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Abstract: Background: Alveolar hypercoagulation and fibrinolytic inhibition are shown to be associated with refrac-
tory hypoxemia in acute respiratory distress syndrome (ARDS), and the NF-κB pathway is involved in this process. 
The purpose of this study is to explore the role of NEMO-binding domain peptide (NBDP) in alleviating alveolar 
hypercoagulation and fibrinolytic inhibition induced by lipopolysaccharide (LPS) in ARDS mice and its related mecha-
nisms. Materials and methods: ARDS was induced by inhalation of LPS (mg/L) in adult male BALB/c mice. Mice 
were treated with intratracheal inhalation of NBDP or saline aerosol at increased concentrations 30 minutes before 
LPS administration. Six hours after LPS treatment, bronchoalveolar lavage fluids (BALF) were collected and then all 
mice were euthanized. In addition, coagulation and fibrinolysis associated factors in lung tissues and BALF were de-
tected, and the activation of NF-κB signaling pathway was observed. Results: NBDP pretreatment dose-dependently 
inhibited the expression of tissue factor (TF) and plasminogen activator inhibitor (PAI) 1 in lung tissues, reduced 
the secretions of TF, PAI-1, thrombin-antithrombin (TAT) complex, and promoted activated protein C (APC) secretion 
in BALF induced by LPS. LPS-induced high expression of pulmonary procollagen peptide type lll (PIIIP) was also re-
duced in a dose-dependent manner under NBDP pretreatment. Western blotting showed that NBDP pretreatment 
significantly attenuated LPS-induced activation of IKKα/β, Iκα and NF-κB p65. NBDP pretreatment also inhibited the 
DNA binding activity of p65 induced by LPS. We also noticed that NBDP protected mice against LPS-induced lung 
injury in a dose-dependent manner. Conclusions: The experimental findings demonstrate that through inhibiting the 
NF-κB signaling pathway, NBDP dose-dependently ameliorates LPS-induced alveolar hypercoagulation and fibrino-
lytic inhibition, which is expected to be a new therapeutic target to correct the abnormalities of alveolar coagulation 
and fibrinolytic pathways in ARDS. 
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Introduction

Respiratory distress syndrome (ARDS), the se- 
vere form of acute lung injury (ALI), is one of the 
most common diseases for admission to the 
intensive care unit (ICU) and the leading cause 
of respiratory failure and death in critically ill 
patients [1]. The complicated pathophysiology 
of ARDS is one of the important reasons for the 
treatment difficulty and high mortality of the 
disease, among which alveolar hypercoagula-
tion and fibrinolytic inhibition are the key fac-

tors [2]. Alveolar hypercoagulation and fibrinoly-
sis inhibition results in extensive microthrom-
bus formation in pulmonary vessels, and mas-
sive fibrin deposition in the airspace [3, 4], 
which is closely related to decreased lung com-
pliance, V/Q ratio imbalance and arteriovenous 
shunting, resulting in refractory hypoxemia in 
ARDS patients. However, there is currently no 
satisfactory treatment for the management of 
hypercoagulation and fibrinolytic inhibition in 
ARDS due to the complicated mechanisms un- 
derlying these pathological processes. Our pre-
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vious studies [5, 6] and other published data 
[7] have confirmed that the nuclear factor 
kappa B (NF-κB) signaling pathway plays a piv-
otal role in the pathogenesis of alveolar hyper-
coagulation and fibrinolytic inhibition. 

