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Chalcone derivatives ameliorate lipopolysaccharide-induced
acute lung injury and inflammation by targeting MD2
Ya-li Zhang1,2,3, Wen-xin Zhang1,4, Jue-qian Yan1, Ye-lin Tang1, Wen-jing Jia1,4, Zheng-wei Xu1, Ming-jiang Xu1, Nipon Chattipakorn5,
Yi Wang1, Jian-peng Feng1, Zhi-guo Liu1,4 and Guang Liang1,3,6

Acute lung injury (ALI) and its severe form acute respiratory distress syndrome (ARDS) are known as the common causes of
respiratory failure in critically ill patients. Myeloid differentiation 2 (MD2), a co-receptor of toll like receptor 4 (TLR4), plays an
important role in LPS-induced ALI in mice. Since MD2 inhibition by pharmacological inhibitors or gene knockout significantly
attenuates ALI in animal models, MD2 has become an attractive target for the treatment of ALI. In this study we identified two
chalcone-derived compounds, 7w and 7x, as new MD2 inhibitors, and investigated the therapeutic effects of 7x and 7w in LPS-
induced ALI mouse model. In molecular docking analysis we found that 7w and 7x, formed pi-pi stacking interactions with Phe151

residue of the MD2 protein. The direct binding was confirmed by surface plasmon resonance analysis (with KD value of 96.2 and
31.2 μM, respectively) and by bis-ANS displacement assay. 7w and 7x (2.5, 10 μM) also dose-dependently inhibited the interaction
between lipopolysaccharide (LPS) and rhMD2 and LPS-MD2-TLR4 complex formation. In mouse peritoneal macrophages, 7w and 7x
(1.25−10 μM) dose-dependently inhibited LPS-induced inflammatory responses, MAPKs (JNK, ERK and P38) phosphorylation as well
as NF-κB activation. Finally, oral administration of 7w or 7x (10 mg ·kg−1 per day, for 7 days prior LPS challenge) in ALI mouse model
significantly alleviated LPS-induced lung injury, pulmonary edema, lung permeability, inflammatory cells infiltration, inflammatory
cytokines expression and MD2/TLR4 complex formation. In summary, we identify 7w and 7x as new MD2 inhibitors to inhibit
inflammatory response both in vitro and in vivo, proving the therapeutic potential of 7w and 7x for ALI and inflammatory diseases.
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INTRODUCTION
Acute lung injury (ALI) and the severe form of acute respiratory
distress syndrome (ARDS) are a class of complicated and life-
threatening diseases characterized by severe inflammation and
increased lung permeability leading to alveolar edema, hypoxemia
and organ failure [1, 2]. A variety of different factors, such as
endotoxemia, mechanical ventilation, trauma, and shock, can
cause ALI/ARDS in either a direct or indirect manner [3–6].
Although great progress has been achieved so far in under-
standing the pathogenesis of ALI, the mortality of ALI remains
high [7, 8]. Currently, there is still no clinically effective treatment
for ALI.
Lipopolysaccharide (LPS), as the major cell wall component of

Gram-negative bacteria, is capable to induce overexpression of
many inflammatory mediators and cause impairment of multiple
organs [9, 10]. The LPS-induced animal ALI model reflects several
key pathologic processes of ALI/ARDS and has been established to
explore the underlying mechanism and potential therapies of ALI

[11]. Myeloid differentiation 2 (MD2), a co-receptor of toll like
receptor 4 (TLR4), plays a pivotal role in the recognition of LPS by
TLR4 [12]. The interaction between LPS and TLR4/MD2 induces
homotypic dimerization to form (LPS-MD2-TLR4)2 multimer, which
leads to the recruitment of myeloid differentiation factor 88 and
the subsequent activation of intracellular signaling pathways
(MAPKs and NF-κB), thereby leading to the production of pro-
inflammatory cytokines [13, 14]. MD2 inhibition caused by either
pharmacological inhibitors or gene knockout significantly attenu-
ates ALI in animal models, which proves MD2 as an attractive
target for the treatment of ALI [15, 16].
Up to now, there have been several chalcone derivatives

identified as MD2 specific inhibitors, including xanthohumol,
L2H21, L40H37, and L6H21 (Fig. 1a) [17–20]. These chalcone
derivatives share the same skeleton of (E)-4-phenylbut-3-en-2-one
and exhibit anti-inflammatory activities in LPS-induced ALI and
sepsis models. Recently, we synthesized a series of chalcone
derivatives with 2-benzylidene-1-indanone structure, which possess
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stable chemical structure and also show anti-inflammatory effects
in vitro [21]. Among them, (E)-6-hydroxy-2-(4-hydroxy-3-methoxy-
benzylidene)-2,3-dihydro-1H-inden-1-one (7x) and (E)-2-(4-hydroxy-
3-methoxybenzylidene)-7-propoxy-2,3-dihydro-1H-inden-1-one (7w)
showed the greatest anti-inflammatory activities in cultured
macrophages (Fig. 1b). However, the underlying mechanism
accounting for their anti-inflammatory activities remains unknown.
Due to the similarity in chemical structures of 2-benzylidene-1-

