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Abstract: The role of coagulation in acute lung injury (ALI) remains unclear. As factor Xa-dependent protease-activat-
ed receptor 2 (PAR-2) is reported to be an important target in blood coagulation and other processes, an inhibitor 
of factor Xa, rivaroxaban, was tested in vivo in C57BL/6 mice with ALI induced by intratracheal injections of lipo-
polysaccharide (LPS) and in vitro in LPS-stimulated human umbilical vein endothelial cells. Plasma concentrations 
and coagulation indices were measured in mice fed normal chow or chow containing rivaroxaban (0.2 or 0.4 mg/g) 
for 10 days. The rivaroxaban-treated mice had significantly reduced neutrophil sequestration with preservation of 
the lung tissue architecture compared with that in the untreated controls. The levels of tumor necrosis factor alpha, 
interleukin 1 beta, and interleukin 6, as well as total protein and Evans blue concentrations, were all significantly 
reduced in bronchoalveolar lavage fluid from mice treated with rivaroxaban. Rivaroxaban treatment also amelio-
rated the LPS-induced PAR-2 increase and nuclear factor kappa B (NF-κB) activation. In vitro, cells treated with 
rivaroxaban had higher cell viability with an attenuation of LPS-induced increases in membrane permeability and 
proinflammatory cytokine levels, as well as reduced apoptosis. Furthermore, rivaroxaban inhibited the phosphoryla-
tion of TAK1 and p65. These data show that rivaroxaban attenuates ALI and inflammation by inhibiting the PAR-2/
NF-κB signaling pathway. 
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Introduction

Acute lung injury (ALI) is a critical hypoxemic 
respiratory failure characterized by vascular 
leakage, alveolar capillary membrane damage, 
severe neutrophil infiltration, and pulmonary 
edema secondary to endothelial barrier dys-
function [1], and its underlying pathological 
changes include hemorrhage and microvascu-
lar thrombosis [2]. A major cause of mortality 
for ALI is bacterial sepsis, in which lipopolysac-
charide (LPS) and the endotoxins of Gram-
negative bacteria contribute to inflammation, 
cytoskeleton remodeling, and endothelial bar-
rier dysfunction [3]. The pathogenesis of ALI 
involves inflammation and, in particular, a pro-
coagulant antifibrinolytic environment in the 
alveoli and within systemic circulation [2, 4]. A 
previous study showed that tumor necrosis  

factor alpha (TNF-α), interleukin 1 beta (IL-1β), 
and interleukin 6 (IL-6) increase tissue factors 
and inhibit fibrinolysis, thereby activating an 
extrinsic pathway, and that factor Xa (FXa), 
alpha thrombin, and fibrin increased the syn-
thesis of IL-6 and IL-8 [5]. This “cross-talk” 
amplification of the coagulation and inflamma-
tory cascades contributes to ALI [6].

Although the primary function of the coagula-
tion cascade is to promote hemostasis and 
limit blood loss in response to tissue injury, it 
also plays a pivotal role in influencing inflam- 
matory and repair responses to tissue injury 
[7]. Interestingly, bronchoalveolar lavage fluid 
(BALF) from mice with ALI and pulmonary fibro-
sis have elevated levels of thrombin and FXa 
[8], a serine protease that links the extrinsic 
and intrinsic pathways in the coagulation cas-
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cade. Recent evidence also indicates that  
FXa has nonhematologic functions, such as 
mediating inflammation, vascular remodeling, 
and tissue fibrosis [9, 10] and increasing the 
transcription of inflammatory molecules [11, 
12], which enhance tissue inflammation and 
remodeling and are primarily mediated by pro-
tease-activated receptors (PARs) [12-14]. PARs 
are a small family of G protein-coupled recep-
tors that also mediate the cellular effects of 
thrombin and other proteases, such as trypsin 
and metalloproteinase [15]. PAR-2 is predomi-
nantly expressed in endothelial cells (ECs) in 
the vessel wall and, when activated, facilitates 
their conversion to a proinflammatory pheno-
type and increases vascular permeability and 
the exposure/secretion of proteins and cyto-
kines that promote platelet and leukocyte accu-
mulation [16-18].

Proper lung functioning requires intact tight epi-
thelial and endothelial barriers and normal ion 
and water transport, which prevents alveolar 
flooding [19]. ECs attach to vessel walls to regu-
late blood flow and the delivery of cells and pro-
teins to tissues [20, 21]. The loss of EC barrier 
function is tightly linked to agonist-induced 
cytoskeletal reorganization, which disrupts  
cell-cell contacts and promotes the formation 
of paracellular gaps. A failure to restore EC 
function can lead to the destruction of the 
blood-air barrier, which directly results in the 
leakage of lung tissue protein, thus initiating 
ALI [22, 23]. EC dysfunction can also lead to 
pulmonary permeability edema, a fatal compli-
cation of ALI. Thus, therapies that preserve  
or restore this vascular barrier are urgently 
needed.

