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Abstract: Lipopolysaccharide (LPS) is known to induce acute lung injury (ALI) and acute respiratory distress syn-
drome (ARDS). Accumulating data suggest the crucial role of RAGE in the pathogenesis of ALI/ARDS. However, the 
mechanism by which RAGE mediates inflammatory lung injury in the neonates remains elusive. In this study we 
established LPS-induced ALI model in neonate rats, and investigated the role of RAGE/NF-κB signaling in mediat-
ing ALI. We found that RAGE antibody or bortezomib reduced LPS-induced histopathological abnormalities in the 
lung and lung damage score. RAGE antibody or bortezomib also reduced TNF-α level in both serum and BALF of the 
rats. Furthermore, RAGE antibody or bortezomib significantly reduced LPS-induced upregulation of RAGE and NF-κB 
expression in the lung. In conclusion, we established ALI model in neonate rats to demonstrate that LPS induced 
inflammatory lung injury via RAGE/NF-κB signaling. Interference with RAGE/NF-κB signaling is a potential approach 
to prevent and treat sepsis-related ALI/ARDS.
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Introduction

Acute lung injury (ALI) remains a devastating 
disorder for intensive care medicine due to the 
high morbidity and mortality. Although the 
pathogenesis of ALI remains not completely 
understood, recent evidence suggests that ALI 
is characterized by a local inflammatory re- 
sponse that involves a wide variety of inflam-
matory mediators [1-3]. Neonates are suscep-
tible to ALI, especially under several conditions 
such as the infection, hypoxia and shock [4]. 
Upon the infection, bacterial components such 
as lipopolysaccharide (LPS) are known to acti-
vate the inflammatory cascade, resulting in the 
release of inflammatory mediators which induc-
es the development of ALI and acute respirato-
ry distress syndrome (ARDS). In the clinical, 
sepsis-related ARDS has higher overall disease 
severity and mortality than non-sepsis-related 
ARDS [5]. Therefore, LPS-induced ALI/ARDS 
animal models are important tools to explore 
the mechanisms of ALI/ARDS and identify novel 
biomarkers and therapeutic targets for these 
diseases [6].

Receptor for Advanced Glycation End-products 
(RAGE) is a member of the cell surface re- 
ceptors of the immunoglobulin superfamily. 
Accumulating data suggest the crucial role of 
RAGE in the pathogenesis of ALI and ARDS, and 
indicate the potential of RAGE as an important 
therapeutic target for ALI/ARDS [7]. Moreover, 
our recent studies demonstrated that hyperoxia 
induced acute damage in the lung of neonatal 
rats via RAGE/NF-κB signaling and RAGE medi-
ates inflammatory response in alveolar type I 
epithelial cells (AECIs) via activating NF-κB [8, 
9]. In this study we established LPS induced ALI 
neonate rat model, and investigated the role of 
RAGE/NF-κB signaling in mediating ALI in the 
neonates.

Materials and methods

ALI model

This study was approved by Animal Care and 
Use Committee of Nanjing Medical University. 
Newborn Sprague-Dawley rats were purchased 
from the Animal Center of Jiangsu Province 
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(Nanjing, China) and housed in individual cages 
with free access to water and laboratory chow. 
The rats were anesthetized with pentobarbital 
sodium and then randomly divided into 4 
groups (n = 8): control group, LPS group, LPS + 
RAGE antibody (Ab) group, and LPS + bortezo-
mib group. The rats in the control group were 
intraperitoneally injected with normal saline, 
while the rats in other groups were intraperito-
neally injected with 3 mg/kg LPS (Sigma-
Aldrich, St. Louis, MO, USA). The rats in LPS + 
Ab group and LPS + bortezomib group were 
also intraperitoneally injected with RAGE Ab 
(R&D, USA, 15 mg/kg) and bortezomib (Xian-
Janssen Pharmaceutical, Xi’an, China, 0.2 mg/
kg), respectively, 1 h prior to the injection of 
LPS.