indanone derivatives and (E)-4-phenylbut-3-en-2-one derivatives
(Fig. 1b), we hypothesized that the anti-inflammatory properties of
7x and 7w may be mediated by direct interaction with MD2
protein. In this study, we identified the direct interaction of 7x and
7w with MD2, and the therapeutic effects of 7x and 7w in LPS-
induced ALI were further demonstrated through targeting MD2
and disrupting LPS-MD2-TLR4 complex formation.

MATERIALS AND METHODS
Reagents
LPS was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Recombinant human MD2 (rhMD2) and rhTLR4 proteins were
purchased from R&D (Minneapolis, MN, USA). Antibodies against
P38, p-P38, JNK, p-JNK, P65, GAPDH, and IκBα were from Cell
Signaling Technology (Danvers, MA, USA); antibodies against F4/
80, ERK, and p-ERK were from Santa Cruz Biotechnology (Dallas,
TX, USA); antibodies against Lamin B, MD2, and TLR4 were from
Abcam (Cambridge, UK); antibodies against HA and FLAG were
from Sigma-Aldrich (St. Louis, MO, USA). Compounds 7w and 7x
were synthesized in our lab and the structures were confirmed
using MS and 1H NMR [21]. For in vivo studies, 7w and 7x were
dissolved in 0.5% CMC-Na in water solution. For in vitro studies,
7w and 7x were dissolved in dimethyl sulfoxide (DMSO), and the
same amount of DMSO was used as the vehicle control.

Cell culture
Human kidney 293T cells were obtained from National Collection
of Authenticated Cell Cultures (Shanghai, China). Mouse J774a.1
macrophages were purchased from Procell (Wuhan, China). The
cells were cultured in DMEM medium (Gibco, Eggenstein,
Germany) supplemented with 10% heat inactivated fetal bovine
serum (FBS, Hyclone, Logan, UT, USA), 100 U/mL penicillin and
100mg/mL streptomycin (NCM Biotech, Suzhou, China).
Mouse peritoneal macrophages (MPMs) were isolated from

C57BL/6 mice after intraperitoneally (i.p.) injected with 3 mL 6%
starch broth solution for 2 days. MPMs were collected by washing
the peritoneal cavity with 8 mL RPMI-1640 medium (Gibco,
Eggenstein, Germany) per mouse. Cell suspension was centri-
fuged. The cell pellet was resuspended in RPMI-1640 medium
containing 10% FBS, and then cultured at 37 °C with 5% CO2. The
non-adherent cells were washed out with medium after 4 h, and
the adherent cells were used in the experiments.

Animal studies
All animal studies and experimental procedures were approved by
Wenzhou Medical University Animal Policy and Welfare Commit-
tee (Approval No. wydw2016-0124) in according to the National
Institutes of Health (USA) guidelines. Male C57BL/6 mice at 8-
week-old were obtained from the Animal Center of Wenzhou
Medical University (Wenzhou, China). Mice were allowed to
acclimate for at least 7 days before subjected to the study.

ALI model. Mice were randomly divided into four groups (n= 8
per group), i.e., control group (CON), ALI group (intratracheal
instillation of LPS at 5 mg/kg), ALI+ 7w treatment group (LPS+
7w), ALI+ 7x treatment group (LPS+ 7x). For preventive study:
vehicle control (0.5% CMC-Na), 7w and 7x (both at 10 mg· kg−1

per day) were orally administered for 7 days before mice were
challenged by intratracheal instillation of LPS (5 mg/kg in 0.9%
saline). Mice in CON group were orally administered 0.5% CMC-Na
solution for 7 days before intratracheal injected with 0.9% saline.
For therapeutic study: mice were intragastricly administered
10mg/kg 7w or 7x one hour after intratracheal instillation of
5 mg/kg LPS. Mice in CON group were orally administered 0.5%
CMC-Na solution 1 h after intratracheal injection with 0.9% saline.
Mice were euthanized with chloral hydrate 6 h after LPS challenge.
Broncho alveolar lavage fluid (BALF) and blood samples were
collected. Lung tissues were snap frozen with liquid nitrogen and
stored at −80 °C for analyses.

Toxicity study. Twenty-four male C57BL/6 mice were divided into
three groups (n= 5 per group), i.e., control group (CON), 7w
treatment group (7w 10mg/kg), and 7x treatment group (7x 10
mg/kg). Mice in 7w and 7x treatment group were orally
administered 10mg/kg 7w and 7x, respectively, for 7 days. Mice
in CON group were administered the vehicle control (0.5% CMC-
Na solution) for 7 days. Blood samples and lung tissues were
collected on the eighth day.

