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Abstract Pulmonary endothelial barrier dysfunction is a hallmark of clinical pulmonary edema

and contributes to the development of acute lung injury (ALI). Here we reported that ruscogenin

(RUS), an effective steroidal sapogenin of Radix Ophiopogon japonicus, attenuated lipopolysaccha-

rides (LPS)-induced pulmonary endothelial barrier disruption through mediating non-muscle myosin

heavy chain IIA (NMMHC IIA)‒Toll-like receptor 4 (TLR4) interactions. By in vivo and in vitro

experiments, we observed that RUS administration significantly ameliorated LPS-triggered pulmo-

nary endothelial barrier dysfunction and ALI. Moreover, we identified that RUS directly targeted

NMMHC IIA on its N-terminal and head domain by serial affinity chromatography, molecular

docking, biolayer interferometry, and microscale thermophoresis analyses. Downregulation of endo-

thelial NMMHC IIA expression in vivo and in vitro abolished the protective effect of RUS. It was

also observed that NMMHC IIA was dissociated from TLR4 and then activating TLR4 downstream

Src/vascular endothelial cadherin (VE-cadherin) signaling in pulmonary vascular endothelial cells

after LPS treatment, which could be restored by RUS. Collectively, these findings provide pharma-

cological evidence showing that RUS attenuates LPS-induced pulmonary endothelial barrier
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dysfunction by inhibiting TLR4/Src/VE-cadherin pathway through targeting NMMHC IIA and

mediating NMMHC IIA‒TLR4 interactions.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Acute lung injury (ALI) or its most advanced form, acute respi-
ratory distress syndrome (ARDS), is a severe inflammatory pul-
monary process triggered by a variety of pulmonary (pneumonia,
pulmonary contusion) or nonpulmonary (sepsis, trauma) insults,
characterized by diffuse alveolar damage and increased pulmo-
nary vascular permeability1. Disruption of pulmonary endothelial
barrier homeostasis resulting in extravascular accumulation of
protein-rich fluids and lung edema is a key pathophysiological
mechanism in ALI and ARDS2,3. Though considerable progress
has been made in clarifying the mechanisms responsible for
pathogenesis and resolution of ALI, the majority of therapeutic
strategies to improve outcomes have been unsuccessful so far4‒6,
highlighting the necessity for further research and development of
novel effective treatments.

Non-muscle myosin II is a motor protein essential for main-
taining cellular homeostasis and participates in multiple cellular
functions including cell migration, adhesion, endomitosis, and
signal transduction7‒10. Non-muscle myosin heavy chain IIA
(NMMHC IIA) encoded by Myh9 is the most widely distributed
isoform of non-muscle myosin II. Previous studies have revealed
that NMMHC IIA plays a significant role in regulating endothelial
functions such as barrier integrity, von Willebrand factor secre-
tion, and thrombus formation10‒13. However, the role of NMMHC
IIA and its pharmacological intervention in lipopolysaccharides
(LPS)-induced ALI and pulmonary endothelial barrier dysfunction
are still limited.

Ruscogenin (RUS), a major bioactive steroidal sapogenin
derived from the traditional Chinese herb Radix Ophiopogon
japonicus which has been used to treat acute and chronic in-
flammatory and cardiovascular diseases for many years, has been
found to exert prominent protective effect on ALI, and its possible
mechanism could be attributed to the inhibition of tissue factor
and inducible nitric oxide (NO) synthase expression and nuclear
factor (NF)-kB p-p65 activation14,15. Our previous research also
uncovered that RUS protected against LPS-induced lung injury
and endothelial cell apoptosis via regulating Toll-like receptor 4
(TLR4) signaling, suggesting that TLR4 might be essential for the
anti-inflammatory and anti-apoptotic effects of RUS16. However,
whether RUS directly acts on TLR4 or TLR4 complex to regulate
downstream signaling needs to be further investigated. In this
study, we captured NMMHC IIA as a target protein of RUS, and
with the evidence that NMMHC IIA interacts with TLR4 and
regulates tight junction in brain endothelial cells by mediating
downstream transduction pathway12, we speculate that NMMHC
IIA‒TLR4 complex may be a potential target of RUS to mediate
LPS-stimulated pulmonary endothelial barrier dysfunction.

In the present study, we explored the effects and underlying
mechanisms of RUS on LPS-induced pulmonary endothelial
barrier dysfunction during ALI. The results demonstrated that
RUS directly bound to the N-terminal and head domain of
NMMHC IIA and mediated the NMMHC IIA‒TLR4 interactions
to suppress the activation of Src/vascular endothelial cadherin
(VE-cadherin) signaling, protecting against LPS-induced pulmo-
nary endothelial barrier disruption, which indicated RUS might be
a promising therapeutic candidate for the treatment of ALI.

2. Materials and methods

2.1. Reagents and antibodies

RUS (505836) was purchased from J&K Scientific Ltd. (Beijing,
China). Dexamethasone (DEX; D1756), LPS (L2880), GenE-
lute™ Mammalian Genomic DNA Miniprep Kits (G1N70),
Duolink� In Situ PLA� Probe Anti-Rabbit PLUS (DUO92002),
Duolink� In Situ PLA� Probe Anti-Mouse MINUS
(DUO92004), and Duolink� In Situ Detection Reagents Red
(DUO92008) were obtained from Sigma‒Aldrich (St. Louis, MO,
USA). The bicinchoninic acid (BCA) protein assay kit and phe-
nylmethanesulfonyl fluoride (PMSF) were procured from Beyo-
time Biotechnology (Shanghai, China). Anti-NMMHC IIA
(ab75590, ab55456), anti-TLR4 (ab22048), anti-VE-cadherin
(ab33168), anti-p120-catenin (ab92514), anti-Myc (ab9132), and
anti-green fluorescent protein (GFP) (ab290) antibodies were
purchased from Abcam (Cambridge, MA, USA). Anti-TLR4 (sc-
293072) and Protein A/G PLUS-Agarose (sc-2003) were obtained
from Santa Cruz Biotechnology (Texas, CA, USA). Anti-phospho-
Src family (2101) and anti-Src (2123) were from Cell Signaling
Technology (Boston, MA, USA). Purified rat anti-mouse CD31
(553370) was purchased from BD Biosciences (Franklin Lakes,
NJ, USA). Alexa Fluor 488- and 594-conjugated secondary anti-
bodies, Dynabeads™ Sheep Anti-Rat IgG (11035) were from
Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Animals