Sample collection

Twenty-four hours after the injection of LPS, the 
rats were sacrificed via an intraperitoneal injec-
tion of 120 mg/kg pentobarbital, and blood 
samples were collected from the right atrium. 
The bronchoalveolar lavage fluid (BALF) was 
harvested as described previously [10]. The 
lungs were excised from the rats by opening the 
chest via median sternotomy. The left upper 
lobe was removed for the extraction of total 
RNA, the left lower lobe was removed for the 
extraction of total protein, and the right lobe 
was removed and fixed in 10% buffered forma-
lin for 24 h.

Enzyme-linked immunosorbent assay (ELISA)

TNF-α level in the serum was measured using 
ELISA kits according to the manufacturer’s pro-
tocol (Abcam, Cambridge, MA, USA).

PCR

Total RNA was extracted from the left upper 
lobe by using TRIzol (Invitrogen, USA) and used 
to synthesize cDNA with reverse transcription 
system kits (Promega, Madison, WI, USA). Real-
time PCR was performed using the following 
primers: RAGE 5’GGTGCTGGTTCTTGCTC 3’  
and 5’TCCCTCGCCTGTTAGTT 3’; NF-κB 5’-GA- 
AGAAGCGAGACCTGGAG-3’ and 5’-TCCGGAAC- 
ACAATGGCCAC-3’; β-actin 5’-TCCTAGCACCATGA 
AGATC-3’ and 5’-AAACGCAGCTCAGTAACAG-3’. 
Amplification conditions were as follows: 5 min 
at 95°C (one cycle); 20 sec at 94°C; 20 sec at 

58°C and 20 sec at 72°C (40 cycles); and 72°C 
for 5 min (one cycle). RT-PCR was performed 
three times in triplicate. The relative RAGE and 
NF-κB mRNA levels were compared to that of 
β-actin and calculated by the 2-ΔΔCt method. 
Each Ct value used for these calculations was 
the mean of the triplicate for each reaction.

Western blot analysis

Total protein was extracted from the left lower 
lobe using lysis buffer (Pierce, Rockford, IL, 
USA) and protein concentration was deter-
mined using BSA method. Then equal amounts 
of protein were separated in 10% SDS-PAGE 
and transferred into polyvinylidene fluoride 
(PVDF) membranes (Millipore, Billerica, MA, 
USA). The membranes were incubated with 
antibody against RAGE, NF-κB, or β-actin 
(Millipore, Billerica, MA, USA) overnight at 4°C, 
then incubated with peroxidase-coupled IgG 
(Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) for 1 h at 37°C. The membranes were 
developed using ECL kit (Pierce, Rockford, IL, 
USA). β-actin was used as loading control.

Histological analysis

The morphological changes of lung tissue were 
evaluated by staining the sections with hema-
toxylin and eosin, and observed under light 
microscopy from ten randomly chosen areas 
for each section. Each slide was evaluated by 
two investigators in a blinded manner. Lung 
injury was scored according to the following 
four categories: alveolar congestion, hemor-
rhage, neutrophil infiltration into the airspace 
or vessel wall, and alveolar wall thickness/hya-
line membrane formation. Each category was 
graded on a five point scale: 0 = minimal injury, 
1 = injury up to 25% of the field, 2 = injury up to 
50% of the field, 3 = injury up to 75% of the 
field, and 4 = diffuse injury.

Statistical analysis

The data were expressed as means ± standard 
deviations (SD) and analyzed by using SSPS 
11.5 software (SPSS Inc., Chicago, IL, USA). 
Differences among multi-groups were analyzed 
with One-Way ANOVA, and differences between 
two groups were analyzed with the Student’s 
t-test. P value <0.05 was considered statisti-
cally significant.
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Results

RAGE Ab and bortezomib alleviate LPS-
induced ALI in neonate rats

We observed the general conditions of the rats 
at 24 h after the injection of LPS, just before 
their sacrifice. In contrast to the normal activi-
ties of the rats in control group, the rats in LPS 
group exhibited less activity, dull reaction, diffi-
cult breath, and perioral cyanosis. In LPS + Ab 

group and LPS + bortezomib group, the rats 
showed normal activities, had some difficulty in 
breath but no obvious perioral cyanosis.