Measurement of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and lactic dehydrogenase (LDH)
The levels of ALT, AST, and LDH were calculated using ALT, AST, and
LDH detection kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instructions.

TNF-α and IL-6 levels determination
TNF-α and IL-6 content in culture medium or animal samples were
determined with ELISA kits from eBioscience (San Diego, CA, USA)
according to the manufacturer’s instructions. The amount of TNF-α
or IL-6 was normalized to the protein concentration of lysates.

Real-time quantitative PCR
Total RNA was isolated from the cells or lung tissues (10–20 mg)
using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Reverse

Fig. 1 The chemical structures of MD2 inhibitors. a Previous reported MD2 inhibitors. b The chemical structures of 7w and 7x.
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transcription and qPCR were carried out using a two-step M-MLV
Platinum SYBR Green qPCR SuperMix-UDG kit (Invitrogen,
Carlsbad, CA, USA). Eppendorf Mastercycler ep realplex detec-
tion system (Eppendorf, Hamburg, Germany) was used for qPCR
analysis. All primers were synthesized by Invitrogen (Shanghai,
China). Mouse TNF-α forward primer, 5′-CCCTCACACTCAGAT-
CATCTTCT-3′, mouse TNF-α reverse primer, 5′-GCTAC-
GACGTGGGCTACAG-3′; Mouse IL-6 forward primer, 5′-
GAGGATACCACTCCCAACAGACC-3′, mouse IL-6 reverse primer,
5′-AAGTGCATCATCGTTGTTCATACA-3′; Mouse ICAM-1 forward
primer, 5′-GCCTTGGTAGAGGTGACTGAG-3′, mouse ICAM-1
reverse primer, 5′-GACCGGAGCTGAAAAGTTGTA-3′; Mouse
VCAM-1 forward primer, 5′-TGCCGAGCTAAATTACACATTG-3′,
mouse VCAM-1 reverse primer, 5′-CCTTGTGGAGGGATGTA-
CAGA-3′; Mouse β-actin forward primer, 5′-CCGTGAAAAGAT-
GACCCAGA-3′, mouse β-actin reverse primer, 5′-
TACGACCAGAGGCATACAG-3′. Gene expression levels were
relative to the corresponding β-actin expression.

Western blotting and immunoprecipitation
Protein concentrations of cell or tissue lysate were determined
with Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA).
After being boiled in loading buffer for 10 min, samples were
subjected to 10% SDS-PAGE and transferred onto a PVDF
membrane (Bio-Rad Laboratories, Hercules, CA, USA). After being
blocked in blocking buffer (5% milk in tris-buffered saline
containing 0.05% Tween 20, TBST) for 1.5 h at room temperature,
membranes were incubated with the primary antibodies at 4 °C
overnight. Membranes were washed in TBST and incubated with
HRP-conjugated secondary antibody for 1 h at room temperature.
Blots were visualized using enhanced chemiluminescence
reagents (Bio-Rad Laboratories, Hercules, CA, USA). The density
of the immunoreactive bands was analyzed using ImageJ software
(NIH, Bethesda, MD, USA).
For immunoprecipitation assay, cell or tissue lysates were

prepared and incubated with anti-TLR4 antibody at 4 °C overnight.
The immune complexes were precipitated with protein A+ G
agarose, and the precipitates were washed five times with ice-cold
PBS. After being boiled in loading buffer, the samples were
subjected to Western blot analysis.

TLR4 homodimerization analysis
The effects of 7w and 7x on TLR4 homodimerization was
detected by immunoprecipitation. Human kidney 293T cells
were co-transfected with HA-TLR4 (2 μg) and FLAG-TLR4 (2 μg)
plasmids using Lipofectamine 2000 reagent according to the
manufacturer’s instructions. After 22 h, medium was replaced
with fresh medium and the cells were incubated with 10 μM 7w
or 7x for 30 min, followed by 0.5 μg/mL LPS for 15 min.
Immunoprecipitation assay was conducted with anti-HA and
anti-FLAG antibodies.

BALF analysis
BALF was centrifuged at 3000 r/min for 10 min at 4 °C. The
supernatant was immediately stored at −80 °C. The cell pellet was
resuspended in 50 μL saline. Total cells were counted using Count
Star (Shanghai, China), and neutrophils were counted after Wright-
Gimesa staining (Nanjing Jiancheng Bioengineering Institute).
Then, the number of neutrophils was determined via counting 200
cells on a smear prepared through Wright-Giemsa staining
(Nanjing Jiancheng Bioengineering Institute).