NF-κB is mainly involved in the regulation of 
many important physiopathologic processes, 
such as immunity, inflammation, tumorigenesis 
and stress responses [8, 9]. Activation of NF-κB 
results in its translocation from the cytoplasm 
to the nucleus. Under normal conditions, NF-κB 
is sequestered in the cytoplasm, where it binds 
to its inhibitor protein members, including IκBα, 
IκBβ and IκBγ. The IκB kinase (IKK) complex is 
required for the activation of NF-κB and con-
sists of three subunits, namely IKKα, IKKβ and 
IKKγ, of which IKKγ is also known as NEMO. 
NEMO itself does not have a catalytic domain, 
but plays a key role in biology as a part of  
the IKK complex [10, 11]. The NH2-terminus of 
NEMO binds to a hexapeptide sequence Leu-
Asp-Trp-Ser-Trp-Leu at the COOH terminus of 
IKKα and IKKβ, called the NEMO-binding do- 
main (NBD) [12], which is the basic structure 
for the crosstalk among IKKα, IKKβ and NEMO, 
maintaining the biological activity of the IKK 
complex [13]. Although there are many ways  
to inhibit NF-κB, such as NF-κB/IKKβ gene 
knockout or knockdown, NF-κB-specific inhi- 
bition, blocking P65 translocation from cyto-
plasm into the nucleus or preventing P65  
from binding to its specific DNA sequence (κB 
sequence) etc., these methods also inevitably 
inhibit some basal biological activities of NF- 
κB [14, 15]. A small molecular NBD peptide 
(NBDP), however, has been shown not only to 
selectively inhibit the NF-κB-mediated target 
gene transcription through targeting the cross-
talk between IKK and NEMO [16], but also 
maintain the important basal activities of NF- 
κB [17]. In addition, previous studies have  
demonstrated that NBDP effectively inhibited 
NF-κB pathway activation [18-21]. Based on 
these findings, we speculate that NBDP can 
correct alveolar coagulation and fibrinolysis ab- 
normalities via the NF-κB signaling pathway in 
ARDS. Thus, the innovation of our study is to 
investigate the underlying mechanism of NBDP 
in ARDs. In our study, it is demonstrated that 
NBDP dose-dependently attenuated lipopoly-
saccharide (LPS)-induced alveolar hypercoagu-
lation and fibrinolytic inhibition by inactivating 
the NF-κB signaling pathway in mice, and NBDP 
is expected to be a new significant target in the 
treatment of ARDS.

Materials and methods 

Experimental animals

BALB/c male mice, aged 6-8 weeks and weigh-
ing 20-25 g, were purchased from the Animal 
Center of Guizhou Medical University. All mice 
were fed a normal standard diet in a controlled 
environment (temperature 22 ± 1°C) with a 12 
hour light/dark cycle and controlled humidity. 
The mice were given 7 days to acclimatize to 
the environment prior to the experiment. The 
study was approved by the Animal Ethics 
Committee of Guizhou Medical University and 
was conducted in accordance with guidelines 
of the Chinese Laboratory Animal Management 
Regulations.

Animal model establishment

A mouse model of ARDS was established by 
aerosol inhalation of LPS. Seventy-two mice 
were randomly divided into the following six 
groups: Control, Model, N-NBD, L-NBD, M-NBD 
and H-NBD, with 12 in each group. The mice in 
Model, N-NBD, L-NBD, M-NBD and H-NBD re- 
ceived 50 μl of LPS (4 mg/ml, Sigma-Aldrich) 
while those in the control group received the 
same volume of saline inhalation. Thirty min-
utes before LPS administration, mice in L-NBD, 
M-NBD and H-NBD groups inhaled 50 μl of 
NBDP (MERCK) with the concentration of 120 
μg/ml, 240 μg/ml and 360 μg/ml, respectively. 
The N-NBD group served as a negative control 
and received a non-functional NBDP analogue 
(50 μl, MERCK) at a concentration of 240 μg/
ml. Six hours after LPS or saline inhalation, all 
mice were euthanized via cervical dislocation 
and exsanguination under anesthesia with pen-
tobarbital sodium (50 mg/kg). Bronchoalveolar 
lavage fluid (BALF) samples were collected for 
the detection of coagulation-related factors. 
Left lung tissues of mice were collected for his-
topathological and immunohistochemical anal-
ysis while right lungs were immediately frozen 
in liquid nitrogen and stored at -80°C for 
enzyme-linked immunosorbent assay (ELISA) 
and western blot (WB) analysis. 

