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Abstract. Bronchopulmonary dysplasia (BPD) is the most 
common type of chronic lung disease in infancy, for which 
no effective therapy is currently available. The aim of the 
present study was to investigate the effect of treatment with 
bone marrow mesenchymal stem cells (BMSCs) in combina-
tion with recombinant human erythropoietin (rHuEPO) on 
BPD-induced mouse lung injury, and discuss the underlying 
mechanism. The BPD model was established by the exposure of 
neonatal mice to continuous high oxygen exposure for 14 days, 
following which 1x106 BMSCs and 5,000 U/kg rHuEPO were 
injected into the mice 1 h prior to and 7 days following expo-
sure to hyperoxia. The animals received four treatments in 
total (n=10 in each group). After 14 days, the body weights, 
airway structure, and levels of matrix metalloproteinase-9 
(MMP-9) and vascular endothelial growth factor (VEGF) 
were detected using histological and immunohistochemical 
analyses. The effect on cell differentiation was observed by 
examining the presence of platelet endothelial cell adhesion 
molecule (PECAM) and VEGF using immunofluorescence. 
Compared with the administration of BMSCs alone, the body 
weight, airway structure, and the levels of MMP-9 and VEGF 
were significantly improved in the BMSCs/rHuEPO group. 
The results of the present study demonstrated that the intrave-
nous injection of BMSCs significantly improved lung damage 

in the hyperoxia-exposed neonatal mouse model. Furthermore, 
the injection of BMSCs in combination with intraperitoneal 
injection of rHuEPO had a more marked effect, compared 
with BMSCs alone, and the mechanism may be mediated by 
the promoting effects of BMSCs and EPO. The results of the 
present study provided information, which may assist in future 
clinical trials.

Introduction

Bronchopulmonary dysplasia (BDP) is a disease affecting 
neonatals, particularly premature neonatals in which the 
structural development of the alveoli is blunted as a conse-
quence of inflammation and oxygen toxicity (1). The disease is 
complex and is characterized by disturbed alveologenesis (2). 
The pathogenesis depends on the interaction of a susceptible 
host with a multitude of environmental risk factors, including 
growth factors, cytokines, other substances that may act as 
ligands, receptors, signaling molecules and transcription 
factors, and the protein products of cell activity, including 
enzymes involved in matrix reconstruction, retinoids and 
elastin (3,4).

Hyperoxia-induced lung injury is a model of lung disease 
similar to BPD, with rarification and simplification of alveoli, 
thickened septa and vascular damage (5,6). Cell therapy is a 
potential therapeutic approach for lung disorders, including 
BDP. Previous advances have shown that mesenchymal stromal 
cells (MSCs) can protect the lung in the repair of injured lung 
tissues in several animal models, including endotoxin, bleo-
mycin, monocrotaline and hypoxia-induced lung injury (7-9). 
Studies have also shown that the intravenous or intratracheal 
administration of MSCs can protect against hyperoxic lung 
injury through reducing inflammation and improving alveolar 
structure (10,11). However, MSC engraftment in this disease 
is low, and therapeutic benefit is likely to be triggered by a 
paracrine-mediated mechanism, immunomodulation (12) or 
other mechanisms, which remain to be elucidated.

The vascular endothelial growth factor (VEGF) pathway 
and nuclear factor-κB (NF-κB), a transcription factor tradi-
tionally associated with inflammation, are essential for 
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alveolarization in the neonatal lung (13). The overexpression 
of transforming growth factor β (TGF-β), a stimulus for myofi-
broblastic differentiation, in neonatal mouse lungs results in 
structural changes of BPD, including abnormal alveolar struc-
ture and vascular development (14). Erythropoietin (EPO) is a 
glycoprotein hormone produced primarily by the adult kidney, 
which regulates the production of red blood cells, exerting 
its hematopoietic effects by stimulating the proliferation of 
committed erythroid progenitor cells (15). In the last decade, it 
has emerged that EPO is an important cytoprotective cytokine 
against various stress-inducing events in several organs (16,17). 
The beneficial effects of EPO in pulmonary diseases have also 
been reported (18). Ozer et al (19) reported that treatment with 
recombinant human erythropoietin (rhEPO) during hyperoxia 
exposure is associated with improved alveolar structure, 
enhanced vascularity and decreased fibrosis, therefore, treat-
ment of preterm infants with EPO may reduce the risk of 
developing BPD. Shang et al (20) reported that ERO attenu-
ates pulmonary inflammation and suppresses the levels of 
tumor necrosis factor-α (TNF-α) and interleukin-1 β (IL-1β) 
overproduced during acute endotoxemia, which is partially 
mediated by the inhibition of NF-κB (20). Although treatment 
with rhEPO is associated with improved alveolar structure, 
enhanced vascularity and decreased fibrosis, these effects 
require cautious interpretation due to the limited number of 
animals included, and further investigation is required.

