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Abstract
Bone marrow-derived mesenchymal stem cells (BMSCs) have been shown recently to ameliorate hyperoxia-induced lung

injury, but the underlying mechanism remains unclear. This study aimed to determine whether BMSCs attenuate

hyperoxia-induced lung injury by down-modulating the inflammatory RAGE/NF-kB (receptor for advanced glycation

end-products/nuclear factor-kB) signaling. Thirty Sprague-Dawley newborn rats were randomly divided into three groups

(n ¼ 10): sham control (C); hyperoxia-induced acute lung injury (ALI) (B) and ALI with BMSCs transplantation (A). Rats were

sacrificed at three-day post-transplantation. RAGE and NF-kB expression in lung tissue was detected by reverse

transcription polymerase chain reaction, Western blot and immunohistochemistry analysis. The levels of tumor necrosis

factor a (TNF-a) and RAGE in bronchoalveolar lavage fluid (BALF) and in serum were detected by enzyme-linked

immunosorbent assay. The lung damage was evaluated by histological examination. The results showed that RAGE and

TNF-a concentrations in BALF were significantly lower in Group A than in Group B. Moreover, RAGE and NF-kB

expression in lung tissue at mRNA and protein concentrations was significantly lower in Group A than in Group B. The

lung damage score was significantly lower in Group A than in Group B. These data demonstrate that hyperoxia induces

the inflammation and causes damage in the lung but BMSC transplantation could alleviate hyperoxia-induced lung injury

by inhibiting the inflammatory process mediated by RAGE/NF-kB signaling.
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Introduction

Bronchopulmonary dysplasia (BPD) is a chronic lung
injury characterized by an arrest in alveolar development
and increased apoptosis of alveolar epithelial cells (AECs),
which are largely caused by mechanical ventilation and
oxygen therapy.1 Notably, children diagnosed with BPD
have a high risk of developing chronic obstructive pulmon-
ary disease later in life.2 Although the molecular patho-
genesis of BPD is not well understood, it is proposed that
pathological mechanisms include fibrosis, apoptosis and
abnormal cellular proliferation, which lead to arrested
alveolar development and associated abnormal vascular
growth.3 Currently, no effective treatments for BPD have
been developed in the clinic.

Recent evidence suggests that AECs play an important
role in the pathological processes of the lung injury, such as
the formation of pulmonary edema, alveolar and interstitial
fibrin deposits, and affect the outcome and prognosis of

acute lung injury (ALI) and acute respiratory distress
syndrome.4 Thus, further characterization of AECs may
provide clues on the therapy of ALI induced by hyperoxia.
The receptor for advanced glycation end-products (RAGE)
is a member of the immunoglobulin superfamily of cell sur-
face receptors which interacts with a wide range of ligands,
such as High-Mobility Group Box-1 (HMGB-1), S100B,
advanced glycation end-products (AGEs). RAGE and its iso-
forms play an essential role in the biology of the lung under
both physiological and pathological conditions.5 Recent
studies show that RAGE is predominantly localized to alveo-
lar type I cells in the lung, and considered as the marker of
type I alveolar cell injury in ALI.6 In addition, RAGE target-
ing could diminish hyperoxia-induced pulmonary injury.7

Obviously, RAGE represents a new therapy target for
newborn lung injury induced by hyperoxia.

A number of studies have demonstrated that bone
marrow-derived mesenchymal stem cells (BMSCs) can
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ameliorate hyperoxia-induced lung injury.8 – 10 Mechanisms
for this protection are not limited to tissue repair, such as
engraftment and differentiation of BMSCs into specific
lung cell types, but also include the suppression of lung
inflammation in hyperoxic newborn rats reported
recently.11,12 These properties make BMSC treatment a
promising approach for the repair of neonatal lung injury.
In this study we tested our hypothesis that BMSCs may
protect hyperoxia-induced lung injury via down-regulating
the inflammatory signaling pathway of RAGE–NF-kB in
AECs. Our results showed that hyperoxia upregulates
RAGE/NF-kB signal pathway in lung tissue of newborn
rats, and transplantation of BMSCs attenuates hyperoxia
lung injury.

Materials and methods

Cell preparation

This study was approved by Animal Care and Use
Committee of Nanjing Medical University. BMSCs were iso-
lated and cultured from healthy donors who gave informed
consent as previously reported.13 The cells were shown to
express CD91 and CD73 (99.6% and 96.3%, respectively)
but not CD34, CD45 or CD14 (0.1%, 0.2% and 0.1%, respect-
ively). The cells were positive for HLA-AB (96.8%) but not
HLA-DR (0.1%). In this study, fifth passage human MSCs
from a single donor were used for the transplantation.