Male C57BL/6 mice (18e22 g) were provided by the Experi-
mental Animal Center of Yangzhou University (certificate number
was SCXK Jiangsu 2017-0007; Yangzhou, China). All animal
experimental procedures were carried out according to the Na-
tional Institutes of Health guidelines, and the protocols were
approved by the Animal Ethics Committee of China Pharmaceu-
tical University (Nanjing, China). The animals were feed at
standardized temperature at 22 � 2 �C and relative humidity at
60% � 2%. After 3 days of adjustable feeding, the mice were
randomly divided into six groups (n Z 6): control group, model
group, model þ RUS (0.1, 0.3, and 1 mg/kg) groups, and model þ
DEX (1 mg/kg) group. Mice in model group were challenged with
LPS (5 mg/kg) via intratracheal instillation for 6 h. RUS and DEX
were administrated orally 1 h prior to LPS treatment. All mice
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were euthanized after LPS induction and bronchoalveolar lavage
fluid (BALF) was collected for subsequent experiments.

Tek‒Cre mice and Myh9fl/fl mice were obtained from Nanjing
Biomedical Research Institute of Nanjing University (Nanjing,
China). Endothelial cell (EC)-specific monoallelic deletion of
NMMHC IIA (referred to as Myh9fl/wt; Tek‒Cre) mice were
generated by in vitro fertilization.

2.3. Cell culture

Murine lung vascular endothelial cells (MLECs) were isolated as
described previously16. MLECs were cultured in DMEM (Gibco,
Grand Island, NY, USA) supplemented with 20% fetal bovine
serum (FBS; Gibco), 1% MEM Non-Essential Amino Acids
(Gibco), 2.5% HEPES buffer solution (1 mol/L; Gibco), endo-
thelial cell growth supplement (0.1 mg/mL; Sigma‒Aldrich), 100
U/mL penicillin, and 100 U/mL streptomycin (Gibco). Human
umbilical vascular endothelial cells (HUVECs) were purchased
from the Shanghai Institute of Cell Biology, Chinese Academy of
Sciences (Shanghai, China), and cultured in RPMI 1640 supple-
mented with 10% FBS, 100 U/mL penicillin, and 100 U/mL
streptomycin. The cells were grown at 37 �C in a humidified
incubator of 5% CO2 and 95% air.

2.4. Evans blue albumin (EBA) pulmonary transvascular flux
measurement

After LPS treatment ofmice via intratracheal instillation (5mg/kg)
for 4 h, EBA dye (50 mg/kg) was administered via tail vein in-
jection. After 2 h, mice were anesthetized and intravascular EBA
perfused with saline through the right ventricle for 5 min. Mouse
lungs were excised, homogenized in 1 mL phosphate buffer so-
lution (PBS), and extracted in 2 mL formamide for 18 h at 60 �C.
The EBA concentration was determined based on OD620 and
OD740 values.

2.5. EBA leakage analysis in MLECs

MLECs (2 � 105 cells/well) were seeded on the gelatin-coated
transwell inserts of 24-well plates and cultured for 7 days. Then
MLECs were pretreated with RUS for 1 h, followed by LPS
stimulation for 6 h. EBA solution was added as the tracer to the
transwell inserts and 4% bovine serum albumin (BSA) solution
was added to the outer chamber. After 1 h, the solution in outer
chamber was collected and EBA concentration was detected based
on OD620 and OD740 values.

2.6. Transendothelial electrical resistance (TER) assay

MLECs (2 � 105 cells/well) seeded on the gelatin-coated trans-
well inserts of 24-well plates were cultured for 7 days. RUS was
administrated 1 h prior to LPS exposure. After LPS treatment for
6 h, the TER value of MLECs was monitored with a Millicell-ERS
voltohmmeter (Millipore, Billerica, MA, USA). The mean value
was expressed in the common unit (U$cm2) after subtraction of
the value of a blank cell-free filter.

2.7. Immunofluorescence staining

MLECs or tissue sections were fixed with 4% formaldehyde and
permeabilized with 0.1% of Triton X-100. Then the samples were
blocked with 5% BSA and incubated with the corresponding
primary antibodies [CD31, 1:100 dilution; NMMHC IIA, 1:200
dilution; TLR4, 1:100 dilution; p-Src (Tyr416), 1:200 dilution;
VE-cadherin, 1:200 dilution] overnight at 4 �C. After washed with
PBS, MLECs were added with the appropriate fluorescence-
conjugated secondary antibodies (Alexa Fluor 594-donkey anti-
goat IgG, Alexa Fluor 488-donkey anti-goat IgG, Alexa Fluor
594-goat anti-mouse IgG, and Alexa Fluor 488-donkey anti-rabbit
IgG, 1:500 dilution). Fluorescent images were visualized using a
confocal laser scanning microscope (CLSM, LSM700; Zeiss,
Germany).

2.8. Plasmid and siRNA transfection

Expression plasmids for GFP-tagged IQ motif, tail, N-terminal,
and head domain of Myh9 were obtained from Genomeditech Co.
Ltd. Myh9 siRNAs (forward, 5ʹ-GAGGCAAUGAUCACUGA-
CUdTdT-3ʹ; reverse, 5ʹ-AGUCAGUGAUCAUUGCCUCdTdT-3ʹ)
were purchased from Biomics Biotechnologies (Nantong, China).
Transfection of cells with Myh9 siRNAs or plasmids was per-
formed using ExFect Transfection Reagent (Vazyme, Nanjing,
China) according to the manufacturer’s instructions.

