. After washing the slides, TRITC-
conjugated secondary antibody (1:500) was applied for 1h at
37°C. Slides were counterstained with DAPIL. Images were
obtained using an epi-fluorescence microscope (Nikon, Japan).

Bacterial infection

Bacterial infection was performed in mice as previously described
[13, 14]. Briefly, Escherichia coli strain DH5a was grown in Luria
Broth (LB) media and the density was determined at 600 nm
(ODggp) using NanoDrop2000. The corresponding colony-forming
units (CFUs) were determined on LB agar plates. Mice were
administered intragastrically FKB (10 or 20 mg/kg) or vehicle (10%
DMSO in corn oil) once a day for 3 consecutive days. Viable E. coli
DH5a (2 x 10° CFU/mouse) in 0.5mL PBS was injected into the
peritoneal cavity (i.p.). Survival of the mice was monitored every
6 h for 2 days.

Statistical analysis

All experiments were randomized and blinded. Data were
expressed as Mean + SEM. Statistical analysis was performed using
GraphPad Prism 6.0 software (San Diego, CA). One-way ANOVA
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followed by Dunnett’s post hoc test was used when comparing
more than two groups of data, and a one-way ANOVA, non-
parametric Kruskal-Wallis test, followed by Dunn'’s post hoc test
when comparing multiple independent groups. P values < 0.05
were considered to be statistically significant. Post-tests were run
only if F achieved P < 0.05 and there was no significant variance in
homogeneity.

RESULTS

Flavokawain B inhibits LPS-induced production of IL-6 and TNF-a
in MPMs

We first evaluated 165 natural compounds for anti-inflammatory
activity in LPS-treated MPMs. Potential cytotoxicity of the
compounds was also determined in MPMs. As shown in Fig. 1a,
a compound known as FKB exhibited significant anti-inflammatory
effect in MPMs with low toxicity. Structurally, FKB is a naturally
occurring chalcone compound (Fig. 1b). The effective dose of FKB
in LPS-challenged MPMs was further evaluated. As shown in
Fig. 1¢c, d, FKB pretreatment suppressed the production of IL-6 and
TNF-a by LPS-challenged MPMs in a dose-dependent manner.
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Similarly, RT-gPCR showed that FKB pretreatment reduced LPS-
induced mRNA levels of IL-6, TNF-q, IL-1B, and adhesion molecules
VCAM-1 and ICAM-1 (Fig. 1e-i). These data demonstrate that FKB
pretreatment reduces inflammatory responses in MPMs.

Flavokawain B exhibits anti-inflammatory effect by targeting MD2
In order to explore the mechanisms underlying the anti-
inflammatory activity of FKB, a PCR array of 120 inflammation-
related genes was utilized. As shown in Fig. 2a, FKB pretreatment
altered the expression of 62 inflammation-related genes compared
to LPS-challenged only group. LPS is known to induce inflamma-
tion by promoting the formation of MD2/TLR4 complex, leading to
the activation of both TIR-domain-containing adapter-inducing
interferon (TRIF) and myeloid differentiation factor 88 (MyD88)
cascades (Fig. 2b). Based on our PCR array data, FKB pretreatment
significantly inhibited both TRIF-dependent (i.e., type | interferons)
and MyD88-dependent (i.e,, interleukins and TNFs) inflammatory
cytokines in LPS-challenged MPMs (Fig. 1a). These data suggest
that upstream molecules such as MD2 and TLR4 may be targeted
by FKB. To confirm this hypothesis, we evaluated the effect of FKB
on MD2/TLR4 complex formation. Our data show that FKB
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Fig. 1

Flavokawain B inhibits LPS-induced inflammatory cytokines and chemokines in MPMs. a Anti-inflammatory effects and toxicity of

165 natural compounds were evaluated in LPS-challenged MPMs. Results are shown as IL-6 inhibition rate compared to LPS (Y-axis).
Cytotoxicity of the tested compounds was determined in MPMs by MTT. Results were presented as viable cell number compared to vehicle-
control (X-axis). b The chemical structure of flavokawain B (FKB). Levels of IL-6 (c) and TNF-a (d) protein in cell culture media of LPS-challenged
MPMs. Data were normalized to total protein concentration from the same plate and presented as % LPS. mRNA levels of inflammatory
cytokines IL-6 (e), TNF-a (f), IL-1B (g), and adhesion molecules ICAM-1 (h) and VCAM-1 (i). Data were normalized to $-actin and control groups.
Results were presented as Mean + SEM, n = 3, *P < 0.05 compared to LPS-treated group.
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Fig. 2 Flavokawain B exhibits anti-inflammatory activity by targeting MD2. a mRNA levels of 62 inflammation-related genes in MPMs.
b Schematic showing LPS-induced inflammatory response mechanisms. ¢ The effect of FKB on MD2-TLR4 complex formation, as assessed by
co-immunoprecipitation. d, e The binding affinity of FKB to rhMD2 and rhTLR4, as determined by the SPR assay. f Inhibitory effect of FKB in
reducing LPS binding to MD2. g Binding of FKB to MD2 was detected by bis-ANS fluorescence displacement assay. h Molecular docking
analysis of FKB binding to MD-2. Data presented as Mean + SEM of three separate experiments, performed in duplicate; *P < 0.05 compared to