Animal model

Newborn Sprague-Dawley rats were purchased from the
laboratory central of Jiangsu province (Nanjing, China)
and housed in individual cages with free access to water
and laboratory chow. Animals were divided into three
groups: sham control (C, n ¼ 10), hyperoxia-induced ALI
control (B, n ¼ 10) and ALI with human MSCs trans-
plantation (A, n ¼ 10). To induce ALI, the rats from the
Groups A and B were placed in a sealed Plexiglas
chamber with a minimal in-and-out flow, providing 6–7
exchanges per hour of the chamber volume with O2 concen-
tration maintained above 95%, while the rats in the Group C
were only exposed to air.

For cell transplantation, 5 � 104 MSCs in 0.05 mL
phosphate-buffered saline (PBS) were administered intra-
venously after seven-day hyperoxia exposure. The rats in
Groups B and C received the same volume of PBS intra-
venously. After transplantation, the rats were allowed to
recover and subsequently returned to their dams under
air. Rats were sacrificed at three-day post-transplantation.

Tissue preparation

Rats were weighed at age 10 d when they received intra-
peritoneal injection of 10% chloral hydrate (8 mL/kg).
Blood samples (1–2 mL) were taken for assay of tumor
necrosis factor a (TNF-a) concentration. The abdominal
aortas were cut and the trachea in middle of the neck was
exposed. The specimens from bronchoalveolar lavage fluid
(BALF) were used for the detection of TNF-a and RAGE

concentrations. The left upper lung tissues were homo-
genized in lysis buffer (20 mmol/L Tris/HCl, 100 mmol/L
NaCl). The lysates were centrifuged at 100,000 g for
15 min and used for Western blot analysis. The right
upper lung tissue was fixed by 4% paraformaldehyde,
embedded with paraffin and cut into 6 mm sections for
immunohistochemical and histological examinations.

Enzyme-linked immunosorbent assay

TNF-a and RAGE concentrations in BAL and blood were
measured using specific ELISA kits according to the manu-
facturer’s protocol (Abcam, Cambridge, MA, USA).

Reverse transcription polymerase chain reaction

Total RNA (3 mg) was extracted from lung tissue by using
TRIzol (Invitrogen, Paisley, UK) and used to synthesize
cDNA with reverse transcription system kits (Promega,
Madison, WI, USA). Semi-quantitative reverse transcrip-
tion polymerase chain reaction (RT-PCR) was performed
using the following primers: RAGE 50 GGTGCTGG
TTCTTGCTC 30, 50 TCCCTCGCCTGTTAGTT 30, amplicon
235 bp; NF-kB 50 GAAGAAGCGAGACCTGGAG 30, 50

TCCGGAACACAATGGCCAC 30, amplicon 398 bp; b-actin
50 GATGACAAGC AGCCCTAT 30, 50 TCCATGCCAATTT-
ACAAC 30, amplicon 450 bp. PCR products were separated
by 1.5% agarose gel electrophoresis and quantified by in gel
imaging system. The absorbance ratio of RAGE mRNA
and NF-kB mRNA to b-actin mRNA was calculated,
respectively.

Immunohistochemistry

The sections from rat lungs were washed in 0.1 mol/L PBS
for several times and placed in 3% H2O2 to quench
endogenous peroxidase for 15 min. Then the section were
preincubated with 10% normal goat serum for 30 min
at 378C to block non-specific binding, and incubated over-
night at 48C with rabbit RAGE antibody (Millipore,
Billerica, MA, USA). Next, the sections were washed in
PBS and incubated with biotinylated anti-rabbit IgG
(Boster, Wuhan, China) for one hour at room temperature.
After washing, the sections were incubated for 30 min
with streptavidin-biotin and horseradish peroxidase, then
developed with 3,30-diaminobenzidine. For negative con-
trols, the primary antibodies were replaced with PBS.

Western blot analysis

Total protein was extracted from homogenized lung tissues
using lysis buffer (Pierce, Rockford, IL, USA) and quantified
using the Bradford method. Then, 80 mg of protein were
separated with 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and transferred onto polyvinylidene
fluoride membranes (Millipore). The membranes were incu-
bated overnight at 48C with antibody against RAGE, NF-kB
or b-actin (Millipore). After incubation with peroxidase-
coupled IgG (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) at 378C for two hours, the membranes were
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developed using ECL (Pierce) and detected using
BioImaging Systems (UVP Inc., Upland, CA, USA). The
relative protein concentrations were calculated based on
b-actin protein as loading control.