Real-time quantitative PCR (RT-qPCR)

RT-qPCR was performed to detect tissue factor 
(TF) and plasminogen activator inhibitor-1 (PAI-
1) gene expression. The concentration of total 
RNA was detected by using a NanoDrop-2000 
spectrophotometer (NanoDrop Technologies, 
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Germany) and the A260/A280 ratio of the 
extracted RNA was controlled between 1.8 to 
2.0. Primers were designed based on the TF 
and PAI-1 gene sequences supplied by the NCBI 
gene database. The primers were synthesiz- 
ed by Guangzhou Aiji Biotechnology Co., Ltd. 
(Table 1). PCR amplification was performed 
using cDNA as the template. The reaction sys-
tem was set as follows: SYBR Green Mix 10 μl, 
forward primer and reverse primer 0.8 μl each, 
cDNA template 0.8 μl, and ddH2O 7.6 μl into a 
system containing 20 μl reagents. The dissolu-
tion and amplification curves of genes were 
recorded following gene amplification. The rela-
tive expression levels of target genes were cal-
culated using the 2-ΔΔCt method.

Western blot

Cytoplasmic proteins were extracted using the 
Cell Solute Extraction Kit according to the man-
ufacturer’s instructions (Solebao Technology 
Co., Ltd, Beijing, China). Briefly, the concentra-
tion of protein was measured using a bicincho-
ninic acid (BCA) assay kit (Thermo Scientific, 
Waltham, MA). An equal amount of protein from 
each sample was resolved in 12% Tris-glycine 
sodium dodecyl sulfate (SDS) polyacrylamide 
gel. The protein bands were blotted onto a 
nitrocellulose membrane. After incubating for  
2 hours in blocking solution, the membrane 
was incubated with p-P65 (ab76302, Abcam, 
UK), p-IKKα/β (ab194528, Abcam, UK), p-IκBα 
(#2859S, Cell Signaling Technology, USA), PAI-1 
(ab222754, Abcam, UK), and TF (ab228968, 
Abcam, UK) antibodies (all diluted at 1:1000) 
for 24 hours. Then the secondary antibody hor- 
seradish peroxidase-conjugated goat anti-rab-
bit immunoglobulin (1:2000 dilution, #7074S, 
Cell Signaling Technology, USA) was added and 
incubated for 2 hours at 37°C. The target pro-
tein bands were visualized using an enhanced 
chemiluminescence detection system (Millipo- 
re, MA, USA). Relative band densities were 
quantified by Image J software.

ELISA assay 

The collected BALF was centrifuged at 4500 
rpm for 10 minutes at 4°C, and the resulting 
supernatant was collected and stored at -80°C 
for testing. TF, PAI-1 and activated protein C 
(APC) levels were determined using ELISA kits 
(Huamei Bio-company, Wuhan, China) accord-
ing to the manufacturer’s instructions.

Histopathology

The lung tissues were fixed with 4% paraformal-
dehyde for 24 hours, followed by dehydration, 
paraffin-embedding and slicing (4 μm). Then 
the slices were stained with hematoxylin-eosin 
(H&E). The scores of lung injury were blindly 
evaluated by pathologists, as described previ-
ously [22]. Each histological change was scored 
(lung injury score, LIS) from 0 to 3 according to 
the lesion range, including alveolar wall thick-
ening, edema, inflammatory cell infiltration, he- 
morrhage and cellulose deposition (0: normal; 
1: injury ≤ 25% of the field; 2: injury within 25%-
50% of the field; 3: injury ≥ 50% of the field).

NF-κB p65 DNA binding activity

The DNA binding activity of NF-κB p65 in the 
right upper lung tissues was detected using  
the Universal EZ-TFA Transcription Factor Che- 
miluminescence Kit (Millipore, Germany) ac- 
cording to the manufacturer’s instructions.  
The nuclear extract of lung tissues was added 
to a plate containing biotinylated oligonucle-
otide which had NF-κB binding site. After incu-
bating for 1 hour at room temperature, the 
plate was washed and incubated with rabbit 
anti-NF-κB p65 (1:1000 dilution) for 1 hour. 
After washing the plate, an anti-rabbit horse-
radish peroxidase-conjugated antibody (1:500 
dilution) was added and incubated for 30 min-
utes. This was followed by the addition of the 
chemiluminescent substrate solution for 5  
minutes of incubation. The sample OD value 
was read by a microplate reader at 1-s integra-
tion time.