LPS group.

pretreatment effectively inhibited LPS-induced TLR4/MD2 complex
formation (Fig. 2c). Next, the physical interaction between FKB and
MD2 or TLR4 was determined using SPR. The results show that FKB
could directly bind to both MD2 and TLR4. However, the
interaction between FKB and MD2 (Kp value =6.53x 10~%) was
much stronger than that of FKB-TLR4 (Kp value =2.10x 1074,
suggesting that FKB mainly targets MD2 (Fig. 2d, e). This FKB-MD2
interaction was further confirmed by LPS displacement and Bis-
ANS fluorescence displacement assays. Our data show that FKB
reduced LPS-MD2 binding in a dose-dependent fashion (Fig. 2f, g).
Finally, molecular docking was used to predict the potential
binding site of FKB-MD2. Our data reveal that Arg®’, Phe'®', and
Phe'?' may be the important amino acid residues in FKB-MD2
interaction (Fig. 2h).

Flavokawain B prevents LPS-induced MAPK phosphorylation and
NF-kB activation in MPMs

LPS/MD2/TLR4 complex-induced inflammatory cytokine production
involves the activation of MAPK and NF-kB pathways. Immunoblot-
ting revealed that LPS significantly induced the phosphorylation of
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JNK;, ERK, and P38, while FKB pretreatment reduced this activation in a
dose-dependent manner (Fig. 3a). Furthermore, LPS-mediated IkB
degradation and p65 phosphorylation were both inhibited in FKB-
pretreated MPMs (Fig. 3b). In addition, FKB prevented P65 nuclear
translocation in LPS-treated MPMs (Fig. 3¢, d). Finally, RAW264.7 cells,
stably expressing NF-kB-RE-EGFP reporter gene (RAW264.7-NF-kB-RE-
EGFP), were used to confirm the effect of FKB on LPS-induced NF-kB
activation. As shown in Fig. 3e, f, LPS increased nuclear EGFP
fluorescence intensity indicating nuclear P65 translocation, while FKB
pretreatment significantly reversed this effect in a dose-dependent
manner. Taken together, these findings indicate that FKB inhibits the
activation of MAPK and NF-kB pathways induced by LPS.

Flavokawain B treatment prevents LPS-induced acute lung injury
in mice

We next used the well-established LPS-induced mouse model of
ALl to evaluate the therapeutic effect of FKB. Histological analysis
shows that LPS triggered inflammatory cell infiltration, thickened
the alveolar walls, and destroyed the normal lung tissue structure
(Fig. 4a). Further evidence of LPS-induced lung structural defects is

Acta Pharmacologica Sinica (2022) 43:1758-1768



illustrated by the lung injury score (Fig. 4b), the dry-to-wet lung
weight ratio (Fig. 4c), and the total protein concentration in BALF
(Fig. 4d). Mice treated with FKB prior to LPS challenge showed
significantly reduced injuries (Fig. 4a—d).

In ALl, a large number of inflammatory cells leak out into the
lung interstitium and alveoli due to damaged air-blood barrier and
increased alveolar-capillary permeability. Therefore, changes in
the cellular composition of BALF can be used as an indicator of
ALL. As shown in Fig. 4e, f, total cells and neutrophil counts were
significantly increased in the BALF of LPS-challenged mice. In
addition, MPO (a heme protein rich in neutrophils) activity was
increased in lung lysates of LPS mice (Fig. 4g). In contrast, mice
treated with FKB showed lower total cells and neutrophil counts in
the BALF, and reduced MPO activity in the lungs (Fig. 4e—g). These
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findings confirm the protective role of FKB against LPS-induced
ALl and support the anti-inflammatory responses seen in our
in vitro study.