Previous studies have investigated the potential therapeutic 
effect of stem cells in hyperoxic lung injury in neonatal rats, 
and of MSCs, which are able to prevent arrested alveolar and 
vascular growth, partly via paracrine activity (11,21). These 
may offer novel therapeutic strategies for treatment of lung 
disease; however, their potential roles in neonatal lung injury 
have not been identified. In the present study, the different 
effects of MSCs, EPO alone or MSCs + EPO in the treatment 
of BPD were investigated as promising therapeutic targets for 
the treatment of BPD.

Materials and methods

Animals. Neonatal C57BL/6 mice (age, 24 h; weight, 
12 g) were used in all experiments in the present study. 
The C57BL/6-green fluorescent protein (GFP) mice were 
purchased from the Animal Resource Center of the Fourth 
Military Medical University (Xi'an, China) and maintained 
in a temperature controlled environment (22‑24˚C) under a 
12-h light/dark cycle with access to food and water ad libitum. 
The mice were randomized into various groups and weighed, 
and blood samples were collected. All animal procedures 
were approved by the animal ethics committee of Shandong 
University (Jinan, China) and were performed in accordance 
with the Guide for the Care and Use of Laboratory Animals, 
published by the US National Institutes of Health (NIH 
Publication no. 85-23, revised 1996).

Cell isolation and culture. BMSCs were isolated from the 
bone marrow from the tibia and femurs of all four limbs of 
6-8-week-old C57BL/6-GFP transgenic mice using a previ-
ously reported approach (22). Briefly, fresh BMSCs were 
isolated by flushing Dulbecco's modified Eagle's medium 
(DMEM; American Type Culture Collection, Manassas, MD, 

USA) containing 1% penicillin-streptomycin (Sigma-Aldrich, 
St. Louis, MO, USA) through the medullary cavity of the mouse 
femurs. The cells were isolated using a Ficoll density gradient 
centrifugation method (1.077; Sigma-Aldrich) at 800 x g 
for 20 min at room temperature. The isolated BMSCs were 
cultured (1x106 cells per 100-mm cell culture dish (Corning 
Incorporated, Corning, NY, USA) and expanded in low glucose 
culture containing culture medium (GE Healthcare Life 
Sciences, Logan, UT, USA) containing 10% fetal calf serum 
(Becton Dickinson; BD Biosciences, San Diego, CA, USA) 
at 37˚C in 5% CO2. After 48 h, the nonadherent cells were 
removed, fresh medium was added, and the culture was main-
tained for 7 days. The cells were then washed three times with 
Tris-buffered saline, which was followed by a 1-h incubation 
in the dark with fluorescein isothiocyanate, (FITC)‑conjugated 
goat anti-rabbit IgG (H+L) secondary antibody (cat. 
no. ZF-0311; dilution, 1:200, ZSGB-Bio Co., Beijing, China) 
in phosphate-buffered saline (PBS). 4,6-Diamino-2-phenyl 
indole (DAPI) was used for nuclear counterstaining. Images 
of the cells were captured using a camera system connected to 
a fluorescence microscope (ECLIPSE 90i and NIS‑Elements 
AR system, Nikon Corporation, Tokyo, Japan). The cells had 
characteristic immunoreactivities for cell markers CD44, 
CD117, CD34 and CD106 (Santa Cruz Biotechnology, Inc., 
CA, USA) on the basis of immunocytochemistry. Briefly, 
1x104 cells grown on a poly-l-lysine-coated 24-well plate 
were washed three times with PBS and fixed in 4% parafor-
maldehyde for 30 min at room temperature, following which 
the cells were permeabilized with 0.1% Triton X-100/PBS 
for 20 min and blocked with 4% goat serum for 1 h. The 
cells were then incubated with rat monoclonal CD44 (1:100; 
cat. no. sc-18849; Santa Cruz Biotechnology, Inc.), CD106 
(1:100; cat. no. ab24853; Abcam,Cambridge, MA, USA) and 
CD117 (1:100; cat. no. ab24870; Abcam) antibodies, and a 
goat polyclonal CD34 (1:100; cat. no. sc-7045, Santa Cruz 
Biotechnology, Inc.) antibody for 1 h at room temperature in 
the dark (23).