A previous report found that rivaroxaban, an 
approved oral anticoagulant that inhibits FXa 
and the prothrombinase complex, suppresses 
the expression of inflammatory mediators [12]. 
To test whether rivaroxaban inhibits inflamma-
tory cytokine release in ECs and attenuates 
damage from ALI, we administered rivaroxaban 
to mice with LPS-mediated lung injury and  
to LPS-treated ECs in vitro. In addition, the 
mechanism by which rivaroxaban affects sig- 
nal transduction in ECs was studied.

Materials and methods

Reagents

Human umbilical vein ECs (HUVECs) were pur-
chased from IBCB (Shanghai, China). Dul- 

becco’s modified Eagle’s medium (DMEM) and 
fetal bovine serum (FBS) were from Gibco of 
Thermo Fisher Scientific (Shanghai, China).  
FXa was purchased from Hematologic Tech- 
nologies, Inc. (Essex Junction, VT, USA). Ba- 
cterial LPS and Evans blue (EB) were purchas- 
ed from Sigma-Aldrich (St. Louis, MO, USA). 
Rivaroxaban was purchased from Janssen Ph- 
armaceuticals (Beerse, Belgium) and proce- 
ssed to 0.4 mg/g and 0.2 mg/g chow in the 
SLAC Laboratory Animal Center (Shanghai, 
China). Specific monoclonal antibodies against 
p38, phospho-p38, JNK, phospho-JNK, p65, 
phospho-p65, TAK1, phospho-TAK1, and GAP- 
DH were obtained from Cell Signaling Tech- 
nology (Beverly, MA, USA). The anti-PAR-2 anti-
body was obtained from Abcam (Cambridge, 
MA, USA), and the anti-myeloperoxidase (MPO) 
antibody was purchased from R&D Systems, 
Inc. (Minneapolis, MN, USA). Enzyme-linked 
immunosorbent assay (ELISA) kits for measur-
ing mouse IL-1β, IL-6, and TNF-α, as well as 
human IL-1β, IL-6, and TNF-α immunoassay 
kits, were obtained from R&D Systems, Inc. 
Protein concentrations were determined using 
the bicinchoninic acid (BCA) protein assay kit 
(Beyotime Institute of Biotechnology, Jiangsu, 
China). All other chemicals were of reagent 
grade.

Mice, animal sacrifice, and preparation of 
plasma and tissue

Male C57BL/6 mice (6 to 7 weeks old; average 
weight, 20 g) from the SLAC Laboratory Animal 
Center were used in this study. Animals were 
kept in a controlled environment with regulat- 
ed temperature and humidity on a 12/12-h 
light/dark cycle with ad libitum access to  
chow and drinking water. Mice were fed nor- 
mal chow (PBS and N-LPS groups) or chow con-
taining rivaroxaban at 0.2 mg/g or 0.4 mg/g 
(L-LPS or H-LPS group, respectively) [14]. Body 
weights were measured just before LPS ad- 
ministration. Mice were anesthetized with an 
intraperitoneal injection of sodium pentobarbi-
tal and received intratracheal injections of 
either 2.5 µl/g body weight of 2 mg/ml LPS 
saline solution or an equivalent volume of phos-
phate-buffered saline (PBS) (Figure 1A). After 
48 h, the mice were anesthetized for plasma, 
BALF, or lung histological analyses. All data  
represent 6 mice per group. Blood was collect-
ed in the morning, drawn from the left ventricle 
into 3.4% sodium citrate (9:1 ratio). Platelet-
poor plasma was prepared in < 2 h via two 
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sequential centrifugations to remove residual 
platelets: citrated blood was first centrifuged  
at 6,000 × g for 5 min at 4°C, and the superna-
tant was then centrifuged at 10,000 × g for  
5 min at 4°C, aliquoted, and stored at -80°C 
until use [24]. BALF was obtained by instilling 
the left lung with 500 µl of precooled PBS and 
gently aspirating repeatedly three times. BALF 
was assessed for cell counts, protein content, 
EB amounts, and cytokine levels. Right lung 
lobes were removed to obtain formalin-fixed 
paraffin-embedded sections. Part of the lung 
tissue was snap-frozen in liquid nitrogen and 
stored at -80°C for qPCR and Western blot 
analyses. All experiments were approved by  
the University of Fudan Animal Care and Use 
Committee.

Assessment of coagulation in vivo

Tail bleeding times in mice were determined by 
amputating the tail 5 mm from the tip and 
immersing it in 0.9% isotonic saline at 37°C 
and recording the time to a complete arrest of 
bleeding. Plasma was collected in tubes con-
taining one-tenth the volume of 3.4% sodium 
citrate to determine the activated partial th- 
romboplastin time (APTT), prothrombin time 
(PT), and thrombin time (TT) with the appropri-
ate reagents using a semiautomated coagula-
tion analyzer.