2.9. Immunofluorescence co-localization analysis

To measure the amount of co-localization between two of the
stains in the images, the plugin JaCoP in Image J (National In-
stitutes of Health, Bethesda, MD, USA) was performed in pixel
matching co-localization analyses17. In brief, two different chan-
nels in one image were split and colored by Image J. Then all
correlation-based co-localizations were checked, and information
of microscope (CLSM, LSM700; Zeiss) and the emitted wave-
length of fluorescence were filled in the JaCoP. After regulating
the threshold, the co-localization was evaluated with manders’ co-
localization coefficients.

2.10. Proximity ligation assays (PLA)

A PLA kit (DUO92002, DUO92004, and DUO92008; Sigma‒
Aldrich) was employed to detect interactions between NMMHC
IIA and TLR4 in MLECs according to the manufacturer’s pro-
tocols18. Samples were incubated with primary antibodies for
NMMHC IIA and TLR4. Secondary antibodies conjugated with
oligonucleotides (PLA probes) were added to the reaction for
subsequent ligation and rolling circle amplification. Images were
observed under a CLSM (LSM700; Zeiss) and processed using
ZEN imaging software.

2.11. Serial affinity chromatography

Serial affinity chromatography with some modifications was used
to separate and identify the target proteins of RUS as described
previously19,20. In brief, lysate from MLECs (1 mL) was shaken
mildly with RUS affinity resin (30 mL) (A1, B1, and C1) for 1.5 h
at 4 �C, then centrifuged at 16,000 �g for 1 min. And the su-
pernatants were mixed with another RUS affinity resin (30 mL)
(A2, B2, and C2) at 4 �C, again for 1.5 h. Then the resulting resin
was washed 3 times with 1 mL lysate buffer, resuspended in 30 mL
of 2� loading buffer and heated at 95 �C for 5 min. The samples
were subjected to sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gels and the resulting bands were
stained with silver staining and then comparatively analyzed to
identify specific binding proteins.
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2.12. Microscale thermophoresis (MST) assay

To further confirm the specific domain of NMMHC IIA that RUS
acts on, NMMHC IIA is divided into four major domains: N-
terminal (aa. 29e69), head domain (aa. 83e764), IQ motif (aa.
775e835), and tail domain (aa. 842e1921) according to the
analysis of Myh9 cDNA sequence. HEK293T cells were trans-
fected with expression plasmids for GFP-tagged NMMHC IIA
domains and the lysate was collected as assay buffer for MST
experiments. A NanoTemper Monolith Instrument (NT.115)
(NanoTemper Technologies, München, Germany) was employed
for measuring thermophoresis. Samples were loaded into Mono-
lith NT.115Pico MST standard-treated capillaries and measured
using a Monolith NT.115Pico and MO.Control software (Nano-
Temper Technologies) at 37 �C.

2.13. Biolayer interferometry (BLI) analysis

To evaluate the binding kinetics of RUS on NMMHC IIA, the HA-
tagged head domain and tail domain of recombinant human
NMMHC IIA protein were purified by anti-HA affinity beads
(Smart Lifesciences, China) and biotinylated using a biotinylation
kit (Genemore, China) according to the manufacturer’s in-
structions. The biotinylated protein was immobilized in the super
streptavidin biosensors (Pall ForteBio, Silicon Valley, CA, USA).
The binding of RUS to NMMHC IIA head and tail domains were
analyzed by Octet RED96 (Pall ForteBio).

2.14. Co-immunoprecipitation (co-IP) assay

Cell lysates were incubated with anti-NMMHC IIA or an equal
amount of IgG, followed by incubation with Protein A/G PLUS-
Agarose (Santa Cruz Biotechnology; sc-2003). Proteins were
resolved via SDS-PAGE followed by Western blot analysis.

2.15. Western blot analysis

Protein extracted from cells or lung tissues was quantified using a
BCA protein assay kit. Equal amounts of protein from each group
(40 mg) were separated via 10%e15% SDS-PAGE and transferred
to polyvinylidene fluoride (PVDF) membranes (Millipore, Bill-
erica, MA, USA). After blocking with 5% BSA, membranes were
incubated with primary antibody overnight at 4 �C, followed by
horseradish peroxidase (HRP)-conjugated secondary antibody.
Bands were detected using an ECL kit and analyzed with Image
Lab™ Software.

2.16. Hematoxylin and eosin (H&E) staining

Lung tissues fixed in 4% paraformaldehyde were embedded in
paraffin, cut into 4 mm sections, and stained with H&E. Patho-
logical images were examined using a digital pathological sec-
tion scanner (Hamamatsu, Japan) and analyzed with NDPView2
(Hamamatsu, Japan). The lung injury score was evaluated on the
basis of the following observed indicators: pulmonary hemor-
rhage, inflammatory infiltration and pulmonary interstitial
edema. According to the severity of the disease, scores were
shown as 0 (no apparent lesions), 0.5‒1 (mild), 2 (moderate), 3
(severe), and 4 (critical). The scores of each sample were
accumulated and the average score of each group was calculated
for statistical analysis.
2.17. Statistical analysis

All data were expressed as means � standard deviation (SD) from
at least three independent experiments and analyzed with
GraphPad Prism software (version 7.0) (San Diego, CA, USA).
Statistical significance was calculated with Student’s t-test for
comparisons between two groups or one-way analysis of variance
(ANOVA) for multiple comparisons. Differences were considered
significant at P values < 0.05.