Ratio of wet/dry lung weight
The middle lobe of right lung was excised and weighted, and then
the lung tissue was dried at 65 °C in a thermostatically controlled
oven for 72 h and weighed. The lung wet/dry (W/D) weight ratio
was calculated to assess the pulmonary edema.

Histopathology and immunohistochemistry analyses
Lung tissue samples were fixed in 4% paraformaldehyde and
embedded in paraffin. Tissue sections (5 μm) were dehydrated
and subjected to hematoxylin and eosin (H&E) or immunohisto-
chemical staining. Briefly, rehydrated tissue sections were treated
with 3% H2O2 for 30min. After blocked with 1% BSA for 30 min,
tissue sections were incubated with primary antibodies (anti-LY-
6G and anti-F4/80) at 4 °C overnight. HRP conjugated secondary
antibody and DAB were used for color development. The
percentage of positive staining was measured by ImageJ software
(NIH, Bethesda, MD, USA).

Lung injury score
Lung impairment was assessed by lung injury score ranging from
0 (normal) to 4 (severe) in four categories: neutrophil infiltration,
interstitial inflammation, edema, and congestion. Each category
was graded on a 0–4 points scale, with 0 indicating no injury, 1
indicating injury up to 25% of the field, 2 indicating injury up to
50% of the field, 3 indicating injury up to 75% of the field, and 4
indicating diffuse injury. Grading was performed by a pathologist
blinded to the study. The individual scores for each category were
factored into the lung injury score. For each animal, the lung injury
score was calculated as the sum of five sections.

NF-κB P65 translocation analyses
MPMs were pretreated with 7w or 7x (10 μM) for 30 min, and then
stimulated with LPS (0.5 μg/mL) for 45 min. Proteins from the
nuclear and cytoplasm fractions were prepared using a kit from
Beyotime (Shanghai, China) according to the manufacturer’s
instructions, and then subjected to Western blot for the detection
of P65. The translocation of P65 was confirmed using immuno-
fluorescence staining with anti-P65 antibody and PE conjugated
secondary antibody. The cells were counterstained with DAPI and
viewed by Nikon fluorescence microscope (Nikon, Tokyo, Japan).

Surface plasmon resonance (SPR) analyses
The binding affinity of compounds to MD2 protein was detected
using ProteOn XPR36 Protein Interaction Array system (Bio-Rad
Laboratories) with a GLH sensor chip (Bio-Rad Laboratories,
#1765013). Briefly, MD2 protein (in acetate acid buffer) was
immobilized on the sensor after activated by 40mM EDC and
10mM sNHS in water solution. Compounds 7w and 7x at different
concentrations were dissolved in running buffer with 5% DMSO
and injected simultaneously at a flow rate of 30 μL/min for 120 s
of association phase, followed with 200 s of dissociation phase at
25 °C. KD values were calculated by global fitting of the kinetic
data using 1:1 Langmuir binding model.

Bis-ANS displacement assay
1,1′-Bis(anilino)-4,4′-bis(naphthalene)-8,8′-disulfonate (bis-ANS, Life
Technologies, Carlsbad, CA, USA, 1 μM) and rhMD2 (5 nM) were
mixed in PBS (pH 7.4) to reach stable fluorescence intensity under
excitation at 385 nm. 7w and 7x at different concentrations were
then added. Relative fluorescence units emitted at 430–570 nm
were measured by SpectraMax M5 (MD, California, USA) at 25 °C in
1 cm path-length quartz cuvettes.

LPS displacement assay
The binding of LPS to rhMD2 was determined by cell-free ELISA.
The 96-well plates were coated with human MD2 antibody in
10mM Tris-HCl buffer (pH 7.5) at 4 °C overnight. Plates were
blocked with 3% BSA at room temperature for 1.5 h. RhMD2 was
added at 4 μg/mL in 10 mM Tris-HCl buffer (pH 7.5) and incubated
at room temperature for 1.5 h. Biotin-labeled LPS was then added
with or without 7w or 7x and incubated at room temperature for
1 h. Streptavidin-conjugated HRP was added and incubated at
room temperature for 1 h. TMB was added for color development.
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The reaction was stopped with H2SO4 solution and OD values
were measured at 450 nm.

Molecular docking of 7w and 7x to MD2
The molecular interactions were evaluated by a docking simulation
study using AutoDock version 4.2.6. The crystal structure of human
MD2-lipid IVa complex (PDB: 2E59) was obtained from Protein Data
Bank for the docking simulation. The AutoDockTools version 1.5.6
package was applied to generate the docking input files and the
docking results were analyzed. A 60 points × 60 points × 60 points
grid box with a spacing of 0.375 Å between the grid points was
implemented. The affinity maps of MD2 were calculated by
AutoGrid. One hundred Lamarckian Genetic Algorithm runs with
default parameter settings were processed. The hydrogen bonds
and bond lengths within the interactions of complex protein-
ligand conformations were analyzed.