Plasma concentrations of rivaroxaban

Plasma concentrations of rivaroxaban were 
determined by liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) [25]. Linezolid 
was used as an internal standard, as it has 
structural similarities with rivaroxaban. Work- 
ing solutions of 1,090 ng/ml, 545 ng/ml, 218 

ng/ml, 109 ng/ml, 55 ng/ml, and 11 ng/ml 
rivaroxaban were obtained by mixing these 
stock solutions with linezolid. The concen- 
tration of dimethyl sulfoxide in plasma was 
0.05%, which does not affect coagulation  
[26]. Sample preparation consisted of mixing 
methanol containing the internal standard and 
100 µl of the plasma sample. The mixture was 
gently shaken and centrifuged. An aliquot (20 
µl) of the final extract was injected into the 
LC-MS/MS system.

Lung wet-to-dry weight ratio

Wet-to-dry lung weight ratios were used as  
a measure of pulmonary edema. Mice were 
anesthetized, and the chest cavities were 
exposed. The lower lobe of the right lung of 
each mouse was removed and weighed on a 
piece of aluminum foil to determine the wet 
weight; the dry weight was obtained after the 
tissue was dried in an oven for 5 days at 60°C. 
The dry weights were monitored until two suc-
cessive weights were similar, and the ratio was 
subsequently calculated as the net wet weight/
net dry weight [27].

Lung permeability assessment

Lung permeability was assessed using the pro-
tein and EB dye concentrations in BALF sam-
ples and the EB dye extravasation method, as 
described previously [28]. Collected BALF was 
centrifuged at 500 × g for 10 min at 4°C, and 
the total protein content was measured by 
using a BCA protein assay kit according to the 
manufacturer’s instructions. EB dye concentra-
tions in BALF samples were calculated from  
a standard curve and are expressed as µg/ml. 
EB dye binds to circulating plasma proteins  

Figure 1. Schemes of the in vitro and in vivo models of ALI. A. Scheme of the LPS-induced ALI mouse model with 
or without rivaroxaban treatment. B. Scheme of the LPS-stimulated HUVEC model with or without rivaroxaban and 
FXa pretreatment.
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and extravasates into the tissue at sites of 
increased vascular permeability [29]. For this 
method, EB dye at a dose of 50 mg/kg was 
injected into mice via the lateral tail vein 120 
min before tissue collection. The left lung of 
each mouse was removed, and the dye was 
extracted in 2 ml formamide and 1 ml PBS  
solution at 60°C for 72 h. The optical density  
of the supernatant was measured at 620 nm. 
The results were normalized to the dry weig- 
ht of the lung. The extravasated EB in lung tis-
sue was expressed as µg of EB dye/g lung 
tissue.

Inflammatory cell counts in BALF

BALF samples were centrifuged at 500 × g for 
10 min at 4°C. The cell-free supernatants were 
collected and frozen at -80°C for cytokine 
assays, and the pellets were lysed with red 
blood cell lysis buffer and resuspended in 100 
µl PBS. Total cell counts were determined in 
cell suspensions using an animal blood coun-
ter. Then, 10 µl of the remaining cell suspen-
sion was used to prepare cytosmears by dri- 
pping onto glass slides. The smears were air-
dried overnight prior to Giemsa-Wright staining 
to observe nucleated cells.

Morphological evaluation of lung sections

After opening the chest of each mouse, a  
portion of the right lung was removed, sub-
merged and fixed in 10% buffered formalin, 
embedded in paraffin wax, and sectioned at 4 
µm. Sections were stained with hematoxylin 
and eosin to semiquantitatively assess the 
severity of lung injury according to previously 
described methods with slight modifications. 
All histologic examinations were carried out in  
a double-blind manner using five images from 
each sample taken under × 100 magnification. 
The following pathological features were deter-
mined: i) focal alveolar membrane thickening; 
ii) capillary congestion; iii) intra-alveolar hemor-
rhage, iv) interstitial neutrophil infiltration, and 
v) intra-alveolar neutrophil infiltration. Each  
feature was scored from 0 to 3 on the basis  
of its absence (0) or presence to a mild (1), 
moderate (2), or severe (3) degree, and a cumu-
lative total histology score was determined. The 
scores for each parameter from five images 
were averaged to obtain the mean for each 
sample.

Radiological analysis

To evaluate ALI, micro-computed tomography 
(micro-CT) high-spatial-resolution images were 
obtained of the entire thorax after 48 h of  
LPS administration. The mice were anesthe-
tized and placed in the micro-CT chamber in  
the supine position. CT images were collected 
on a volumetric Siemens Inveon micro-CT scan-
ner (Siemens, Germany) at 70 kVp and 500 µA. 
Images were acquired at 1,300 ms/frame, and 
360° views and were reconstructed using the 
Feldkamp algorithm. The reconstructed images 
were 2,048 × 2,048 pixels, and the effective 
pixel size was 39.99 µm. The final reconstruct-
ed data were converted to the Digital Imaging 
and Communications in Medicine (DICOM) for-
mat by software (Lucion; MeviSYS, Seoul, South 
Korea).