Immunohistochemistry (IHC)

After dehydration of paraffin sections in etha-
nol series, the antigens were retrieved using a 
citrate buffer. The nonspecific binding site was 
blocked by 3% BSA. The sections were incubat-
ed with rabbit anti-mouse P65 (1:600, #6956S, 
Cell Signaling Technology, USA) and type III col-

Table 1. Gene sequences of TF, PAI-1
Gene Sequences
TF 5-AGA CGG AGA CCA ACT TGT GAT-3

5-CTG CTG AAT TAC TGG CTG TCC-3
PAI-1 5-CTG CAA AAG GTC AGG ATC GAG-3

5-CAT CAC TTG GCC CAT GAA GAG-3
β-actin 5-CAC CCG CGA GTA CAA CCT TC-3

5-CCA ATA CCC ACC ATC ACA CC-3
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lagen (1:200, ab7778, Abcam, UK) antibodies 
at 4°C overnight, followed by washing and incu-
bating with corresponding HRP-labeled second-
ary antibodies (1:1000, ab6721, Abcam, UK) 
for 1 hour at room temperature. The expression 
levels of antigens were visualized using peroxi-
dase activity developed by DAB staining solu-
tion and observed at a magnification of 400X.

Statistical analysis 

Statistical analyses were performed with SPSS. 
Data was expressed as mean ± SD. Statistical 

differences were determined by one-way an- 
alysis of variance (ANOVA) and the Student-
Newman-Keuls (SNK) method, with the signifi-
cance level set as P<0.05.

Results

NBDP improved pulmonary pathological 
changes induced by LPS inhalation in mice

H&E staining and histopathological analysis 
were performed to assess the pathological 
changes of pulmonary tissues and the degree 

Figure 1. Pathological changes in the lung tissues. A: Lung sections were stained with hematoxylin and eosin 6 
hours after LPS administration. LPS destroyed the lung tissues, resulting in hemorrhage ( ), inflammatory cell 
infiltration ( ), alveolar wall thickening ( ) and so on, which were all attenuated by NBDP pretreatment; B: NBDP 
pretreatment significantly alleviated these pathological changes; C: NBDP pretreatment significantly alleviated pul-
monary edema. Data were expressed as mean ± SD (n=6). *P<0.05 compared with Control. #P<0.05 compared with 
Model. &P<0.05 compared with N-NBD. %P<0.05 compared with L-NBD.
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of lung injury. It was found that LPS induced 
excessive edema, obvious inflammatory cell in- 
filtration, alveolar collapse, alveolar wall thick-
ening, and severe hemorrhage, which were all 
dose-dependently inhibited by NBDP. The LPS-
induced high W/D ratio and LIS were also sig-
nificantly reduced by NBDP treatment (Figure 
1).

NBDP attenuated mRNA and protein levels of 
TF and PAI-1 in LPS-induced ARDS mice

In order to evaluate the coagulation and fibrino-
lytic status of LPS-induced lung tissues, TF and 
PAI-1 were measured by RT-qPCR and WB. The 
results showed that LPS stimulated high mRNA 
and protein expression of TF and PAI-1 in lung 
tissues, which were effectively attenuated by 
NBDP pretreatment (Figure 2).

NBDP inhibited LPS-induced secretions of TF, 
PAI-1, and thrombin-antithrombin (TAT) in lung 
tissue and promoted APC production

The levels of TF, PAI-1, TAT and APC in BALF 
were determined by ELISA to evaluate the 
degree of alveolar hypercoagulation and fibri-
nolytic inhibition. LPS stimulation for 6 hours 
resulted in obvious increases in TF, PAI-1 and 
TAT levels and a decrease in APC level in BALF, 
all of which were reversed by NBDP in a dose-
dependent manner (Figure 3).

NBDP alleviated LPS-induced PIIIP deposition 
in mouse lung tissue

The levels of PIIIP in mouse lung tissue was 
detected using immunohistochemistry to eva- 
luate the effect of LPS on fibrinolystic inhibi-

Figure 2. Changes of TF and PAI-1 expression in pulmonary tissue 6 hours after LPS inhalation with or without NBDP 
pretreatment. A: RT-qPCR was performed to detect TF mRNA expression in lung tissues; B: RT-qPCR was performed 
to detect PAI-1 mRNA expression in lung tissues; C: Western blotting was performed to detect TF protein expression 
in lung tissues; D: Western blotting was performed to detect PAI-1 protein expression in lung tissues. Each bar repre-
sents the mean ± SD of 6 mice. *P<0.05 compared with Control. #P<0.05 compared with Model. &P<0.05 compared 
with N-NBD. %P<0.05 compared with L-NBD. $P<0.05 compared with M-NBD.
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tion. The results demonstrated that LPS induc- 
ed a large amount of PIIIP in pulmonary tissues. 
After pretreatment with NBD, LPS-induced PIIIP 
deposition was significantly reduced in a dose-
dependent manner (Figure 4).