3. Results

3.1. RUS improves LPS-triggered pulmonary vascular
endothelial barrier disruption in vivo and in vitro

After LPS intratracheal instillation for 6 h, H&E staining of lung
sections exhibited prominent alveolar collapse, congestion, and
inflammatory cell infiltration, whereas RUS (0.3 and 1 mg/kg) and
DEX treatment showed significant improvement in lung lesions
(Fig. 1A and B). The total protein level and white blood cell count
in BALF were significantly decreased in RUS intervention group
compared with the ALI mouse model group (Fig. 1C and D). EBA
was injected by tail vein and extent of extravasated dye was
determined to evaluate pulmonary endothelial barrier function. As
is shown in Fig. 1E and F, the model group exhibited obvious dye
leakage after EBA injection, while RUS administration attenuated
LPS-induced pulmonary vascular leakage. To evaluate whether
RUS could improve the survival rate in ALI mice induced by LPS,
we established an ALI model by LPS (20 mg/kg) intraperitoneal
injection. The data showed that RUS significantly decreased the
death rate and extended the survival time of endotoxemia mice
induced by LPS (Supporting Information Fig. S1). Collectively,
these results indicated that RUS could ameliorate LPS-stimulated
pulmonary vascular hyperpermeability.

In order to assess the effect of RUS on pulmonary endothelial
barrier in vitro, murine lung vascular endothelial cells (MLECs)
were specifically isolated with purified rat anti-mouse CD31
monoclonal antibody-coated magnetic beads and identified by
flow cytometry and immunofluorescence (Supporting Information
Fig. S2). MLECs were pretreated with RUS (1 mmol/L) for 1 h,
followed by LPS (5 mg/mL) incubation for 6 h. TER and EBA
leakage analyses showed that LPS stimulation remarkably
decreased TER value and increased EBA leakage in MLECs, and
RUS treatment improved LPS-induced MLECs hyperpermeability
(Fig. 1H and I). Immunostaining experiments also disclosed that
RUS exerted an amelioration on LPS-stimulated disordered
arrangement of the cytoskeleton and disruption of VE-cadherin
structure between adjacent MLECs (Fig. 1G).

Similarly, RUS (1 mg/kg) treatment clearly relieved LPS-
induced lung injury and pulmonary endothelial barrier destruction
when administered at 2 and 4 h after LPS instillation (Supporting
Information Fig. S3). Taken together, these results confirmed the
protective effect of RUS on pulmonary endothelial barrier
dysfunction and acute lung injury induced by LPS.

3.2. RUS directly binds to NMMHC IIA N-terminal and head
domains

Using the RUS affinity medium, we captured specific binding
proteins for RUS from HUVEC lysates by serial affinity chro-
matography. The protein as indicated by SDS-PAGE obviously



Figure 1 RUS attenuates LPS-induced pulmonary endothelial barrier dysfunction. C57BL/6 mice were pre-treated with RUS (0.1, 0.3, and

1 mg/kg) for 1 h followed by LPS intratracheal instillation for 6 h. (A, B) Paraffin embedded lung tissue sections were stained with hematoxylin

and eosin (H&E) and lung injury was analyzed. Scale bar Z 50 mm. (C, D) After exposed to LPS for 6 h, mice were sacrificed and lungs were

lavaged with PBS. The total protein content and white blood cells in bronchoalveolar lavage fluid (BALF) were analyzed. (E, F) At 4 h after LPS

administration, Evans blue albumin (EBA) was given by tail intravenous injection. After 2 h, the dye was extracted from lung tissues and

quantified. n Z 6. (G) RUS (1 mmol/L) was administrated 1 h prior to LPS exposure in murine lung vascular endothelial cells (MLECs). After

LPS treatment for 6 h, immunofluorescence of VE-cadherin and phalloidine was employed to detect the effect of RUS on LPS induced MLECs

barrier disruption. The asterisks mean disruptive adherens junctions. Scale bar Z 20 mm. (H, I) MLECs seeded on the gelatin-coated transwell

inserts for 7 days to form a monolayer, RUS (1 mmol/L) was administrated 1 h prior to LPS challenge for 6 h, the effect of RUS on LPS-induced

MLECs hyperpermeability was determined by transendothelial electrical resistance (TER) and EBA assays. n Z 3. Data are presented as

mean � SD. ###P < 0.001 vs. control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. model group. RUS, ruscogenin; LPS, lipopolysaccharides;

DEX, dexamethasone; WBC, white blood cell.
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decreased following serial affinity chromatography (Fig. 2A).
Electrospray ionisation tandem mass spectrometry (ESI‒MS) and
Western blot analysis of the w210 kD protein identified it as
NMMHC IIA (Supporting Information Fig. S4), suggesting that
NMMHC IIA might be a specific binding protein of RUS. Mo-
lecular docking study was carried out to explore the interaction of
RUS with NMMHC IIA and the docking prediction results
revealed that RUS bound to the head domain of NMMHC IIA
(Fig. 2B) with the residues such as Pro521, Pro522, Gly523,
Ala526, Leu527, Glu530, Glu531, Gln550, Glu549, and Lys545
(Fig. 2C). In addition, MST analysis was performed to determine
the interaction between RUS and the full length NMMHC IIA
in vitro, and the equilibrium dissociation constant (Kd) value was
32.01 mmol/L, which was close to the Kd value of NMMHC II
inhibitor blebbistatin (BLE) (Fig. 2D).

To further investigate the specific domain of NMMHC IIA that
RUS acts on, we mapped the regions in NMMHC IIA and
NMMHC IIA was divided into four domains: N-terminal (aa. 29‒
69), head (aa. 83‒764), IQ motif (aa. 775‒835), and tail domains
(aa. 842‒1921). MST assay showed that RUS bound to the N-
terminal and head domain of NMMHC IIA (Fig. 3A‒D). To
further verify the interaction domain and find out whether RUS



Figure 2 Non-muscle myosin heavy chain IIA (NMMHC IIA) is identified as a target protein of RUS. (A) Serial affinity chromatography was

used to capture the specific binding proteins of RUS and NMMHC IIAwas identified as a RUS targeting protein. A comparison of proteins bound

to the first resins (A1, B1, and C1) and second resins (A2, B2, and C2) showed that only the protein marked by arrow decreased significantly in

amount, indicating that it was a specific binding protein. M is for the protein marker. (B) Molecular docking analysis revealed that RUS binds to

the head domain of NMMHC IIA. (C) Residues that form the binding pocket of RUS are indicated. (D) Microscale thermophoresis (MST) assay

was performed to detect the binding kinetics of RUS and blebbistatin (BLE) on full length NMMHC IIA.
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directly targets NMMHC IIA, we purified HA-tagged head
domain and tail domain of NMMHC IIA protein. BLI analysis
was used to detect the affinity of RUS and NMMHC IIA
domains in vitro. The results suggested that RUS directly inter-
acted with NMMHC IIA head domain in a positive dose-
dependent manner and the Kd value was 88.85 mmol/L
(Fig. 3E). These results indicated that NMMHC IIAwas the target
protein of RUS and RUS mainly bound to its head domain to
mediate the biological function of NMMHC IIA.