Immunohistochemistry

Mouse lungs were embedded in paraffin, and 
4-µm serial sections (300 µm apart) were 
obtained. For immunohistochemistry, paraffin 
sections were dewaxed, hydrated through a 
descending ethanol series, washed in 0.05 M 
Tris-HCl buffer (pH 7.6), placed in boiling citrate 
buffer (pH 5.8) for 10 min, and then allowed to 
cool at room temperature (RT) for 20 min. They 
were rinsed 3 × in Tris-buffered saline (pH 7.8) 
for 4 min each. Slides were placed in 50 ml  
of 0.5% trypsin solution, incubated in a water 
bath at 37°C for 15 min, and then rinsed 2 ×  
in Tris-HCl buffer (pH 7.8) for 4 min each. The 
slides were then washed 2 × in PBS (pH 7.6) for 
4 min each and blocked in 10% lamb serum for 
30 min at RT before incubating with primary 
antibody overnight at 4°C. After three washes 
with PBS for 15 min, secondary antibodies 
were applied for 20 min at 37°C.

Cell culture and LPS treatment

HUVECs were maintained in DMEM supple-
mented with 1% penicillin/streptomycin and 
10% FBS in an atmosphere of 5% CO2 at 37°C 
and routinely passaged every 3 days. For an- 
alysis of the effect of rivaroxaban on proin- 
flammatory activation, HUVECs were spread 
onto 100-mm or 60-mm tissue culture plates, 
grown to approximately 80% confluence, and 
treated with FXa (100 nM) with/without rivar-
oxaban (1,000 nM) for 24 h in serum-starved 
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and heparin-free conditioned medium. Then, 
some of the HUVEC monolayers were exposed 
to LPS (100 ng/ml) for 16 h. HUVECs were  
randomly divided into four groups as follows 
(Figure 1B): control group, cells were cultured 
in DMEM without serum, FXa, rivaroxaban, or 
LPS; LPS group, cells were cultured with LPS 
(100 ng/ml) for 16 h; FXa + LPS group, cells 
were cultured in serum-starved DMEM with  
FXa for 24 h before LPS was added; FXa +  
Riv + LPS group, cells were cultured in serum-
starved DMEM with FXa and rivaroxaban for 24 
h before LPS was added. After a 16-h treat-
ment period, the cells and medium were col-
lected for further experiments.

CCK-8 assay

Cells were separately seeded into four 96-well 
plates at a density of 1 × 104 cells with 100 µl 
medium in each well and incubated for 24 h in 
an atmosphere of 5% CO2 at 37°C. To measure 
cell proliferation, 10 µl of the CCK-8 assay solu-
tion was added to each well, and the optical 
density at 450 nm was measured with a micro-
plate reader after 2 h of incubation.

Wound healing assay

A wound healing assay was carried out to mea-
sure the motility of vascular ECs after treat-
ment with rivaroxaban [30]. Briefly, 1 × 105 
cells were seeded on 12-well plates and cul-
tured for 48 h until full confluence was reached. 
After FXa and rivaroxaban pretreatment, the 
wells were then washed with PBS to remove 
nonadherent cells, and the cells in the middle 
of each well were scraped linearly with a 10-µl 
sterilized plastic pipette tip and induced with 
100 ng/ml LPS for 16 h. The horizontal dis-
tance between the sides of the wound was pho-
tographed and measured with a digital micro-
scope; data from three wells were averaged 
and experiments were performed in triplicates.

Annexin V-fluorescein isothiocyanate/prop-
idium iodide (PI) staining for apoptosis deter-
mination

Apoptosis of HUVECs was assessed by flow 
cytometry. Briefly, trypsinized cells were wash- 
ed with precooled PBS and incubated in the 
dark for 20 min at 4°C in 100 µl binding buffer 
containing 5 µl of Annexin V-fluorescein isothio-
cyanate. Next, the cells were stained with 3 µl 

of PI for 10 min. Fluorescence was determined 
by flow cytometry using CellQuest 5.1 software 
(BD Biosciences), and the data were analyzed 
with FlowJo software (Tree Star Inc., Ashland, 
OR, USA). The results were converted into per-
centages according to fluorescence intensity  
of the medium.

Endothelial permeability assay in vitro

Endothelial monolayer permeability assays 
were performed by measuring the flux of  
albumin-bound EB across functional HUVEC 
monolayers grown on Transwell polycarbonate 
membranes, as described previously [31, 32]. 
Briefly, a cell suspension (2 × 105 cells) was 
added to the upper chambers of the Transwell 
apparatus and cultured with 10% FBS DMEM 
overnight. After changing to serum-free medi-
um, the HUVECs were exposed to FXa with or 
without rivaroxaban for 24 h followed by LPS 
(final concentration, 100 ng/ml) for 16 h. Next, 
100 µl medium containing EB-conjugated bo- 
vine serum albumin (final concentration 0.67 
mg/ml) was added to the Transwell inserts, 
while 600 µl medium containing 4% bovine 
serum albumin was added to the lower cham-
ber. After incubation at 37°C for 1 h, the ab- 
sorbance at 620 nm of 100 µl of medium from 
the lower chamber was measured.