NBDP inhibited LPS-induced NF-κB activation 

To assess the effects of NBDP on NF-κB sig- 
naling pathway, WT was performed to detect 
the phosphorylation of IKKα/β, IκBα and P65 
after LPS stimulation. Significant increases 
were observed in IKKα/β (p-IKKα/β), p-IκBα 
and p-P65 phosphorylation levels in LPS-in- 
duced lung tissues, which were weakened by 
NBDP pretreatment (Figure 5).

NBDP decreased P65 DNA binding activity ini-
tiated by LPS stimulation

NF-κB p65 DNA binding activity is related to 
P65 translocation from cytoplasm to nucleus. 

Our data showed that NF-κB p65 DNA binding 
activity was significantly increased after LPS 
stimulation, which was dose-dependently de- 
creased by NBDP (Figure 6).

Discussion

In this study, an ARDS mouse model simulating 
the pathogenesis of ARDS was successfully 
constructed [22]. Meanwhile, we found that 
NBDP effectively ameliorated LPS-induced hy- 
percoagulation and fibrinolysis inhibition in 
lung tissues and the airspace, which was con-
sistent with the research of Huang et al. [23]. 
These findings suggested that NBD has poten-
tial as a therapeutic target in the treatment  
of acute inflammatory diseases, including ALI, 
ARDS, and infectious diseases.

TF is a potent procoagulant that initiates the 
extrinsic coagulation cascade mainly through 
interacting with Factor VII in the presence of 

Figure 3. NBDP significantly inhibited TF, PAI-1, and TAT, and promoted APC secretions in LPS-induced lung tissues. 
A: ELISA detection of the changes of TF following LPS induction with or without NBDP. B: ELISA detection of the 
changes of PAI-1 following LPS induction with or without NBDP; C: ELISA detection of the changes of TAT following 
LPS induction with or without NBDP; D: ELISA detection of the changes of APC secretions following LPS induction 
with or without NBDP; Values were presented as mean ± SD. *P<0.05 compared with Control. #P<0.05 compared 
with Model. &P<0.05 compared with N-NBD. %P<0.05 compared with L-NBD. $P<0.05 compared with M-NBD.
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calcium, resulting in activation of Factor X [24, 
25]. PAI-1 is a major physiological inhibitor of 
the fibrinolytic system that can also regulate 
thrombosis [26]. PAI-1 binds to and inhibits  
tissue and urokinase-type plasminogen activa-
tors (tPA and uPA), thereby reducing plasmin 
production and fibrin clot lysis [27]. The resul- 
ts of our study showed that the mRNA and  
protein expression of both TF and PAI-1 were 
highly expressed in pulmonary tissue under 
LPS stimulation, indicating the presence of  
procoagulation and fibrinolytic defects in lung 
tissues [28].

TAT is a complex of thrombin and antithrombin 
that directly reflects the generation of throm-
bin, with an increase in TAT suggesting a state 
of procoagulant activity [29]. APC is a protein 
synthesized by the liver and exerts anticoagu-
lant activity by hydrolyzing blood coagulation 
factors Va and VIIIa [30]. Our experimental data 
showed that in BALF, the concentrations of TF, 
PAI-1, and TAT were all significantly increased, 

while APC concentration was statistically de- 
creased, indicating hypercoagulation and fibri-
nolytic inhibition in the airspace in LPS-induced 
ARDS [31]. 

PIIIP is mainly synthesized and secreted by 
fibroblasts and transformed in myofibroblasts. 
In addition, PIIIP is the main component of  
the extracellular matrix (ECM), and the exces-
sive accumulation of PIIIP suggests pulmonary 
fibrous deposition [32]. High expression of pul-
monary PIIIP under LPS treatment in our study 
indicated an increase in fibrous tissue in the 
lung due to fibrinolytic inhibition.