By histological analysis, we observed clear 
alveolar structures and found no hemorrhage 
or effusion in alveolar spaces in control group 
(Figure 1A). As expected, in LPS group we 
observed typical histopathological abnormali-
ties characterized by hemorrhage and effusion 
in alveolar spaces, alveolar wall thickening, and 

Figure 1. Representative images of lung histology in the rats of four groups (HE staining, ×100). A. Control group, we 
observed normal alveolar structures and no hemorrhage or effusion in alveolar spaces. B. LPS group, we observed 
abnormal alveolar structures, and hemorrhage and effusion in alveolar spaces. We also observed the infiltration 
of inflammatory cells. C. LPS + Ab group, D. LPS + bortezomib group, we observed much less abnormal alveolar 
structures, hemorrhage and effusion than in LPS group.
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RAGE Ab and bortezomib inhibit LPS-induced 
upregulation of RAGE and NF-κB in neonate 
rats

TNF-α is known to induce the activation of 
NF-κB, an important mediator of inflammatory 
response downstream of RAGE. Therefore, we 
detected the expression of RAGE and NF-κB 
mRNA levels in each group of neonate rats. 
Real-time PCR analysis showed that LPS 
increased the mRNA levels of RAGE and NF-κB 
in the lungs. However, mRNA levels of RAGE 
and NF-κB in the lungs were significantly lower 
in LPS + Ab group and LPS + bortezomib group, 
compared to LPS group (Figure 2A, 2B).

Furthermore, we performed Western blot analy-
sis to detect the expression of RAGE and NF-κB 
protein levels in each group of neonate rats. We 
found that LPS increased the protein levels of 
RAGE and NF-κB in the lungs. However, protein 
levels of RAGE and NF-κB in the lungs were sig-
nificantly lower in LPS + Ab group and LPS + 
bortezomib group, compared to LPS group 
(Figure 3A, 3B). Collectively, these data sug-
gest that RAGE Ab and bortezomib inhibit LPS-
induced upregulation of RAGE and NF-κB in 
neonate rats.

Discussion

Sepsis is one of the most common causes of 
ALI in neonates. LPS is the main component of 
the cell wall of gram-negative bacteria and 
plays an important role in the development of 
ALI. LPS-induced ALI is a well established 
experimental model to screen novel drugs for 
ALI [11]. Therefore, in this study we established 
LPS-induced ALI model in neonate rats. We 
found that LPS induced histopathological 
abnormalities in the lung, increased the levels 
of TNF-α in both serum and BALF, and induced 
the upregulation of RAGE and NF-κB in the lung. 
These data demonstrate that LPS could induce 

Table 1. Analysis of TNF-α levels in the serum and 
BALF in neonate rats (

_
x±s, n = 8)

Group
TNF-α (ng/L)

Serum BALF
LPS + Ab 210.67±27.61 114.58±13.46
LPS + bortezomib 175.40±14.93 127.50±10.41
LPS 377.92±33.85 191.03±11.01
Control 75.69±16.78 46.56±3.48
F 150.70 165.83
P 0.000 0.000

the infiltration of inflammatory cells (Figure 1B). 
In LPS + Ab group and LPS + bortezomib group, 
the rats showed less histopathological abnor-
malities in the lung (Figure 1C, 1D). The lung 
damage score was 0.47±0.12, 4.10±0.45, 
3.06±0.42, and 2.69±0.21 in control group, 
LPS group, LPS + Ab group and LPS + bortezo-
mib group, respectively. The lung damage score 
was significantly lower in LPS + Ab group and 
LPS + bortezomib group, compared to LPS 
group (P<0.05). Taken together, these results 
indicate that RAGE Ab and bortezomib alleviate 
LPS-induced lung injury in neonate rats.

RAGE Ab and bortezomib inhibit LPS-induced 
upregulation of TNF-α in neonate rats

Based on ELISA we found that LPS increased 
the levels of TNF-α in both serum and BALF. 
However, the levels of TNF-α in both serum 
and BALF were significantly lower in LPS + Ab 
group and LPS + bortezomib group, compared 
to LPS group (Table 1). These results sug- 
gest that RAGE Ab and bortezomib inhibit  
LPS-induced upregulation of TNF-α in neo-
nate rats.