Measurement of cytokines in HUVEC medium 
and BALF

HUVECs were grown to 80-90% confluence 
before treatment per the experimental condi-
tions. To assess proinflammatory cytokine se- 
cretion, the supernatants were briefly centri-
fuged for 10 min at 500 × g to remove cell 
debris, the concentrations of TNF-a, IL-1β, and 
IL-6 were measured with commercially avail-
able human ELISA kits according to the manu-
facturer’s instructions. In the animal studies, 
the analysis of TNF-a, IL-1β, and IL-6 in BALF 
supernatants was performed with mouse cy- 
tokine kits, according to the manufacturer’s 
instructions.

Western blot analysis

Frozen lung tissues were homogenized and 
lysed in RIPA buffer. HUVECs were lysed using 
ice-cold RIPA buffer and protease inhibitor 
cocktail. Proteins were extracted by centrifu- 
gation at 14,000 × g for 5 min at 4°C, and the 
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protein concentrations were measured with a 
BCA protein assay kit. Samples of cell/tissue 
protein were mixed with loading buffer and  
separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. The proteins were 
then transferred to polyvinylidene fluoride me- 
mbranes by electrotransfer and blocked with 
5% skim milk and 0.1% Tween 20 in PBS at RT 
for 2 h. The membranes were incubated with 
primary antibodies overnight at 4°C and then 
with horseradish peroxidase-conjugated sec-
ondary antibodies (1:1,000) at RT for 1.5 h. 
Images of protein bands were captured by a  
gel imaging system. The ratio of gray-scale val-
ues between the target protein band and the 
internal reference (β-actin or GAPDH) band was 
calculated as the relative protein expression 
using ImageJ.

Statistical analysis

All data were analyzed with GraphPad Prism 6 
software (GraphPad Software Inc., La Jolla, CA, 

USA). The distance of cell migration and 
Western blot band intensities were measur- 
ed using Image-Pro Plus 6 software (Media 
Cybernetics, Inc., Rockville, MD). One-way anal-
yses of variance or the Student’s t tests was 
used to compare data among or between 
groups, respectively. Pearson’s X2 or Fisher’s 
exact tests were used to compare the percent-
ages of apoptotic cells, the ratios of protein 
band intensities, and lung injury scores. For all 
tests, P values of < 0.05 were considered sta-
tistically significant. 

Results

Baseline characteristics of mice with ALI

There were no notable differences among mice 
fed normal chow or those fed chow containing 
rivaroxaban with regard to body weight (Figure 
2A) or average tail bleeding time (P = 0.30) 
(Figure 2B). As expected, the plasma concen-
tration of rivaroxaban was significantly higher in 

Figure 2. Baseline characteristics of the mice. (A) Average body weights of mice in groups fed normal chow or chow 
containing rivaroxaban (Riv) for 10 days. (B) Bleeding times were measured after a 5-mm section of the tail tip was 
cut. (C) Plasma concentrations of Riv. Prothrombin time (PT) (D), activated partial thromboplastin time (APTT) (E), 
and thrombin time (TT) (F). Data are the means ± SDs (n = 6). *P < 0.05 vs normal chow; #P < 0.05 vs 0.2 mg/g 
Riv chow.
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mice fed chow containing 0.2 or 0.4 mg of 
rivaroxaban/g than in normal chow-fed controls 
(Figure 2C). Because mice are nocturnal, all 
measurements were performed in the morning 
to minimize the variability in the plasma drug 
levels due to differences in chow consumption. 
Although there was no difference among the 
groups with regard to TT and APTT values (P > 
0.05), PT was significantly longer in mice fed 
chow containing 0.4 mg/g rivaroxaban (P < 
0.01) (Figure 2D-F).

Rivaroxaban attenuates LPS-induced ALI in 
mice

To assess the effects of rivaroxaban on lung 
pathology, lung tissues from mice 48 h after  
a challenge with LPS were stained with hema-
toxylin and eosin (Figure 3A). According to the 

total histology scores, high-dose rivaroxaban 
reduced LPS-induced injury in the lungs com-
pared with that in mice fed the normal diet, 
though the damage remained greater than that 
in sham-operated animals; however, low-dose 
rivaroxaban did not significantly alleviate injury 
(Figure 3B). Lung injury was also assessed by 
micro-CT, which revealed bilateral patchy infil-
trates in LPS-treated mice (Figure 3C), in con-
trast to the normal radiological appearance of 
the lungs of mice in the control group. Infiltrates 
and injury were alleviated in the lungs of the 
rivaroxaban-treated mice.