There are two functional binding sites in NMMHC IIA head
domain, ATP-binding sites (BLE binding sites) and actin binding
sites. To figure out whether RUS interacts with the same binding
sites of NMMHC IIA head domain compared with BLE or actin,
we constructed ATP-binding sites deletion and actin-binding sites
deletion mutants. And MST results revealed that there were still
combinations after ATP-binding sites and actin-binding sites dele-
tion in NMMHC IIA head domain (Supporting Information
Fig. S5), indicating that RUS interacted with the different binding
sites of NMMHC IIA head domain compared with BLE and actin.

3.3. Endotoxin challenge results in elevated expression of
NMMHC IIA and degradation of VE-cadherin in pulmonary
endothelial cells

Then we set out to determine the role of NMMHC IIA in an
LPS-induced ALI mouse model (Fig. 4). After LPS stimulation,
remarkable elevation of NMMHC IIA expression in pulmonary
endothelium was observed from 6 h by immunostaining
(Fig. 4A and E). And TLR4 and downstream phosphorylated
Src levels were enhanced after LPS treatment (Fig. 4B, C, F,
and G). We further detected the contents of VE-cadherin, which
was the most important adherens junctional component for
maintaining endothelial barrier integrity. And the results
revealed down-regulation of VE-cadherin levels following LPS
treatment (Fig. 4D and H). These findings were similar to the
results we obtained in MLECs (Supporting Information
Fig. S6), suggesting that LPS exposure disrupts pulmonary
endothelial adherens junctions through activation of TLR4/Src/
VE-cadherin signaling and NMMHC IIA may play a pivotal
role in this process.

3.4. NMMHC IIA monoallelic deletion in endothelium
attenuates LPS-induced pulmonary vascular leakage

To address the possibility that NMMHC IIA is a key factor in
regulation of the vascular endothelial barrier in vivo, mice with
endothelial-specific NMMHC IIA deficiency were generated.
Since complete NMMHC IIA-knockout mice fail to develop a
normal visceral endoderm and death occurred by embryonic day
(E) 7.521, we used EC-specific NMMHC IIA monoallelic deletion
(Myh9fl/wt; Tek‒Cre) mice (the construction and genotyping
identification were seen in Supporting Information Fig. S7A and
B) for subsequent experiments. Protein levels of NMMHC IIA
in EC were examined by immunostaining (Fig. 5A), and expres-
sion of NMMHC IIAwas further confirmed to decreasew50% via
Western blot in MLECs (Fig. 5B). H&E staining of lung sections
revealed no obvious abnormalities in Myh9fl/wt; Tek‒Cre mice.
Mild lung injury was observed in this mouse model, compared
with Myh9þ/þ; Tek‒Cre mice which exhibited prominent alveolar
collapse, congestion, and thickening of alveolar septal walls
following LPS stimulation (Fig. 5C). Myeloperoxidase (MPO) is
an enzyme present mainly in neutrophils and to a lesser degree in
monocytes. MPO has been demonstrated to be a local mediator of
tissue damage and the marker of activation of neutrophils in



Figure 3 RUS directly binds to N-terminal and head domain of NMMHC IIA. (A‒D) NMMHC IIA is divided into four major domains: N-

terminal (aa. 29‒69), head domain (aa. 83‒764), IQ motif (aa. 775‒835), and tail domain (aa. 842‒1921) according to the analysis ofMyh9 cDNA

sequence. HEK293T cells were transfected with expression plasmids for GFP-tagged NMMHC IIA domains and the lysate was collected as assay

buffer for MST assays. A and B showed that RUS bound with N-terminal and head domain of NMMHC IIA in a dose-dependent manner, C and D

showed that there was no binding between RUS and IQ motif and tail domain. (E) Biolayer interferometry (BLI) analysis showed that there was a

directly interaction between RUS and NMMHC IIA head domain.
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various inflammatory diseases22. LPS challenge led to a marked
increase in lung MPO levels in Myh9þ/þ; Tek‒Cre mice, which
was significantly ameliorated in Myh9fl/wt; Tek‒Cre mice
(Fig. 5D). EBA was injected into the tail vein and extent of
extravasated dye was determined to evaluate pulmonary barrier
function. Notably, Myh9fl/wt; Tek‒Cre mice exhibited improve-
ment in LPS-induced pulmonary vasculature hyperpermeability
(Fig. 5E), which was consistent with the immunostaining of al-
bumin in lung tissues (Fig. 5F). Western blot results showed that
VE-cadherin and p120-catenin levels in Myh9fl/wt; Tek‒Cre mice
under endotoxin insult were significantly restored (Fig. 5G and H).
These findings support that inhibition of endothelial NMMHC IIA
ameliorates LPS-induced disruption of the pulmonary vascular
endothelial barrier in mice.
3.5. NMMHC IIA mediates the protective effect of RUS on
pulmonary endothelial barrier function

Myh9fl/wt; Tek‒Cre mice were employed to validate whether RUS
regulates endothelial barrier integrity through NMMHC IIA. The
total protein content, white blood cell count and percentage of
monocytes in BALF were detected to evaluate the pulmonary
endothelial barrier function. We observed that NMMHC IIA
deficiency in endothelium significantly inhibited LPS-triggered
elevation of total protein content, white blood cell count, and
percentage of monocytes in BALF, but RUS-mediated improve-
ment was abrogated in Myh9fl/wt; Tek‒Cre mice after LPS insult
(Supporting Information Fig. S8A‒C). MPO levels in Myh9fl/wt;
Tek‒Cre mice was lower than that in Myh9þ/þ; Tek‒Cre mice,