Flavokawain B inhibits MD2-TLR4 complex formation and
inflammatory responses in lungs of ALl mice

Next, we used co-immunoprecipitation to determine whether FKB
treatment of mice altered LPS-induced MD2/TLR4 complex
formation. Consistent with our in vitro results, FKB treatment
significantly inhibited LPS-induced MD2-TLR4 complex formation
in the lung tissues of mice (Fig. 5a, b). In addition, immuno-
fluorescence staining of tissues indicated that LPS-induced p65
nuclear translocation in the lung tissues of mice was inhibited
upon FKB treatment (Fig. 5¢, d). In the early stages of ALI, pro-
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Fig. 3 Flavokawain B inhibits LPS-induced JNK and p38 phosphorylation and NF-kB activation. a Protein levels of p-JNK, JNK, p-p38, and
p38 in LPS-challenged MPMs were examined by Western blotting. b NF-xB activation was determined by measuring the levels of IkBa and
p-p65. GAPDH was used as the loading control. ¢ p65-positive cells (Green) were determined using immunofluorescence. Cells were
counterstained with DAPI (blue) (scale bar =100 pm). d Quantification of nucleocyte count (nuclear signal) for c. @ RAW264.7 cells stably
expressing NF-kB-RE-EGFP reporter (RAW264.7-NFkB-RE-EGFP) were pretreated with FKB and then exposed to LPS. EGFP signal was detected
by fluorescence microscopy (scale bar = 100 pm). f Average fluorescence intensity of EGFP expressing cells shown in e. Data were presented as
Mean + SEM of three separate experiments, performed in duplicate; *P < 0.05 compared to LPS group.
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Fig. 4 Flavokawain B prevents LPS-induced acute lung injury in mice. a Representative histological images of lung tissues showing H&E-
stained sections (scale bar =50 pm). b Lung injury score as assessed by histological analysis of lung tissues. Panels showing lung wet/dry ratio
(c), amount of protein in BALF (d), numbers of total cells (e) and neutrophils (f) in BALF, and MPO activity in lung tissues (g). Data
were presented as Mean + SEM of three separate experiments, performed in duplicate; *P < 0.05 compared to LPS group.

inflammatory IL-6 and TNF-a play a key role in driving lung
inflammation. As shown in Fig. 5e-h, LPS caused significantly
increased levels of IL-6 and TNF-a in both BALF and serum.
However, these increases were not seen in mice treated with FKB
(Fig. 5e-h). We also show that FKB treatment reduced immunor-
eactivity to IL-6 in the lung tissues of mice (Fig. 5, j). This anti-
inflammatory effect of FKB was confirmed by measuring mRNA
levels of IL-6, TNF-a, and IL-1f (Fig. 5k-m).

Immunohistochemical staining were used to assess macro-
phage infiltration in lung tissues. For this, we stained the sections
for CD68 and F4/80. As shown in Fig. 6a-d, a significant increase in
macrophage infiltration was observed in LPS-treated mice. FKB
treatment, however, reduced LPS-induced macrophage infiltra-
tion. Additionally, our data show increased levels of ICAM-1 and
VCAM-1 in the lungs of LPS-treated mice but not in mice treated
with FKB (Fig. 6e, f). In summary, our in vivo data prove that FKB
prevents LPS-induced MD2/TLR4 complex formation, and subse-
quently reduces inflammatory responses and injuries in the lungs
of mice.

Flavokawain B promotes survival in sepsis mice model

Live E. coli DH5a infection produces a series of events in the lungs
that are similar to LPS challenge. Thus, we finally evaluated the
effect of FKB on mouse mortality upon bacterial infection. As
shown in Fig. 7, all mice in the E. coli DH5a group died within 48 h
after infection. However, this mortality was markedly reduced in
mice treated with FKB such that both 10 and 20 mg/kg doses of
FKB produced greater than 50% and 70% survival following
infection, respectively (Fig. 7).

SPRINGERNATURE

DISCUSSION

The overall aim of this study was to identify potential anti-
inflammatory natural products using a high throughput screening
platform, and to explore the underlying mechanisms in estab-
lished culture and a clinically relevant animal model. To achieve
this aim, we tested 165 natural compounds and identified FKB.
FKB showed a strong anti-inflammatory effect in LPS-challenged
MPMs with no significant toxicity (Fig. 1a). The two key findings of
our study are as follows: (1) studies of cell surface binding and cell-
free protein-protein interactions indicate that FKB directly binds to
MD2 to inhibit TLR4/MD2 complex formation and TLR4 activation.
This direct targeting manifested as reduced NF-kB and MAPK
activation and suppression of pro-inflammatory cytokine produc-
tion, both in vitro and in vivo. (2) FKB treatment of mice prevented
the production of pro-inflammatory molecules, reduced lung
injury in mice challenged with LPS, and prolonged survival of mice
infected with E. coli DH5a. To the best of our knowledge, this is the
first study to demonstrate that MD2 is a direct target of FKB, and
that FKB may be a potential therapeutic candidate for ALI.