BMSCs were suspended with trypsin and 5x105 cells, 
washed twice with PBS containing 0.5% bovine serum 
albumin (Sigma-Aldrich), were incubated with 1:200 dilu-
tions of fluorochrome‑conjugated specific or isotype control 
antibodies for 30 min at 4˚C. The BMSCs were subsequently 
resuspended in PBS and incubated with specific or isotype 
control antibodies: Phycoerythrin (PE)/Cy5-conjugated anti-
CD44 (cat. no. ab25579), FITC-conjugated anti-CD106 (cat. 
no. ab24853), PE-conjugated anti-CD34 (cat. no. ab23830), and 
FITC-conjugated anti-CD117 (cat. no. ab24870; all Abcam) 
resuspended in PBS and incubated with mouse anti-human 
monoclonal antibodies for 30 min at 4˚C. After being washed, 
the cells were resuspended in PBS for fluorescence‑activated 
cell sorting (FACS) analysis.

Preparation of hyperoxia‑induced lung injury and experi‑
mental groups. The neonatal C57BL/6 mice were randomly 
divided into the following four groups (n=10 in each group): 
Control, high oxygen, BMSCs alone and BMSCs/rHuEPO. 
Hyperoxia exposure of the neonatal mice was prepared, as 
previously reported (24). Briefly, the BPD group of neonatal 
C57BL/6 mice (age, 24 h) were placed in chambers in which 
the oxygen concentration was maintained at FiO2=0.60. 



MOLECULAR MEDICINE REPORTS  14:  1302-1308,  20161304

The exposure to hyperoxia was continuous, and the animals 
were exposed to the hypoxic environment for 14 days, 
with a brief interruption for animal care (<10 min/day). 
Subsequently, 1x106 BMSCs were administered intravenously 
and 5,000 U/kg rHuEPO was administered by intraperitoneal 
injection, 1 h prior to and 7 days following hyperoxia exposure 
of the neonatal mice.

Lung histology and morphometric analysis. The lung tissues 
were prepared for histological examination, as previously 
described (24). Briefly, the mice were sacrificed by intra-
peritoneal injections of pentobarbital (100 mg/kg) at 14 days 
old. Following sacrifice, the lungs were fixed with 4% para-
formaldehyde solution overnight, and the left lower lobe was 
embedded in paraffin. Tissue sections were produced using a 
microtome set at 4-5 µm (Leica RM226; Leica Microsystems 
GmbH, Heidelberg Germany). Alveolarization was assessed 
by performing radial alveolar counts (RACs), according to 
standard methods, as previously described (25). Briefly, from 
the center of the respiratory bronchiole, a perpendicular line 
was drawn to the edge of the acinus, as defined by a connective 
tissue septum or the pleura, and the number of septa inter-
sected by this line were counted. A total of five counts were 
performed for each animal, and the average count from the 
five high‑power fields was randomly selected. These experi-
ments were performed by two examiners blinded to treatment 
assignment.

Immunohistochemical staining. On day 14, the mice were sacri-
ficed by intracoronary perfusion of 10% KCl solution, and the 
lungs were removed and fixed in 4% paraformaldehyde/PBS 
for 24 h, followed by storage in 70% ethanol. The left lower 
lobe was embedded in paraffin, sectioned into 4‑5 µm‑thick 
sections, deparaffinized in xylene, and rehydrated by serial 
immersions in 100, 95, 85 and 75% ethanol, and 100% water. 
Following blocking with 4% normal goat serum in PBS, the 
slides were incubated with primary antibodies overnight at 
4˚C, and biotinylated HRP-conjugated rabbit IgG (H+L) poly-
clonal secondary antibody (1:200; cat. no. ZB-2306; ZSGB-Bio 
Co.) for 20 min at room temperature. The following primary 
antibodies were used: Rabbit polyclonal MMP-9 (1:200; cat. 
no. ab3889; Abcam) and VEGF (1:200; cat. no. ab46154; 
Abcam), which was followed by a 1-h incubation in the dark 
with tetrametrylrhodarnine isothiocyante-conjugated goat 
anti-rabbit IgG (H+L) secondary antibody (cat. no. ZF-0316; 

dilution, 1:200; ZSGB-Bio Co., Ltd). A total of 10 serial 
cortex and hippocampal sections (50 µm interval for each 
section) from each animal (n=10 for each group) were used to 
quantify each parameter. The staining was analyzed using the 
image-analyzing system, Image Pro Plus 6 (Media Cybernetics, 
Rockville, MD, USA), as previously described (26).

Statistical analysis. All data are expressed as the mean ± stan-
dard error of the mean. Comparisons of parameters between 
two groups were made using an unpaired Student's t-test. 
Comparisons of parameters among three groups were made 
using one-way analysis of variance, followed by Scheffe's 
multiple comparison test. Statistical analysis performed using 
the SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 
was considered to indicate a statistically significant difference.