Figure 4 LPS stimulation induces an elevated expression of NMMHC IIA and downregulation of VE-cadherin in pulmonary endothelium. (A‒

D) NMMHC IIA, TLR4, p-Src (Tyr416), and VE-cadherin expression in pulmonary endothelium after LPS stimulation was assessed based on

immunofluorescence with anti-CD31 (red), anti-NMMHC IIA (green), anti-TLR4 (green), anti-p-Src (green), and anti-VE-cadherin (green), and

visualized using confocal microscopy. Nuclei were counterstained with DAPI (blue). Scale bar Z 10 mm. (E‒H) Fluorescence intensity of

NMMHC IIA, TLR4, p-Src, and VE-cadherin in vessels was quantified by “Colocalization Analysis” using Image J. All data are expressed as

mean � SD, n Z 3. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 0 h group.
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but there is no significant difference. And there was also no
difference after RUS administration (Fig. S8D). To further
confirm the moderating effect of RUS on NMMHC IIA in vitro,
NMMHC IIA was knocked down with a siRNA-specific target
Myh9 (Supporting Information Fig. S9). TER and EBA leakage
analyses showed that NMMHC IIA knockdown counteracted the
protective effect of RUS on endothelial barrier function (Fig. 6A
and B). And Western blot results also suggested that NMMHC
IIA downregulation abolished the regulation of RUS on LPS-
induced activation of TLR4 pathway (Fig. 6C‒F). These data
support a critical role of NMMHC IIA in the modulating effect
of RUS on LPS-induced pulmonary endothelial barrier
dysfunction.
3.6. LPS-induced NMMHC IIA dissociation from TLR4

It was reported that NMMHC IIA interacts with TLR4 and
regulates tight junction in brain endothelial cells by mediating
downstream transduction pathway12. In this study, the duolink
PLA18 was used to examine the association between NMMHC IIA
and TLR4 after LPS stimulation. The results showed that
NMMHC IIA dissociated from TLR4 gradually in pulmonary
endothelium upon LPS stimulation for 0e24 h (Fig. 7A and B).
And in MLECs we also observed a rapid dissociation of NMMHC
IIA from TLR4 induced by LPS in 5 min (Fig. 7C and D), sup-
porting the involvement of NMMHC IIA in TLR4 signaling. To
further explore the mechanisms by which NMMHC IIA



Figure 5 Endothelium-specific NMMHC IIA monoallelic deletion attenuates LPS-induced lung vascular hyperpermeability.Myh9fl/wt; Tek‒Cre

and Myh9þ/þ; Tek‒Cre mice were challenged with LPS (5 mg/kg) via intratracheal instillation for 6 h. (A) Endothelial-specific monoallelic

deletion of NMMHC IIA was analyzed by immunofluorescent co-staining of NMMHC IIA (green) and the endothelial cell marker CD31 (red),

nuclei were stained with DAPI (blue). Arrows indicate the co-localization of NMMHC IIA and CD31 (n Z 3). Scale bar Z 20 mm. (B) NMMHC

IIA expression levels in MLECs isolated from lung tissues were detected by Western blot (n Z 3). (C) Paraffin-embedded lung tissue sections

were stained with H&E and lung injury was analyzed (n Z 5‒8). Scale bar Z 50 mm. (D) Lung myeloperoxidase (MPO) levels were determined

using specific kits after LPS treatment (n Z 5‒8). (E) At 4 h after LPS administration, mice were i.v. injected with EBA. After 2 h, the dye was

extracted from lung tissues and quantified (nZ 6). (F) Immunofluorescence for extravascular albumin (green) in lung frozen sections, nuclei were

stained with DAPI (blue) (n Z 4). Scale bar Z 50 mm. (G, H) Western blot analyses of VE-cadherin and p120-catenin expression in lung tissues

(n Z 3). All data are expressed as mean � SD. *P < 0.05, ***P < 0.001.
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interactions with TLR4 regulating downstream signaling, we
mapped the regions in NMMHC IIA that mediated TLR4 activity.
In molecular docking analyses, the head domain of NMMHC IIA
exhibited highest probability of binding to TLR4 (Fig. 8A and B).
HEK293T cells were co-transfected with expression plasmids for
GFP-tagged NMMHC IIA domains and Myc-tagged TLR4. In-
teractions of TLR4 with each individual domain of NMMHC IIA
were assessed using co-IP, which showed strong binding of the N-
terminal and head domains, but not the other domains, to TLR4
(Fig. 8C). BLI analysis was used to detect the affinity of TLR4
and NMMHC IIA domains in vitro. The results indicated that
TLR4 directly interacted with NMMHC IIA head domain, and the
Kd value was 35 mmol/L (Fig. 8D). To identify the specific
interacting sites in N-terminal and head domains of NMMHC IIA,



Figure 6 NMMHC IIA knockdown abolishes the protective effect of RUS on LPS-induced endothelial barrier destruction through activation of

TLR4 signaling. (A, B) NMMHC IIA was knockdown via small interfering RNA in HUVECs. TER and EBA leakage assays were used to

determine the effect of RUS on LPS-induced hyperpermeability. (C‒F) Western blot analyses of TLR4, p-Src (Y416), VE-cadherin, and p120-

catenin expression in HUVECs. Data are expressed as mean � SD, n Z 3; *P < 0.05, **P < 0.01, ***P < 0.001.
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we constructed two mutants of the N-terminal and five mutants of
the head domain regions according to earlier data on the most
frequent mutations responsible for w70% Myh9-related disor-
ders23. Notably, binding to TLR4 was abolished in Myh9 N-
Figure 7 NMMHC IIA is dissociated from TLR4 after LPS treatment.