Kava extracts can be classified into chalcone and kavalactone.
Chalcones are an important group of natural compounds and
serve as precursors of flavonoid and isoflavonoids. Chalcones have
gained attention due to the many reported beneficial properties
such as, redox balancing [15], preventing tumor growth and
progression [16], reducing inflammatory responses [17], prevent-
ing microbial infections [18], reducing obesity and associated
dysfunction [19], and correcting diabetes [20]. Flavokawain A, B,
and C (FKA, FKB, and FKC) are the three different types of naturally
occurring chalcones in Kava extracts [21]. In particular, FKB has

Acta Pharmacologica Sinica (2022) 43:1758-1768



Pharmacological characterization of dezocine

W Luo et al.
1765
a LPS LPS b S5
CON LPS FKB 20 + FKB 10 + FKB 20 ’ .

IB:MD2 | G W = o L s |25 kpa 2 207

C

© 15 =«
|P:TLR4|—- o o == ----IQSkDa % o [u| &

= 104 o = *

‘_ﬁ A W
C CON LPS FKB 20 LPS+FKB10 LPS+FKB20 05 [* m ‘

0.0 T T T T T

9 d
< 150~

DAPI
o S
T °

P65 nucleocyte count
(compared to LPS%)

S 0-
2 e QO P
50um
= SRR I
X X
g2 oo
e f h VNV
[72] 172} [}
o 200q o 200+ IL-6 ¢ 250 TNF-a
¥ g ¥ .3 v
5 150 B 150 - w2009
:2; 100 :g ; 1004 g 2 150 " P
3@ 3 & 8% 100- 'l [+
g £ g £ g £
50 50
r .
ﬁ 0- é 0- § 0 'l‘ T ﬂl"ll T
N QO ©
& S G
I FKB 20
. S “ e )
| A \?"‘ vf
nfa A "‘;’l s
Yy . X
©@ i A J
= s £ Tr;-f.\'..
b dnas . -
"él :3_’\‘ }-:'.\.i.f‘“la'
&1 Sy %
J o IL-6 < 150- IL-6 |, s TNFa gleo— IL-1B
€ 4 o4
c 3 60 S E = :
3 © . S 100 5
s 9 € §
>< 404 3 =
g g *v g 50 %
o v
0 204 2 2
o * . E E
= 0 0]
0 * T r‘ﬁ — x 0- o
DO QD QO
TP N P
P NVRR R o
&8 L8
g2 5%
AR VA

Fig.5 Flavokawain B prevents LPS-induced TLR4 activity and inflammatory cytokine expression in lung tissues. a Formation of MD2/TLR4
complex in lung tissues of mice was detected by co-immunoprecipitation. b Densitometric quantification of MD2/TLR4 complex levels.
Representative blots are shown in a. ¢ Immunofluorescence staining of lung tissues for p65 (scale bar = 50 pm). Representative images are
shown from each group (n =5 per group). d Quantification of p65-positive nuclei in lung tissues. Representative stained images are shown in
¢. p65-positive cells were calculated as ratio of p65-positive nuclei per total nuclei. Quantitative data were normalized to LPS group.
Inflammatory cytokines in BALF and serum samples of mice. Panels showing IL-6 (e) and TNF-« (f) in BALF, and IL-6 (g) and TNF-a (h) in serum. i
Immunohistochemical staining of lung tissues for IL-6 (scale bar =50 um). All images are representative of five mice per group. IOD integral
optical density). j Quantification of IL-6 immunoreactivity. Data were shown as ratio of positive staining area to total area. mRNA levels of
inflammatory cytokines IL-6 (k), TNF-a (I), and IL-1f (m) in lung tissues of mice. Transcript levels were normalized to f-actin. Data
were presented as Mean + SEM of three separate experiments, performed in duplicate; *P < 0.05 compared to LPS group.
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Fig. 6 Flavokawain B reduces inflammatory cell infiltration in lung tissues of mice challenged with LPS. Inmunohistochemical staining for
macrophage markers F4/80 (a) and CD68 (b) in lung tissues (scale bar =50 pm). Quantification of F4/80 (c) and CD68 (d) immunoreactivity.
Data were shown as ratio of positive staining area to total area. mRNA levels of adhesion molecules ICAM-1 (e) and VCAM-1 (f) in lung tissues
of mice. Transcript levels were normalized to p-actin. Data were presented as Mean + SEM of three separate experiments, performed in