Evaluation of lung injury

The morphological changes of lung tissue were evaluated
by staining the sections with hematoxylin and eosin. Lung
injury was scored according to the following four categories:
alveolar congestion, hemorrhage, neutrophil infiltration
into the airspace or vessel wall, and alveolar wall thickness/
hyaline membrane formation. Each category was graded
on a five point scale: 0 ¼minimal injury, 1 ¼ injury up
to 25% of the field, 2 ¼ injury up to 50% of the field,
3 ¼ injury up to 75% of the field and 4 ¼ diffuse injury.
Each slide was evaluated by two investigators in a blinded
manner. To generate the lung injury score, a total of
300 alveoli were counted on each slide at �400 magnifi-
cation. Within each field, points were assigned according
to predetermined criteria.

Statistical analysis

All data were expressed as means+ standard deviations
(mean+SD) and analyzed by using SSPS 11.5 (SPSS Inc.,
Chicago, IL, USA). Differences among multigroups were
analyzed with one-way analysis of variance, post hoc
multiple comparisons was assumed by least significant
difference. Differences between two groups were analyzed
with the Student’s t-test. P value ,0.05 was considered
statistically significant.

Results

TNF-a and RAGE concentrations in serum and
BALF of different groups of rats

As shown in Figure 1, by enzyme-linked immunosorbent
assay we detected no significant difference among
three groups in the levels of TNF-a and RAGE in serum
(F ¼ 0.194, P ¼ 0.86; F ¼ 0.85, P ¼ 0.08). However, we
detected significant differences among the three groups in
the levels of both TNF-a and RAGE in BALF (F ¼ 53.72,
P ¼ 0.0000; F ¼ 4.804, P ¼ 0.0191). Compared with control,
RAGE and TNF-a concentrations increased obviously in
both Groups A and B (P , 0.05). Moreover, RAGE and
TNF-a concentrations were lower in Group A than in
Group B. These results suggest that hyperoxia promotes
the production of TNF-a and RAGE in BALF but trans-
plantation of BMSCs could antagonize it.

Expression of RAGE and NF-kB in lung tissues of
different groups of rats

High levels of TNF-a and RAGE in BALF of hyperoxia
treated rats indicate the inflammation in the lung tissues.
Thus we detected the expression of RAGE and NF-kB in
the lung tissues. RT-PCR analysis showed that there were
significant differences among three groups in RAGE
mRNA and NF-kB mRNA levels (F ¼ 37.21, P ¼ 0.000;

F ¼ 5.695, P ¼ 0.011). Compared with control, RAGE and
NF-kB mRNA concentrations increased obviously in both
Groups A and B (P , 0.05). Moreover, RAGE and NF-kB
mRNA levels were significantly lower in Group A than in
Group B (P , 0.05, Figure 2).

To confirm our observation, next we detected the
protein concentrations of RAGE and NF-kB in the lung
tissues. Western blot analysis showed that there were sig-
nificant differences among three groups in RAGE mRNA
and NF-kB protein concentrations (F ¼ 15.88, P ¼ 0.000;
F ¼ 4.223, P ¼ 0.0288). Compared with control, RAGE and
NF-kB protein concentrations increased obviously in both
Groups A and B (P , 0.05). Moreover, RAGE and NF-kB
protein concentrations were significantly lower in Group
A than in Group B (P , 0.05, Figure 3). Taken together,
these data provide evidence that hyperoxia induces the
inflammation in the lung but transplantation of BMSCs
could antagonize it.

BMSCs transplantation alleviates hyperoxia-induced
lung injury

By immunohistochemistry staining we observed strong
RAGE expression in AECs exposed to hyperoxia (Figure 4a).

Figure 1 The levels of RAGE and TNF-a in BAL and blood of different groups

of rats. A: ALI with bone marrow-derived mesenchymal stem cells transplan-

tation; B: hyperoix-induced ALI; C: sham control. n ¼ 10. wP , 0.05 versus

C. RAGEl, receptor for advanced glycation end-products; TNF-a, tumor

necrosis factor a; ALI, acute lung injury; BAL, bronchoalveolar lavage
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In comparison, RAGE expression was weaker in AECs
exposed to hyperoxia but with BMSCs transplantation
(Figure 4b), and was the weakest in normal AECs
(Figure 4c). These data are consistent with the results of
RT-PCR and Western blot analysis.