Statistical analysis
All data represented at least three independent experiments and
were expressed as mean ± SEM. All statistical analyses were
performed using GraphPad Pro Prism 8.0 (GraphPad, San Diego,
CA, USA). One-way ANOVA, followed by Dunn’s post hoc test, was
used when comparing multiple independent groups. P < 0.05 was
considered statistically significant difference between groups.

RESULTS
Compounds 7w and 7x directly bind to MD2 and inhibit LPS-MD2-
TLR4 complex formation
In order to identify the potential binding of 7w and 7x to MD2, 7w
and 7x were docked to the crystal structure of the MD2 protein
(PDB: 3FXI) using molecular docking software. As shown in Fig. 2a,
b, compounds 7w and 7x fitted into the hydrophobic pocket of
MD2 and were involved in pi-pi stacking interactions with Phe151

residue of the MD2 protein with a docking score of −8.1 and −7.8
kcal/mol, respectively.
Then, SPR assay was conducted to confirm the direct binding of

compounds 7w and 7x to rhMD2. Both 7w and 7x interacted
directly with rhMD2 protein with a KD value of 96.2 and 31.2 μM,
respectively (Fig. 2c, d). However, no interaction signal was
detected between 7w and rhTLR4 protein (Supplementary
Fig. S1a). Although our data found that 7x also interacted rhTLR4
with a KD value of 133 μM, indicating a weak affinity of 7x binding
to TLR4 (Supplementary Fig. S1b), 7x remains a selective MD2
inhibitor. These interactions were further confirmed with a bis-
ANS displacement assay. Elevated florescence signals were
observed after MD2 and bis-ANS incubation, which were inhibited
by the presence of 7w or 7x (at 5 and 10 μM) (Fig. 2e, f). An ELISA-
based LPS displacement assay showed that 7w and 7x
competitively inhibited the interaction between bio-LPS and
rhMD2 (Fig. 2g). More importantly, pretreatment with 7w and
7x obviously inhibited LPS-induced MD2/TLR4 complex formation
in MPMs and TLR4 dimerization in HEK293 cells (Fig. 2h, i). These
results suggest that compounds 7w and 7x directly bind to MD2
and inhibit LPS-MD2-TLR4 complex formation.

Compounds 7w and 7x inhibit LPS-induced inflammation in a
dose-dependent manner
To explore the functional block of LPS-TLR4 signaling by 7w and
7x, J774a.1 macrophages were pretreated with 7w or 7x (1.25, 2.5,
5, and 10 μM) for 30min and then treated with LPS (0.5 μg/mL) for
24 h. The LPS-induced releases of TNF-α and IL-6 in the culture
medium were dose-dependently inhibited by 7w and 7x, whose
corresponding IC50 values were 1.41 and 0.99 μM for TNF-α
inhibition, and 1.05 and 2.12 μM for IL-6 inhibition (Fig. 3a, b). RT-
qPCR analysis showed that the LPS-increased mRNA levels of TNF-
α, IL-6, VCAM-1, and ICAM-1 were reduced by pretreatment with

7w and 7x at 5 and 10 μM, respectively (Fig. 3c, d). These results
indicate that 7w and 7x dose-dependently inhibited the expres-
sion of LPS-induced inflammatory cytokines in macrophages.

Compounds 7w and 7x inhibit LPS-induced activation of MAPKs
and NF-κB
Further investigation was conducted to evaluate the effects of 7w
and 7x against LPS/TLR4 downstream signaling MAPKs and NF-κB
activation. LPS significantly increased the phosphorylation of JNK,
ERK, and P38 in MPMs, which were decreased by pretreatment of
7w and 7x (10 μM) (Fig. 4a). Similarly, LPS-activated NF-κB
signaling, illustrated by decreased IκBα level, reduced cytoplasmic
P65, and increased nuclear P65 levels, was markedly suppressed
by the pretreatment of 7w and 7x (Fig. 4b). The LPS-induced
translocation of P65 from cytoplasm to nucleus was substantiated
by the immunofluorescence staining in MPMs blocked by 7w and
7x (Fig. 4c). These results suggest a significant inhibitory effect on
LPS-TLR4 signaling pathway by 7w and 7x.