Results

FACS. The surface markers of BMSCs were determined using 
FACS and showed that the BMSCs were positive for CD44 
(93.14%) and CD106 (95.37%), but negative for CD34 (1.69%) 
and CD117 (2.58%; Fig. 1).

Body weights. A total of 10 animals were represented in each 
treatment group and at each time point. The body weights of the 
animals were lower in the BPD group (positive control) when 
the mice were 7- (5.89±0.26 g) and 14- (7.95±0.22 g) days-old, 
compared with the mice exposed to room air (8.34±0.25 and 
11.05±0.28, respectively, P<0.05). The body weights in the 
BMSC alone and BMSC/rHuEPO treatment groups were 
higher at 7 days old (6.84±0.20 and 7.42±0.23 g, respectively) 
and 14 days old (9.27±0.21 and 10.38±0.26 g, respectively), 
compared with the hyperoxia group (P<0.05). Weight preser-
vation was most marked in the BMSCs/rHuEPO-treated mice 
(P<0.05; Fig. 2).

Lung histology and morphometric analyses. To investigate 
whether treatment with BMSCs and BMSCs/rHuEPO have 
beneficial effects on hyperoxia exposure‑induced impairment 
in lung structure, morphometric analysis was performed 
using RACs. Compared with the room air control, RACs were 
lower in the 14-day-old C57BL/6 mice exposed to hyperoxia, 
but higher in the mice treated with BMSCs alone and with 
BMSCs/rHuEPO during hyperoxia on postnatal days 7 and 14, 
compared with those of the BPD group. In addition, improved 

Figure 1. Characterization of cultured bone mesenchymal stem cells. The surface markers were determined by fluorescence activated cell sorting.
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weight preservation was shown in the BMSCs/rHuEPO-treated 
mice, compared with the mice treated with BMSCs alone 
(Fig. 3).

Protein expression levels of MMP‑9 and VEGF in lung 
tissues. The results of the immunohistochemical staining 
analysis revealed that exposure of the neonatal mice to 
hyperoxia for 14 days resulted in significant increases in 
the protein expression levels of MMP-9 in the lungs, and a 
decrease in VEGF. The alterations in these proteins were 
significantly improved following treatment with BMSCs alone 
and with BMSCs/rHuEPO on day 14. Of note, the improve-
ment in these protein expression levels were more marked in 
the BMSCs/rHuEPO group, compared with the BMSCs only 
group (Fig. 4).

Identification of the injected BMSCs. On day 14 following the 
injection of BMSCs from the C57BL/6-GFP mice,cytochemical 
staining of vessel markers, PECAM (red) and VEGF (red), in 
the lung tissues were observed. Images were captured using 
a camera system connected to a fluorescence microscope 
(Fig. 5). However, the differentiation did not differ between 
the BMSCs alone and BMSCs/rHuEPO groups.

Discussion

There has been substantial interest in the potential therapeutic 
effect of stem cells as a novel approach to a diverse range of lung 
diseases, including hyperoxic injury in neonatal rats (21,27). 
The intravenous or intra-alveolar administration of BMSCs 
attenuates the severity of lung damage in adult rats following 
bleomycin- and endotoxin-induced lung injury (5,8). Potential 
mechanisms for BMSC therapy-induced improvements in lung 
structure include engraftment, anti‑inflammatory or immu-
nomodulatory functions, and anti-apoptotic effects. Previous 

studies have indicated that BMSCs can prevent arrested alve-
olar and vascular growth, in part, through paracrine activity in 
an experimental model of neonatal lung injury in rats (11,28). 
These reports may offer novel therapeutic strategies for lung 
diseases, which currently lack efficient treatments. However, 
several issues require further investigation (29) and the 
potential role of BMSCs in the setting of neonatal lung injury 
remain to be fully elucidated (30). BMSCs can migrate to, 
or be involved in the development of lung tissue (31-34), and 
several studies have demonstrated that stem/progenitor cells 
have the potential for use as cellular therapies to contribute to 
lung repair mechanisms following acute lung injury (34,35). 
The present study demonstrated that the intravenous injection 
of BMSCs significantly improved body weight and airway 

Figure 3. Hyperoxia impairs lung structure in neonatal mice. (A) Effects 
of treatment with BMSCs or BMSCs/EPO during hyperoxia for 14 days on 
lung histology (magnification x200). (B) Effects of treatment with BMSCs 
or BMSCs/rHuEPO during hyperoxia on RACs. Treatment with BMSCs and 
BMSCs/EPO during hyperoxia increased RACs. Data are presented as the 
mean ± standard error of the mean (n=10). *P<0.05, compared with the con-
trol group; #P<0.05, compared with the BPD group; ▲P<0.05, compared with 
the BMSCs group. BMSCs, bone marrow mesenchymal stem cells; rHuEPO, 
recombinant human erythropoietin; BPD, bronchopulmonary dysplasia; 
RACs, radial alveolar counts.