NBDP is a protein peptide that has been sh- 
own to inhibit the activation of the classical 
NF-κB signaling pathway by interfering with the 
NEMO-IKKα/IKKβ interaction [33]. Our data 
demonstrated that NBDP pretreatment signi- 
ficantly inhibited LPS-induced NF-κB pathway 
activation, manifested as decreased levels of 
p-IKKα/β, p-Iκα and p-P65, and decreased P65 

Figure 4. Expression of PIIIP in lung tissues in LPS-in-
duced lung injury mice. A: Expression of PIIIP in lung 
tissues in different groups of mice; B: PIIIP IHC score; 
PIIIP reflected the level of fibrosis in lung tissues and 
it was highly expressed in Model and N-NBD groups 
(Red arrow presented positive staining). Each bar 
represents the mean ± SD of PIIIP IHC score in each 
group. *P<0.05 compared with Control. #P<0.05 
compared with Model. &P<0.05 compared with N-
NBD. %P<0.05 compared with L-NBD.
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NDA binding activity. In addition, NBDP effec-
tively suppressed TF and PAI-1 expression in 
pulmonary tissue, and reduced TF, PAI-1 and 
TAT secretions in BALF while promoting APC 
production in BALF. Therefore, NBDP can cor-
rect alveolar hypercoagulation and fibrinolytic 
inhibition induced by LPS via inactivating the 
NF-κB pathway. Interestingly, we found that the 
higher the dose of NBDP, the more obvious the 
effects of NBDP on coagulation and fibrinolysis 
associated factors and NF-κB inactivation, indi-
cating a dose-dependent manner. 

Unlike other inhibitors or methods, such as 
gene knockdown, knockout or specific inhibi- 
tor, NBDP has been shown to selectively inhibit 
NF-κB-mediated target gene transcription while 
maintaining the important basal activities of 
NF-κB [16, 17], allowing it to be a new potential 
therapeutic target in ARDS treatment.

Figure 5. NBDP inhibited LPS-induced activation of NF-κB signal pathway. A: Western blotting results of p-IKKα/β; 
B: Western blotting results of IκBα; C: Western blotting results of p-IκBα; D: Western blotting results of p-P65. The 
quantitative data were presented as mean ± SD of 6 mice. *P<0.05 compared with Control. #P<0.05 compared with 
Model. &P<0.05 compared with N-NBD. %P<0.05 compared with L-NBD. 

Figure 6. NBDP decreased the enhanced p65 DNA 
binding activity induced by LPS inhalation. DNA 
binding activity of NF-κB p65 was examined by a 
TransAM p65 transcription factor ELISA kit. Each bar 
represents the mean ± SD of 6 mice. *P<0.05 com-
pared with Control. #P<0.05 compared with Model. 
&P<0.05 compared with N-NBD. %P<0.05 compared 
with L-NBD. $P<0.05 compared with M-NBD.
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In this study, a negative control group with non-
functional NBDP analogue (50 μl, MERCK) was 
set up to eliminate the effect of NBDP itself  
on the experimental results. Overall, however, 
there are still some limitations to be address- 
ed. First, the lack of arterial blood gas analysis 
made the diagnosis of ARDS insufficient. Se- 
cond, although we pretreated LPS induced 
mice with different doses of NBDP, the optimal 
dose to weaken hypercoagulability and fibri- 
nolysis inhibition and the optimal timing of 
administration remain to be clarified. Never- 
theless, the findings of our study showed that 
NBDP dose-dependently ameliorates LPS-in- 
duced alveolar hypercoagulation and fibrinolyt-
ic inhibition through inhibiting the NF-κB sig- 
naling pathway, suggesting that NBDP is a 
promising therapeutic choice for the treatment 
of ARDS and deserves further exploration.

Conclusions 

NBDP dose-dependently ameliorates alveolar 
hypercoagulation and fibrinolysis inhibition via 
the NF-κB signaling pathway, which is expec- 
ted to be a new effective therapeutic target for 
ARDS.
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