Effects of rivaroxaban on cell viability, apopto-
sis, and migration of LPS-treated HUVECs

The effect of rivaroxaban on the viability of LPS-
treated HUVECs was assessed with CCK8 cell 

Figure 3. Effects of rivaroxaban on LPS-induced ALI in mice. A. Representative photomicrographs of mouse lungs (× 
100 magnification). B. Mean semiquantitative distribution of total histology scores of lung injury in mice. Data are 
the means ± SDs (n = 6). *P < 0.05 vs PBS group; #P < 0.05 vs N-LPS group. C. Micro-computed tomography images 
of transverse sections showing lung injury severity in each treatment group.
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viability kits. As shown in Figure 4A, cell viabili-
ty was significantly decreased by exposure to 
LPS, and viability further decreased with FXa 
treatment, compared with that of the untreated 
control group. However, these decreases were 
attenuated with rivaroxaban, suggesting that 
the drug protects HUVECs against LPS-induced 
injury in vitro. As apoptosis also contributes  
to ALI/acute respiratory distress syndrome 
(ARDS) pathogenesis, flow cytometry was per-
formed with Annexin V-PI double-stained HU- 
VECs (Figure 4B). As shown in Figure 4C, LPS 
exposure significantly increased the percent-
age of apoptotic cells compared with that in the 

untreated control group, and this effect was 
significantly attenuated in cells pretreated with 
rivaroxaban. The highest percentage of apop-
totic cells was observed in HUVECs treated  
with LPS, which was not significantly different 
from that of HUVECs treated with LPS and FXa. 
Next, the effect of rivaroxaban on LPS-induced 
HUVEC migration was assessed. As shown in 
Figure 4D and 4E, stimulation of HUVECs with 
100 ng/ml LPS for 16 h significantly spurred 
cell migration (2.17-fold vs control, P < 0.01). 
The migration of cells pretreated with FXa and 
rivaroxaban was decreased compared to that 
of cells treated with LPS alone (1.78-fold of  

Figure 4. Effects of rivaroxaban on HUVEC viability, apoptosis, and migration. A. Viability was measured with a CCK-8 
kit. B. Flow cytometry shows survival, necrosis, and apoptosis of cells stained with Annexin V and PI. Q1, necrotic 
cells; Q2, late apoptotic cells; B3, early apoptosis; Q4, viable cells. C. Percentages of apoptotic cells. D and E. Mea-
surement of relative migration distance in wound healing assay. Data are the means ± SDs (n = 3). *P < 0.05 vs 
untreated controls; #P < 0.05 vs LPS-treated group.
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the untreated group, P < 0.05). These results 
demonstrate that rivaroxaban significantly re- 
tarded HUVEC migration.

Rivaroxaban decreases LPS-induced vascular 
endothelial barrier permeability in vivo and in 
vitro

The wet-to-dry ratio of lung tissue weight was 
4.3 ± 0.11 in mice in the PBS group and 
increased to 5.29 ± 0.25 in mice in the LPS 
group fed normal standard chow (N-LPS), which 
indicates there was fluid accumulation in the 
lungs (Figure 5A). However, the ratios did not 
differ between the LPS-treated animals fed  
normal chow and those fed rivaroxaban-con-
taining chow. The albumin concentration in 
BALF represents the level of the effused albu-
min, and it was much higher in the LPS groups 
than in the PBS-treated group (P < 0.05). How- 
ever, treatment with rivaroxaban (0.2 mg/g ch- 
ow or 0.4 mg/g chow) substantially decreased 
the concentration of albumin in BALF (Figure 
5B). To further assess EC barrier dysfunction, 
EB dye was injected via the caudal veins of 

mice 48 h after their LPS challenge, and EB 
extravasation in the BALF and lung tissue was 
determined 2 h later (Figure 5C and 5D). Ex- 
travasation of EB was significantly higher in the 
LPS groups than in the PBS group (P < 0.05) 
but was significantly decreased in LPS-treated 
mice fed rivaroxaban-containing chow (P < 0.05 
vs N-LPS group). Similarly, LPS induced the 
transendothelial transport of albumin-bound 
EB across an EC monolayer in vitro, whereas 
cells pretreated with rivaroxaban showed de- 
creased EB transport (Figure 5E). Altogether, 
these observations strongly indicate that ri- 
varoxaban protects ECs in vitro and may be  
protective against ALI in vivo.