pulmonary endothelium induced by LPS using the proximity ligation ass

NMMHC IIA and TLR4 in pulmonary endothelium decreased after LPS t

PLA signals in vessels was quantified using Image J. (C) Confocal microsc

followed by PLA reaction for NMMHC IIA‒TLR4 interactions (red signal)

quantified using Image J. Data are expressed as mean � SD, n Z 3. **P
terminal W33C, P35A, A44P, and F41I mutants and those of the
Myh9 head domain (Q372R, K373N, R702H, R705H, Q706E, and
R718W), clearly indicating involvement of these residues in
mediating NMMHC IIA‒TLR4 interactions (Fig. 8E and F).
(A) Visualization of interactions between NMMHC IIA and TLR4 in

ay (PLA) (red), CD31 (green), and DAPI (blue). The interactions of

reatment (arrows). Scale bar Z 50 mm. (B) Fluorescence intensity of

opy of MLECs challenged with LPS for 0, 5, 10, 20, 40, and 60 min,

and DAPI (blue) staining. Scale bars Z 20 mm. (D) PLA signals were

< 0.01, ***P < 0.001.



Figure 8 NMMHC IIA binds to TLR4 through its N-terminal and head domains. (A) Binding mode analysis of NMMHC IIA and BB loop of

TLR4 TIR domain via molecular docking (blue represents NMMHC IIA and red represents the binding probability of BB loop and NMMHC IIA).

(B) Homology modeling of the complex of TLR4 TIR domain and NMMHC IIA. (C) Co-IP analysis was used to determine interactions between

different domains of NMMHC IIA and TLR4. (D) BLI analysis was employed to detect the direct interaction between NMMHC IIA head domain

and TLR4. (E, F) HEK293T cells were co-transfected with plasmids encoding Myc-tagged TLR4 and GFP-tagged Myh9 N-terminal or head

domain mutants. Cell lysates were precipitated with anti-GFP antibody and immunoprecipitates detected via Western blot using anti-Myc and

anti-GFP antibodies.
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3.7. RUS inhibits LPS-induced activation of TLR4/Src/VE-
cadherin signaling by modulating NMMHC IIA‒TLR4
interactions

To determine the regulation effect of RUS on NMMHC IIA‒
TLR4 interactions, PLA assay was used in vivo (Fig. 9). We
observed that RUS significantly impeded LPS-stimulated
NMMHC IIA dissociation from TLR4 in pulmonary endothe-
lium (Fig. 9A and D). We also performed immunofluorescence co-
localization, co-IP, and PLA assays in MLECs. The results indi-
cated that RUS effectively reversed LPS-stimulated disruptive
interactions between NMMHC IIA and TLR4 in MLECs (Fig. 9B,
C, E, and F). And Western blot results suggested the inhibition of
RUS on NMMHC IIA and LPS-induced activation of TLR4/Src/
VE-cadherin signal pathway (Fig. 9G‒J). These data implied
that RUS suppressed TLR4 signaling activation induced by LPS
through stabilizing NMMHC IIA‒TLR4 interactions.

4. Discussion

Increased pulmonary vascular permeability which leads to flood-
ing of the alveoli with proteinaceous fluid and lung edema is the
hallmark of ALI/ARDS3. Decreased lung compliance caused by
lung oedema and elevation of pulmonary dead space resulted from
impaired gas exchange are independent predictors of mortality in
ALI/ARDS24. In the present study, we showed that the natural
product RUS exerted significant protective effect of ALI through
improving pulmonary endothelial hyperpermeability. By serial
affinity chromatography, biolayer interferometry, microscale
thermophoresis assays, and endothelial specific knockdown, we
identified that NMMHC IIA was a direct binding target of RUS
and the mechanism by which RUS attenuated LPS-induced
endothelial barrier disruption was mainly attributed to the mod-
ulation of NMMHC IIA‒TLR4 interactions by targeting NMMHC
IIA N-terminal and head domain.

TLR4 is well known for recognizing LPS and contributes to
inflammation by initiating cellular release of cytokines and che-
mokines25,26. TLR4 signaling plays a key role in LPS-induced
neutrophil accumulation and activation, which leads to increased
microvascular permeability in lung injury27,28. Furthermore,
TLR4 signaling is not only involved in the development of ALI
characterized by increased pulmonary vascular permeability or
viral and bacterial infectious diseases29,30, but also associated with
some other diseases such as neurodegenerative disease, rheumatic



Figure 9 RUS suppresses LPS-induced NMMHC IIA dissociation from TLR4 and activation of TLR4/Src/VE-cadherin pathway. (A) Visu-

alization of interactions between NMMHC IIA and TLR4 in pulmonary endothelium detected by PLA (red), CD31 (green) and DAPI (blue). Scale

bar Z 10 mm. (B) Immunofluorescence of NMMHC IIA (green) and TLR4 (red) in MLECs. Scale bar Z 20 mm. (C) Visualization of interactions

between NMMHC IIA and TLR4 in MLECs induced by LPS using the PLA (red) and nucleus was stained with DAPI (blue). Scale bar Z 20 mm.

(D) Fluorescence intensity of PLA signals in vessels in (A) was quantified using Image J. (E) PLA signals in MLECs in (C) were quantified using

Image J. (F) NMMHC IIA was immunoprecipitated from whole cell lysates and immunoblotted for TLR4. (G‒J) Western blot analyses of

NMMHC IIA, TLR4, p-Src (Y416), and VE-cadherin expression in MLECs. All data are expressed as mean � SD, nZ 3; *P < 0.05, **P< 0.01,

***P < 0.001.
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disease and endocrine disease31‒33. It is of great importance to
further explore the regulating mechanism of TLR4 signaling.
Structurally, TLR4 contains an extracellular ligand-binding
domain (ECD), single transmembrane a-helix domain, and intra-
cellular Toll/IL-1 receptor domain (TIR) responsible for down-
stream signaling34. Despite identification of the downstream
pathway mediators of TLR4 signaling, the mechanisms underly-
ing initiation of signaling induced by ligand binding-mediated
dimerization remain further investigation. Our previous work
has indicated that RUS played a protective role against LPS-
induced endothelial cell apoptosis via regulating TLR4
signaling16, but whether RUS directly binds to TLR4 or TLR4
complex to regulate downstream signaling is not fully elucidated.
In this study, we found that the target protein of RUS, NMMHC
IIA, acted as a TLR4 inhibitory partner through interactions with
TLR4 via its N-terminal and head domains under physiological
conditions (Fig. 8).