7w and 7x attenuate LPS-induced ALI in mice by targeting MD2
Since 7w and 7x exhibited significant inhibitory effect on LPS-
MD2-TLR4 pro-inflammatory signaling in vitro, the effects of 7w
and 7x on lung impairment were examined in mice. Firstly, the
toxic effects of compounds 7w and 7x were evaluated in vivo. The
administration of 10 mg/kg 7w and 7x for 7 consecutive days
failed to induce phenotypic changes (body weight and behaviors)
in mice and pathological change in the lung tissues (Supplemen-
tary Fig. S2a). Also, 7w and 7x did not affect the function of the
livers, evidenced by the serum ALT, AST, and LDH levels
(Supplementary Fig. S2b–d). The intratracheal instillation of LPS
was used to construct the mouse model of ALI. According to H&E
staining, LPS challenge induced obviously inflammatory cell
infiltration and pulmonary edema, which was significantly
improved by the pretreatment with 7w and 7x (Fig. 5a). These
beneficial effects of 7w and 7x in the ALI model were indicated by
the improvement of the lung injury scores (Fig. 5b), lung W/D
weight ratio (Fig. 5c) and the total protein concentration in BALF
(Fig. 5d). The reduction in the number of total cells (Fig. 5e) and
neutrophils in BALF (Fig. 5f) evidenced the therapeutic effect of
7w and 7x in the ALI model by hindering the infiltration of
inflammatory cell into the lung. The anti-inflammatory effects of
7w and 7x were further confirmed with the reduced positive
staining against F4/80 (Fig. 5g, h) and Ly-6G (Fig. 5i, j) in the LPS-
challenged mouse lungs.
Consistent with the in vitro results, the increased levels of TNF-α

and IL-6 in both BALF (Fig. 6a, b) and sera (Fig. 6c, d) were
significantly ameliorated with the 7w and 7x treatments in the ALI
model. Similarly, the increase in transcript levels of pro-
inflammatory cytokines TNF-α, IL-6, VCAM-1, and ICAM-1 in lung
tissues was reduced by the treatment with 7w and 7x (Fig. 6e–h).
Finally, immunoprecipitation assays revealed the increased MD2-
TLR4 association in the lung tissues of LPS-challenged mice
(Fig. 6i, j), and 7w or 7x treatment significantly reduced this MD2-
TLR4 interaction. Taken together, these results suggest that 7w or
7x pretreatment improves pulmonary inflammation and edema in
LPS-induced ALI model, which is potentially through disrupting
LPS-induced MD2-TLR4 interaction.
Generally, drugs should be administered after the initiation of

lung injury. We also evaluated the therapeutic effects of 7w and
7x in mice with LPS-induced ALI. Similar to the pre-administration
experiment, our data showed that 7w and 7x significantly reduced
the LPS-induced pathological injury of lung tissue (Fig. 7a, b),
pulmonary edema (Fig. 7c), infiltration of inflammatory cells in
BALF (Fig. 7d), and overproduced inflammatory cytokines IL-6 and
TNF-α levels in BALF (Fig. 7e, f). These results prove that 7w and 7x
are effective both in the prevention and therapy against LPS-
induced ALI in mice.
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DISCUSSION
In this study, 7w and 7x were demonstrated to be capable of
directly binding to MD2 and disrupt LPS-MD2-TLR4 complex
formation. According to the in vitro results, 7w and 7x obviously
inhibited the expression of LPS-induced inflammatory cytokines
and the activation of MAPKs and NF-κB signaling pathways.
Meanwhile, 7w and 7x treatment mitigated LPS-induced ALI in
mice by reducing the inflammatory response accompanied with
reduced MD2-TLR4 interaction.
Neutrophil infiltration into the lung was the hall-marker and a

fundamental feature of ALI [22]. The number of neutrophils in

BALF is correlated with the severity of disease in ARDS patients,
and neutrophil depletion can reduce the severity of ARDS in mice
[23, 24]. Thus, targeting neutrophil recruitment and activation and
promoting neutrophil apoptosis are regarded as the potential
approaches to treat ALI [9, 25]. In this study, the administration of
7w and 7x significantly inhibited LPS-induced neutrophil infiltra-
tion in both BALF and lung tissues. Meanwhile, the LPS-induced
gene expression of adhesion molecules ICAM-1 and VCAM-1 in the
lung was also inhibited by 7w and 7x administration, which may
partly explain the reduction of neutrophil infiltration. ALI is also
characterized by hyperinflammation and the increased