Rivaroxaban suppresses inflammatory re-
sponses to LPS-induced ALI in vivo and in vitro

LPS elicits a robust inflammatory response  
and produces various effects linked to ALI. To 
determine whether the rivaroxaban-mediated 
protection against barrier dysfunction occurs 
due to the inhibition of inflammatory mediators 
affecting barrier integrity, we assessed the pro-

Figure 5. Effect of rivaroxaban on LPS-induced vascular endothelial permeability in vivo and in vitro. (A) Wet-to-dry 
lung weight (W/D) ratios. (B) Protein content in BALF samples estimated with a bicinchoninic acid protein assay kit. 
Lung vascular permeability was assessed by accumulation of Evans blue dye (injected 2 h before termination of the 
experiment) in BALF samples (C) and lung tissue (D). Data are the means ± SDs (n = 6). *P < 0.05 vs PBS group; #P < 
0.05 vs N-LPS group. (E) HUVEC monolayer permeability. Data are the means ± SDs (n = 3). *P < 0.05 vs untreated 
controls; #P < 0.05 vs LPS--treated group.
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duction of inflammatory cytokines and inflam-
matory cell infiltration. The numbers of in- 
flammatory cells in BALF samples increased 

dramatically (~8-fold) in response to LPS sti- 
mulation (Figure 6A). However, the total num-
ber of BALF cells significantly decreased by 

Figure 6. Effects of rivaroxaban on LPS-induced inflammatory responses in vivo and in vitro. (A) Representative im-
ages of Giemsa-stained cells from the BALF samples (× 100 magnification). (B) Quantitation of numbers of cells in 
the BALF samples. (C and D) Levels of MPO in lung tissue suggestive of neutrophil activation as shown by Western 
blot analysis. (E) Representative images of immunohistochemical staining for MPO (× 400 magnification). Concen-
trations of IL-1b (F), TNF-α (G), and IL-6 (H) in BALF samples. Data are the means ± SDs (n = 6). *P < 0.05 vs PBS 
group; #P < 0.05 vs N-LPS group. Concentrations of IL-1b (I), TNF-α (J), and IL-6 (K) in medium from HUVECs. Data 
are the means ± SDs (n = 3). *P < 0.05 vs untreated controls; #P < 0.05 vs LPS-treated group.
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55% in the animals fed chow containing 0.4 
mg/g rivaroxaban (H-LPS group) compared to 
that of animals fed normal chow (N-LPS group); 
no significant decrease was observed in mice 
fed chow containing 0.2 mg/g rivaroxaban 
(L-LPS group) (Figure 6B). Neutrophil infiltration 
was also monitored by measuring MPO levels  
in lung tissue samples. LPS significantly in- 
creased MPO levels in tissue homogenates, 
indicative of neutrophil activation (Figure 6C 
and 6D). Immunohistochemical staining re- 
vealed very low expression of MPO in lung tis-
sues of mice from the PBS group, whereas 
staining dramatically increased in those treat-
ed with LPS (Figure 6E). Of note, the staining 
intensity substantially decreased in mice fed 
chow with high-dose rivaroxaban. Next, we per-
formed ELISAs to measure the levels of inflam-
matory cytokines. In BALF samples from con-
trol mice, the levels of IL-1β, TNF-α, and IL-6 
were very low. LPS treatment dramatically and 
significantly increased the levels of these three 
cytokines (P < 0.01), which were significantly 
attenuated by rivaroxaban treatment (P < 0.05) 
(Figure 6F-H). The effects of LPS and rivaroxa-
ban on cytokine secretion were confirmed in 
vitro. The pretreatment of HUVECs with 1 µM 
rivaroxaban and 10 nM FXa suppressed the 
LPS-induced release of IL-1b, TNF-a, and IL-6 
into the medium (P < 0.01) (Figure 6I-K). The 
results demonstrate that rivaroxaban inhibited 
the LPS-promoted inflammatory response in 
vitro and in vivo.

Rivaroxaban suppresses activation of the NF-
κB pathway by PAR-2 following ALI in vivo and 
in vitro

To identify possible mechanisms underlying  
the protective effect of rivaroxaban on ALI, we 
examined the expression of PAR-2 in lung tis-
sues. Immunohistochemical and Western blot 
analyses of lung tissues showed significantly 
increased expression of PAR-2 in LPS-treated 
mice, which was significantly decreased by 
treatment with rivaroxaban (Figure 7A-C). To- 
gether with the above results, the findings  
suggest that PAR-2 and its ligand FXa play a 
role in ALI pathogenesis. As coagulation factor 
VIIa/FXa-PAR-2 signaling activates NF-κB and 
MAPKs, which are major mediators of inflam-
mation [9, 18, 33], we next examined whether 
the activation of these signaling pathways  
was involved. We found that LPS stimulation 

strongly induced the phosphorylation of the 
p65 NF-κB subunit in mouse lung tissue  
(Figure 7D). To explore this activation in more 
detail, we measured the phosphorylation of 
various signaling components in HUVECs stim-
ulated with LPS in vitro. The pretreatment of 
HUVECs with FXa and its selective inhibitor  
rivaroxaban did not significantly suppress the 
LPS-induced phosphorylation of the MAPK  
proteins JNK and p38 (Figure 7E-G) but did  
significantly decrease the LPS-induced phos-
phorylation of TAK1 and p65 (Figure 7E, 7H, 
and 7I). These results suggest that rivaroxa- 
ban activates the TAK1 and p65 NF-κB signal-
ing pathways via PAR-2 in LPS-induced ALI.