NMMHC IIA is a motor protein with contractile property,
which exhibits a very asymmetric shape with two major domains:
the globular head at the N-terminal which includes actin-binding
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sites and the C-terminal a-helical rod domain (tail domain) which
accounts for the formation of bipolar filaments35‒37. NMMHC IIA
participates in a range of cellular functions, such as migration,
adhesion, phagocytosis, cytokinesis, and signal transduction, some
of which depend on regulation of multiple protein‒protein in-
teractions. For instance, Arf-like protein is required for cell
migration through interactions with NMMHC IIA38, and associ-
ation between the chemokine receptor, CXCR4, NMMHC IIA
accounts for cellular chemotaxis39. A previous study by our group
demonstrated that NMMHC IIA bound to TNF receptor 2 and
mediated signal internalization in TNF-a-stimulated endothelial
cells to regulate tissue factor expression and venous thrombosis10.
Previous researches have shown that the regions of NMMHC IIA
interacted with other proteins mainly locate in the tail domain,
which may be involved in the function of cell migration and
intracellular transport40‒42. There are relatively less reports about
the head functional domain of NMMHC IIA in protein‒protein
interactions. In our present study, we found that RUS acted as a
NMMHC IIA inhibitor by directly binding to its N-terminal and
head domain (Fig. 3). Interestingly, there was also a directly
interaction between TLR4 and NMMHC IIA N-terminal and head
domain. Upon LPS binding to ECD of TLR4 to induce dimer-
ization, interactions between NMMHC IIA and TLR4 are dis-
rupted, thus initiating downstream signaling. And RUS could
suppress this process by stabilizing NMMHC IIA‒TLR4 in-
teractions (Fig. 9). Although studies have shown that the head
domain of NMMHC IIA involved in the protein‒protein in-
teractions plays a role in controlling cell shape or cell divi-
sion35,43, we found that the head domain of NMMHC IIA might
also be connected with the regulation of intracellular signal
transduction. These findings enrich our knowledge of the
Figure 10 The graphic illustration of the mechanism of RUS ameliorati

IIA binds to TLR4 through its N-terminal and head domains as an inactive

NMMHC IIA is dissociated from TLR4, initiating downstream signaling

cadherin junctions. RUS effectively prevents LPS-induced pulmonary end

NMMHC IIA‒TLR4 interactions. PMECs, pulmonary vascular endothelia
regulatory mechanisms underlying TLR4 signaling and provide
evidence on the potentially significant role of NMMHC IIA in
pathological processes.

As is well-known, adherens junctions maintain tight associ-
ation of neighboring pulmonary endothelial cells via VE-
cadherin-mediated interactions. The cytoplasmic tail domain of
VE-cadherin interacts with numerous intracellular partners,
including b-catenin, plakoglobin (g-catenin), and p120-catenin,
which contribute to adherens junctions strength44. b-Catenin and
plakoglobin are reported to form structural bridges between VE-
cadherin and the actin cytoskeleton while p120-catenin was
initially identified as a Src kinase substrate for cadherin clus-
tering45‒47. Moreover, VE-cadherin levels are regulated by p120-
catenin, which interacts with the juxtamembrane domain and
inhibits clathrin-mediated endocytosis and lysosomal degrada-
tion of VE-cadherin48. Src is activated in the settings of ALI, and
stimulation of Src kinase activity is critical in the induction of
endothelial hyperpermeability49,50. Consistent with earlier re-
sults, we observed an increase in Src phosphorylation at Tyr416
following LPS challenge, which could be attenuated by RUS
administration through the inhibition of NMMHC IIA and
dissociation from TLR4. Meanwhile RUS treatment prevented
LPS-induced disruption of VE-cadherin at intercellular junctions
and decreased protein expression of VE-cadherin, potentially
due to blockade of Src phosphorylation and stabilization of in-
teractions between p120-catenin and VE-cadherin.

The integrity of pulmonary vascular endothelial barrier is
critical for maintaining lung homeostasis. Loss of barrier integrity
is a pathophysiological hallmark of clinically relevant lung injury
which occurs most commonly from sepsis, burn injury, and bac-
terial or viral infections. Based on our present results, we propose
ng LPS-induced pulmonary endothelial barrier dysfunction. NMMHC

complex under physiological conditions. Upon LPS binding to TLR4,

and leading to endothelial barrier dysfunction by disruption of VE-

othelial barrier disruption by targeting NMMHC IIA and modulating

l cells; p120, p120-catenin.
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that the target protein of RUS, NMMHC IIA, may act as a key
mediator in LPS-induced ALI through regulation of pulmonary
endothelial barrier by modulating TLR4 signaling. These findings
not merely provide broad insights into lung injury characterized
by pulmonary vascular hyperpermeability, but also point to new
therapeutic strategies for serious diseases associated with TLR4
signaling.
5. Conclusions

Our data indicate that the natural steroidal sapogenin RUS may be
a potential inhibitor of NMMHC IIA. With the anti-inflammatory
and anti-thrombotic effects that have been reported15,51, RUS
protected against LPS-induced pulmonary endothelial barrier
dysfunction by targeting NMMHC IIA and modulating NMMHC
IIA‒TLR4 interactions (Fig. 10). Our findings demonstrate that
NMMHC IIA may be the potential target for the protection of
endothelial barrier destruction and for RUS to exert efficacy
against LPS-induced ALI.
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