Fig. 2 7w and 7x are identified as new MD2 inhibitors. a, b Molecular dockings of 7w and 7x with rhMD2 (PDB: 2E56) were analyzed with
the Tripos molecular modeling software. c, d The direct interactions of 7w and 7x with rhMD2 were shown by SPR assay. Ka binding constant,
Kd dissociation constant, KD equilibrium dissociation constant. e, f The effects of 7w (5 and 10 μM) and 7x (5 and 10 μM) on binding fluorescent
bis-ANS (5 μM) to rhMD2. g As determined by ELISA, 7w and 7x dose-dependently inhibited the binding of biotin-LPS to rhMD2. h, i MPMs
were pretreated with 7w or 7x at 10 μM for 30 min and then exposed to LPS for 15min. The complex of MD2-TLR4 were detected by
immunoprecipitation (upper two panels). 293T cells were co-transfected with HA-TLR4 and Flag-TLR4 plasmids. Then, cells were treated with
LPS for 15min with 7w or 7x at 10 μM. Cell extracts were co-immunoprecipitated and were detected by anti-Flag and anti-HA antibodies
(lower two panels).
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Fig. 4 7w and 7x suppressed LPS-induced MAPK phosphorylation and NF-κB activation in macrophages. a MPMs were pretreated with 7w
or 7x at 10 μM for 30min followed by incubation with LPS (0.5 μg/mL) for 30min. The levels of p-JNK, p-ERK, and p-P38 were measured by
Western blot. The corresponding total protein was the loading control. bMPMs were pretreated with 7w (10 μM) or 7x (10 μM) for 30min, then
were stimulated by LPS (0.5 μg/mL) for 45min. IκBα, cytosolic, and nuclear P65 levels were detected by Western blot. GAPDH and lamin B were
used as loading controls. c Immunofluorescent staining detected the nuclear translocation of P65 in MPMs (red: P65 positive stain; blue: nuclei
positive stain).

Fig. 3 7w and 7x inhibited LPS-induced inflammatory cytokine expression in macrophages. J774a.1 macrophages were pretreated with 7w
or 7x at 1.25, 2.5, 5, or 10 μM for 30 min and then treated with LPS at 0.5 μg/mL for 24 h. DMSO was used as vehicle control. a TNF-α and b IL-6
levels in the medium were determined by ELISA. Data were normalized to total protein concentration from the same plate. For the detection
of mRNA levels, MPMs were pretreated with vehicle control (DMSO), 7w (5 or 10 μM) or 7x (5 or 10 μM) for 30min followed by incubation with
LPS at 0.5 μg/ml for 6 h. c, d The mRNA levels of inflammatory cytokines TNF-α, IL-6, VCAM-1, and ICAM-1 were determined by RT-qPCR and
normalized by β-actin mRNA level. Data were mean ± SEM of 3–5 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared with
LPS group.
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permeability of the alveolar-capillary barrier, which were similarly
observed in the current LPS-induced ALI model [1]. According to
our results, 7w and 7x administration played significantly role in
reducing protein concentration and total cell counts in BALF post
LPS challenge. Besides, the levels of pro-inflammatory cytokines
TNF-α and IL-6 in serum, BALF and lung tissue were reduced as
well. These results indicate that 7w and 7x have the potential for
the treatment of ALI.
MD2 plays a pivotal role in recognition of LPS by TLR4 and the

subsequent stimulation of MAPKs and NF-κB signaling pathway.
MAPKs and NF-κB are the representative signaling pathways
downstream of LPS-TLR4 pathway and have attracted plenty of
attention as the primary anti-inflammatory mechanisms of drugs
[13]. In response to LPS stimulation, MAPKs (ERK, JNK, and P38) are
activated via phosphorylation, thus triggering cytokines release
[26]. As suggested by our results, 7w and 7x pretreatment
significantly inhibited LPS-induced phosphorylation of ERK, JNK
and P38 in MPMs. In normal cells, NF-κB interacts with IκBα in
cytoplasm to produce an inactive complex [27]. Upon stimulation,
such as pathogen, cytokines and LPS, IκBα was phosphorylated
and then degraded by ubiquitination, which leads to the active
subunit NF-κB P65 transfer from the cytosolic to the nuclear
fractions, then triggers inflammatory gene expression [27]. In this
study, 7w and 7x evidently reversed LPS-induced IκBα

degradation and nuclear translocation of P65 as revealed at the
protein level in MPMs. These results suggest that 7w and 7x
inhibit MAPKs and NF-κB activation by targeting MD2.
Recent studies have shown that MD2 inhibitors can attenuate

LPS-induced inflammatory response both in vitro and in vivo. We
noted that eritoran, a LPS-like MD2/TLR4 inhibitor, failed in the
phase III clinical trial in the treatment of severe sepsis, due to the
low efficiency [28]. The high interaction between Eritoran and
serum proteins reduces its clinic pharmacokinetics and results in
low effectiveness. However, we believe that small-molecule MD2
inhibitors, which tolerate the serum proteins, could be a better
choice for the treatment of sepsis. Although no compounds
inhibiting MD2 have entered clinical trials, developing non-lipid
MD2 inhibitors could be a potential strategy. Previous studies
already identified several compounds derived from natural
products and their analogs that can directly bind to MD2 and
exhibit anti-inflammatory activities [15, 16, 19, 20]. Herein, it was
demonstrated that compounds 7w and 7x directly bound to
rhMD2 protein with the KD values of 96.2 μM and 31.2 μM,
respectively. Although LPS has higher binding affinity to MD2,
compounds 7w and 7x, at a much higher concentration (5 or 10
μM) than LPS (0.5 μg/mL), significantly antagonized LPS binding to
MD2 in both cell-free system and cultured macrophages (Figs. 2–
4). Interestingly, the binding affinities of 7w and 7x to rhMD2 were