duplicate; *P < 0.05 compared to LPS group.
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Fig. 7 Flavokawain B prolonged survival of mice following
bacterial infection. C57BL/6 mice were treated with FKB (10 and
20 mg/kg; i.g.) or vehicle (10% DMSO and 90% Corn oil) twice in 1 day
prior to infection with viable E. coli DH5x (2 x 10° CFU/mouse; ip.).
Mouse survival was monitored every 6h for 2 days. Kaplan-Meier
survival curves were used to analyze the data (10 mice per group). The
significance was evaluated by the log rank (Mantel-Cox) test. *P < 0.05
compared to the DH5a-challenged group.

shown promising activities in cancers through the induction of
reactive oxygen species-mediated or endoplasmic reticulum
stress-mediated cell apoptosis [7, 8, 22, 23]. In addition, FKB was
reported to exhibit anti-inflammatory property, mainly through its
ability to inhibit NF-kB [9]. However, how FKB modulates NF-«kB
pathway is still unknown.

We utilized an inflammatory cytokine and receptor PCR array to
identify the mechanisms by which FKB mediates anti-
inflammatory activities. As shown in Fig. 2a, b, FKB pretreatment
of MPMs regulated the expression of 62 inflammation-related

SPRINGERNATURE

genes. Most, if not all, genes may be regulated by LPS/MD2/
TLR4 signaling pathway, suggesting that FKB might target and
inhibit LPS/MD2/TLR4 axis. Previously studies have shown that
various chalcones and chalcone derivatives including Xanthohu-
mol [24], L6H21 [25], L2H17 [26], and L6H9 [27] interact with MD2.
Based on these studies, we hypothesized that FKB may also target
MD2. To test our hypothesis, we investigated MD2 as a target of
FKB using co-immunoprecipitation, SPR, displacement assays, and
computer molecular docking (Fig. 2c-h). Our data show that FKB
physically binds to both MD2 and TLR4, with a much higher
affinity for MD2 (6.53 x 10~ 8 M) compared to TLR4 (2.10 x 10~ * M).
The binding of FKB to MD2 inhibited the formation of LPS/MD2/
TLR4 complex (Fig. 2c), and prevented the subsequent activation
of MAPK and NF-kB pathways and inflammatory cytokine
expression in mice. The direct binding between FKB and MD2 is
a new observation in this field. In addition, our study is also the
first documented mechanism by which FKB may modulate NF-«kB
pathway.

It is now well established that TLR4, along with its co-receptor
MD2, mediates LPS-induced lung injury [28, 29]. MD2 is a central
and necessary protein in TLR4-mediated host responses to
pathogens. For example, MD2 ™~ mice show remarkable increase
in survival rate following an endotoxic shock [30]. Administration of
LPS from Neisseria meningitides in MD2 ™'~ mice also resulted in
markedly lower neutrophil counts in BALF [31]. Clinically, soluble
MD2 in the plasma of patients with severe sepsis can promote LPS-
induced inflammatory responses through TLR4-expressing epithe-
lial cells of lungs [32]. Compounds that target MD2, unsurprisingly,
show therapeutic benefit in ALl [33-36]. Furthermore, MD2 is
reported to facilitate both innate and allergic airway inflammation
[37]. These studies suggest that targeting MD2 to block the
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binding of LPS to TLR4 may be effective in treating ALl and other
inflammatory lung diseases. Confirming the hypothesis, our data
show that blockage of MD2 by FKB protected against LPS-induced
lung injury, reduced systemic and local inflammatory cytokine
production and macrophage infiltration in lungs, and prolonged
the survival of infected mice. Since both monocyte-derived
macrophages and alveolar macrophages have been shown to
play important roles in the development of ALI [38], further studies
are needed to confirm the activity of FKB in these macrophage
populations in the LPS-challenged mice.

CONCLUSION

In conclusion, this study shows that FKB, a natural chalcone
compound, can effectively inhibit pro-inflammatory responses
induced by LPS both in vitro and in vivo. This anti-inflammatory
activity is mediated by the direct interaction between MD2
and FKB and inhibition of downstream MyD88 and/or TRIF-
mediated activation of NF-kB and MAPK. Therefore, FKB is a
potential compound for future drug development for the ALI
therapy.
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