By histological analysis, we observed severe damage in
the lung exposed to hyperoxia (Figure 4d), minor damage
in the lung exposed to hyperoxia but with BMSCs trans-
plantation (Figure 4e) and no damage in the lung exposed
to air (Figure 4f ). The lung damage score was significantly
different among three groups (F ¼ 51.59, P ¼ 0.000). The
scores of Groups A and B were significantly higher than
that of Group C and the score of Group A was significantly
lower than that of Group B (P , 0.05, Figure 4g). These

results indicate that transplantation of BMSCs alleviates
hyperoxia-induced lung injury.

Discussion

Chronic lung diseases are characterized by loss of lung
tissue, inflammation and fibrosis and represent a major
global health burden. Recent studies have shown that
mesenchymal stem cells can protect lung tissue from acute
or chronic lung injury, suggesting that cellular therapy
would be a promising approach for the treatment of chronic
lung diseases. Notably, the protective effects of mesen-
chymal stem cells may be not due to the replacement of
damage lung cells by stem cells, but rather may be mediated
by paracrine mechanism through anti-inflammatory.

In the present study we found that BMSCs trans-
plantation reduced hyperoxia-induced lung injury and this
is correlated with reduced levels of RAGE, TNF-a and
NF-kB in lung tissues. These data indicate that BMSCs
play a protective role in hyperoxia-induced lung injury by
inhibiting hyperoxia-induced inflammation.

Numerous studies have identified that in the majority
of healthy adult tissues, RAGE is expressed at a low basal
level. The up-regulation of RAGE has been associated with
a diverse range of pathological events, such as diabetes,
atherosclerosis, cancer, inflammation and Alzheimer’s dis-
ease.14,15 Unlike other tissues, pulmonary tissues express
remarkably high basal level of RAGE.16 Indeed, studies
have illustrated that RAGE plays a number of important
physiological roles in the lung including alveolar gas
exchange, modulation of cell spreading, adhesion to ECM
components and proliferation. Under pathological con-
ditions, RAGE binds the corresponding ligands to activate
downstream signal pathways, among which NF-kB is one
of the most important. The activation of RAGE–NF-kB

Figure 3 Expression of RAGE and NF-kB at protein concentration in lung

tissues of different groups of rats. The relative protein concentrations were

expressed as the ratio to b-actin. A: ALI with bone marrow-derived mesench-

ymal stem cells transplantation; B: hyperoix-induced ALI; C: sham control.

n ¼ 10. Representative pictures were shown on the upper panel and statistical

analysis was shown in the corresponding columns on the lower panel.
wP , 0.05 versus C. OP , 0.05 versus A. RAGE, receptor for advanced

glycation end-products; NF-kB, nuclear factor kB; ALI, acute lung injury

Figure 2 The expression of RAGE and NF-kB at mRNA level in lung tissues of different groups of rats. The relative mRNA levels were expressed as the ratio to

b-actin. A: ALI with bone marrow-derived mesenchymal stem cells transplantation; B: hyperoix-induced ALI; C: sham control. n ¼ 10. Representative pictures

were shown on the upper panel and statistical analysis was shown in the corresponding columns on the lower panel. wP , 0.05 versus C. OP , 0.05 versus

A. RAGE, receptor for advanced glycation end-products; NF-kB, nuclear factor kB; ALI, acute lung injury
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pathway promotes the transcription of the inflammation
factors and forms a positive feedback loop by inducing
RAGE expression, which eventually lead to histocyte
damage.17,18

In this study we found that after the transplantation of
BMSCs, RAGE signal pathway in lung tissue was obviously
down-regulated because the levels of RAGE and NF-kB
at both mRNA and protein concentrations were reduced.
These data indicate that BMSCs inhibit the positive inflam-
matory feedback loop in AECs exposed to hyperoxia,
therefore provide protection against lung injury. This corre-
sponds with previous report that the inhibition of RAGE
signaling alleviated lung damage.19

In summary, in this study for the first time we reported
that hyperoxia upregulates RAGE/NF-kB signal pathway
in lung tissue of newborn rats, and transplantation of
BMSCs attenuates hyperoxia lung injury, which may be
mediated by the anti-inflammatory effects. Our results
suggest that BMSCs transplantation is a promising thera-
peutic approach for hyperoxia-induced ALI.
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