Fig. 5 7w and 7x prevented LPS-induced ALI in mice. C57BL/6 mice were pretreated with 10 mg/kg 7w or 7x via oral administration for
7 days, followed by intracheal injection of 5 mg/kg LPS, and lung samples were obtained 6 h later. a Representative H&E staining images of the
lung. b Lung injury score as assessed by histological analysis of lung tissues. c The lung wet/dry weight ratio. d Total protein concentration in
BALF. e Total cells in BALF. f The number of neutrophils in 200 total cells in BALF. g, h Representative images of immunohistochemical staining
(brown) for macrophages (anti-F4/80) in lung tissues. i, j Representative images of immunohistochemical staining (brown) for neutrophils
(anti-LY-6G) in lung tissues. Data were reported as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared with LPS group; n ≥ 6.
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higher when compared to other known MD2 inhibitors, such as
compound 20 (KD: 189 μM) and xanthohumal (KD: 460 μM) [17, 19].
Compound 7x also showed a lower KD value as compared to other
MD2 inhibitors, including L6H21 (33.3 μM), L6H9 (31.6 μM), and
baicalein (79.5 μM) [15, 18, 29]. We also note that 7w and 7x could
not dose-dependently and completely block the interaction
between LPS and rhMD2 (Fig. 2g), as MD2 protein has a big
pocket and 7w/7x only binds to a relatively small site of MD2
pocket (Fig. 2a, b). Therefore, a part of LPS lipid chains may still
insert into the 7w/7x-containing MD2 pocket. However, the 7w/
7x-MD2 interaction obviously influences the quality of LPS-MD2
binding and prevents LPS to activate a right conformation of MD2
for MD2 activation, evidenced by the fact that 7w/7x at 10 μM
completely blocked LPS induced MD2-TLR4 interaction (Fig. 1h, i).
These results indicate that 7w and 7x may be more effective MD2
inhibitors, which is the novelty of this work. Of course, further
experiments for 7w/7x-based drug design and development are
needed.
MD2 activation also participates in the pathogenesis of various

chronic inflammatory diseases and cancers, such as diabetic
cardiomyopathy, atherosclerosis, asthma, and colon cancer [30–33].
In our previous studies, we have shown that MD2 is a direct receptor
of palmitic acid and AGEs, driving inflammatory response in

metabolic heart diseases [29, 33]. Pharmacological or genetic MD2
inhibition has shown to hinder the progression of these diseases. As
MD2 inhibitors, we consider that 7w and 7x are also able to block
MD2-mediated inflammation induced by DAMPs (e.g., AGEs in
Supplementary Fig. S3), which enables 7w and 7x have therapeutic
potential not only for LPS-related acute inflammatory diseases but
also for other chronic metabolic diseases. This is certainly a focus of
future studies.
A limitation of this study may be the absence of a positive

control (clinical drug). However, there is no effective drug used in
the treatment of ALI in clinic so far. The mostly used drugs are
glucocorticoids, which has totally different mechanism compared
to 7w and 7x. In addition, as the steroidal anti-inflammatory
drugs, glucocorticoids exhibit many side-effects, including Cush-
ing’s syndrome and osteoporosis. Here, we demonstrated that
targeting MD2 by compounds 7w and 7x inhibited the formation
of LPS-MD2-TLR4 complex, and consequently, downstream
signaling pathway activation and inflammatory injuries. These
data indicates that MD2 inhibition may be a better strategy than
glucocorticoids for the treatment of ALI. We will compare the MD2
inhibitors with glucocorticoids in the future evaluations.
In conclusion, compounds 7w and 7x were identified as the

novel MD2 inhibitors that can inhibit inflammatory response both

Fig. 6 7w and 7x inhibited LPS-induced lung inflammation in mice by targeting MD2. C57BL/6 mice were pretreated with 10mg/kg 7w or
7x via oral administration for 7 days, followed by intracheal injection of 5 mg/kg LPS, and lung samples were obtained 6 h later. a, c TNF-α and
b, d IL-6 in BALF and serum from the experimental mice were determined with ELISA. e–h The mRNA levels of inflammatory cytokines in the
lung tissues were determined by RT-qPCR after LPS treatment. Cytokine gene expression was normalized to β-actin. i 7w and 7x inhibited the
formation of MD2-TLR4 complex in the lung tissues. j Densitometric quantification of blot in i. Data were reported as mean ± SEM. *P < 0.05,
**P < 0.01, ***P < 0.001 compared with LPS group; n ≥ 6.
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in vitro and in vivo. These data demonstrate the therapeutic
potential of 7w and 7x for the treatment of ALI and other
inflammatory diseases.
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