Discussion

Progressive ARDS is closely linked with inflam-
mation and coagulation, which can be triggered 
by various coagulation proteases, such as FXa 
and thrombin [34]. Further elucidation of the 
subtle cross-talk between these processes 
may provide opportunities for unique therapeu-
tic interventions in patients with ALI. In the 
present research, a direct inhibitor of FXa pro-
duced beneficial effects in a mouse model of 
ALI/ARDS, generated via intratracheal ad- 
ministration of LPS, and in HUVECs. Although 
LPS did not alter coagulation in mice, as 
assessed by APTT, TT, and PT (a measure of  
FII, FV, FX, and FVII activities), which is similar 
to previous results [7.5], the inhibition of FXa 
with rivaroxaban (0.4 mg/g chow) prolonged PT. 
Moreover, this dose of rivaroxaban (or 1 µM in 
vitro) ameliorated ALI and EC injury and dys-
function with concomitant reductions in inflam-
matory mediators. These effects were associ-
ated with decreased PAR-2 expression and 
activation of the NF-κB signaling pathway (Fi- 
gure 8). Thus, rivaroxaban has anticoagulant 
effects and inhibits inflammatory responses in 
LPS-induced ALI.

Rivaroxaban, an orally administered FXa inhi- 
bitor, has been undergoing extensive clinical 
evaluations for the prevention and treatment  
of thromboembolic disorders. The high dose of 
rivaroxaban used in mice in the present study 
resulted in plasma levels of 141 ng/ml. In this 
study, this dose reduced not only the levels of 
inflammatory cytokines in BALF but also ALI 
progression, suggesting that rivaroxaban may 
prevent the development of lung injury via the 
inhibition of inflammatory activation.
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Figure 7. Effect of rivaroxaban on LPS-induced PAR-2 expression and signaling pathway activation in vivo and in vi-
tro. (A) Immunohistochemical staining of PAR-2 in lung tissue (× 100 and × 400 [insets] magnification). (B) Western 
blot analysis of PAR-2, phospho-p65 (P-p65), and p65 NF-κB protein expression in lung tissue samples. Membrane 
probing with β-actin was used for normalization. Quantification of PAR-2 (C) and P-p65 (D) expression by ImageJ 
software. Data are the means ± SEMs (n = 6). *P < 0.05 vs PBS group; #P < 0.05 vs N--LPS group. (E) Representative 
Western blots for MAPK and NF-κB signaling in HUVECs. Quantification of P-JNK (F), P-p38 (G), P-TAK1 (H), and P-p65 
(I) expression. Data are the means ± SEMs (n = 3). *P < 0.05 vs untreated controls; #P < 0.05 vs LPS--treated group.
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Vascular EC injury and hyperpermeability play 
important roles in the development of LPS-
induced ALI. These changes promote the re- 
lease of cytokines and inflammatory respons-
es, thereby exacerbating ARDS [35]. At the 
same time, the inflammatory cytokines pro-
mote leukocyte adhesion and coagulation  
activation and increase vascular permeability. 
Thus, the maintenance of endothelial barrier 
integrity is essential for vascular and tissue 
homeostasis [36]. In the present study, we 
found that LPS increased lung vascular endo-
thelial permeability by altering the paracellular 
and transcellular barriers. Moreover, rivaroxa-
ban reduced the albumin-bound EB content in 
the lower chamber of the Transwell assay, 
thereby retaining the integrity of the EC mono-
layer. Rivaroxaban also inhibited EC apoptosis, 
which plays an important role in various inflam-
matory diseases, and decreased the release of 
inflammatory cytokines. These results suggest 
that controlling inflammation at the level of ECs 
may efficiently retard or reverse the pathoge-
netic process in ALI. Therefore, understanding 
the differences among the signaling pathways 
of inflammatory factors is indispensable.

PAR-2 is activated by the tissue factor-coagula-
tion factor VIIa complex and coagulation FXa 
and has crucial roles in inflammation and the 
regulation of vascular function. ECs highly 
express PAR-2 in response to inflammation, 

activation. Thus, the protection against LPS-
induced lung injury both in vivo and in vitro  
may involve the inhibition of PAR-2 activity and 
NF-κB signaling, particularly via p65 phosp- 
horylation. Altogether, these data suggest that 
rivaroxaban may be a new therapeutic option  
to relieve ALI via the suppression of PAR-2-NF-
κB signaling and inflammation.

In conclusion, the present study demonstrates 
that in mouse lung tissue, FXa is an important 
coagulant factor and a mediator of inflamma-
tory signaling via the activation of PAR-2 and 
NF-κB. LPS in lung tissue induces ALI by gen- 
erating an inflammatory prothrombotic state. 
Importantly, LPS-induced inflammatory signal-
ing and vascular EC activation can be subs- 
tantially attenuated by an FXa antagonist and 
anticoagulant, rivaroxaban. Thus, rivaroxaban 
represents a novel therapeutic strategy to  
prevent and/or reduce the progression of ALI.
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