Figure 2. RAGE Ab and bortezomib reduce LPS-
induced upregulation of RAGE and NF-κB mRNA ex-
pression in the lungs. Total RNA was extracted from 
the lung tissues of different groups, and RAGE mRNA 
level (A) and NF-κB mRNA level (B) were detected 
by real-time PCR analysis. 1. Control group; 2. LPS 
group; 3. LPS + Ab group; 4. LPS + bortezomib group. 
*P<0.05 vs. control group; #P<0.05 vs. LPS group.
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Figure 3. RAGE Ab and bortezomib reduce LPS-
induced upregulation of RAGE and NF-κB protein 
expression in the lungs. Total protein was extracted 
from the lung tissues of different groups, and RAGE 
protein level (A) and NF-κB protein level (B) were 
detected by Western blot analysis. 1. Control group; 
2. LPS group; 3. LPS + Ab group; 4. LPS + bortezomib 
group. β-actin was loading control.

injury and inflammatory response in the lung, 
suggesting that LPS-induced ALI was success-
fully established in neonate rats.

To investigate the role of RAGE/NF-κB signa- 
ling in mediating LPS-induced inflammatory 
response in the lung, we employed a loss-of-
function approach to inhibit the activity of RAGE 
by monoclonal antibody against RAGE, and 
inhibit the activity of NF-κB by bortezomib [12]. 
Our results showed that RAGE antibody or bort-
ezomib reduced histopathological abnormali-
ties in the lung of neonate rats. Furthermore, 
the lung damage score was significantly lower 
in the rats pretreated with RAGE antibody or 
bortezomib than in the rats treated with LPS 
alone. These data indicate that the inhibition of 
RAGE or NF-κB alleviates LPS-induced lung 
injury in neonate rats.

NF-κB is one of the most important signaling 
pathways downstream of RAGE to mediate 
inflammatory response in the body [13]. Next 
we performed ELISA assay to examine the lev-
els of TNF-α in both serum and BALF of the 
rats. As expected, LPS increased TNF-α level in 
both serum and BALF. Notably, TNF-α levels in 
both serum and BALF were significantly reduced 
in the rats pretreated with RAGE antibody or 
bortezomib, compared to the rats treated with 
LPS alone. These results suggest that the inhi-
bition of RAGE or NF-κB inhibits LPS-induced 
upregulation of TNF-α in neonate rats.

It has been proposed that the activation of 
RAGE/NF-κB signaling promotes the transcrip-
tion of RAGE itself. Consequently, RAGE expres-
sion is drastically augmented to mediate down-
stream processes to cause lung inflammatory 
injury [14, 15]. In this study, we pretreated the 
neonate rats with RAGE antibody or NF-κB 
inhibitor bortezomib. We found that RAGE anti-
body or bortezomib significantly reduced LPS-
induced upregulation of RAGE expression in the 
lung at both protein and mRNA levels. 
Furthermore, RAGE antibody or bortezomib sig-
nificantly reduced LPS-induced upregulation of 
NF-κB expression in the lung at both protein 
and mRNA levels. Collectively, these data sug-
gest that RAGE/NF-κB pathway forms a posi-
tive feedback loop to promote LPS-induced 
inflammatory response in the lung. Our data 
are consistent with recent study showing that 
sRAGE attenuated LPS-induced inflammation, 
NF-κB activation and pathologic changes in the 
lung [16].

In summary, in this study we established ALI 
model in neonate rats to demonstrate that LPS 
induced inflammatory lung injury via RAGE/
NF-κB signal pathway. Inhibition of RAGE/NF-κB 
signaling by RAGE antibody or NF-κB inhibitor 
bortezomib alleviates LPS-induced inflamma-
tory lung injury, accompanied by the downregu-
lation of TNF-α, RAGE and NF-κB expression. 
Interference with RAGE/NF-κB signaling is a 
potential approach to prevent and treat sepsis-
related ALI/ARDS.
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