  A

  B

Figure 2. Effect of BMSCs and BMSCs/rHuEPO on body weight. Body 
weights were lower in the hyperoxia group at 7 and 14 days, compared with 
the control. The BMSCs- and BMSCs/rHuEPO-injected groups showed  
higher body weights at 7 and 14 days old, compared with the hyperoxia 
group. Weight preservation was improved in the BMSCs/rHuEPO group, 
compared with the BMSCs group. The data are presented as the mean ± stan-
dard error of the mean (n=10). *P<0.05, compared with the control group; 
#P<0.05, compared with the hyperoxia group; ▲P<0.05, compared with the 
BMSCs group. BMSCs, bone marrow mesenchymal stem cells; rHuEPO, 
recombinant human erythropoietin.
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Figure 4. Examination of (A) MMP‑9 and (B) VEGF protein expression levels in the lung tissues (magnification, x200). (C) Quantitative results of protein 
expression. Data are presented as the mean ± standard error of the mean (n=10). *P<0.05 vs. control; #P<0.05 vs. BPD group; ▲P<0.05 vs. BMSCs group. 
MMP, matrix metalloproteinase; VEGF, vascular endothelial growth factor; BMSCs, bone marrow mesenchymal stem cells; rHuEPO, recombinant human 
erythropoietin; BPD, bronchopulmonary dysplasia.

  A

  B

  C

Figure 5. Double‑labeled cells were observed using a fluorescence microscope. At 14 days of age, the injected cells from the C57BL/6-GFP mice underwent 
proliferation, as shown by C57BL/6-GFP cells (green), vessels markers PECAM and VEGF (red), and the merged images (yellow color), indicated by white 
arrows. (Magnification x200). GFP, green fluorescent protein; VEGF, vascular endothelial growth factr; PECAM, platelet endothelial cell adhesion molecule.
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structure following lung injury in hyperoxia-exposed neonatal 
mice, Of note, the injection of BMSCs in combination with 
rHuEPO showed more marked improvement, compared with 
injection of the BMSCs alone.

MMPs are a family of proteolytic enzymes that degrade 
various components of the ECM, and members of MMPs 
family include MMP-1, MMP-2, MMP-8 and MMP-9 (36). 
MMP-9 has been shown to be a key proteinase, promoting the 
destruction of matrix and basement membranes (37). Studies 
have shown that the concentrations of MMP-9 are elevated 
in the tracheal aspirates of neonates with BPD (38,39). The 
findings of the present study may support the suggestion that 
MMP-9 and TGF-β are important in neonatal lung injury 
and BPD. Treatment with rhEPO during hyperoxia exposure 
is associated with improved alveolar structure, enhanced 
vascularity and decreased fibrosis in BPD (19). In addition, 
EPO can attenuate pulmonary inflammation and suppress the 
overproduction of TNF-α and IL-1β induced by acute endo-
toxemia (20). In the present study, the results showed that the 
protein expression levels of MMP‑9 were significantly lower 
following treatment with BMSCs alone and in combination 
with rHuEPO following exposure of the neonatal mice to 
hyperoxia for 14 days. However, the expression of MMP-9 
was lower in the BMSCs/rHuEPO group, compared with the 
BMSCs only group. These results showed that treatment with 
BMSCs or BMSCs/rHuEPO reduced lung injury, and that 
EPO promoted the effect of the BMSCs through paracrine or 
anti‑inflammatory mechanisms.

VEGF is recognized as being essential in the regulation 
of pulmonary vascular growth and development, stimulating 
angiogenesis and endothelial survival (40). In BDP animal 
models and in the lungs of premature infants who succumbed 
to BPD-associated mortality, the expression levels of VEGF 
are decreased (41-43). Inhibiting VEGF receptor 2 (VEGFR2) 
causes rarefaction of pulmonary vessels and impairs alveolar 
formation (41) in neonatal rats, whereas the enhancement of 
VEGF signaling rescues the alveolar disruption induced by 
hyperemia (44). By contrast, inhibiting postnatal angiogenesis 
impairs alveolarization (27), and decreased pulmonary capil-
lary density is observed in animal models and patients who 
have succumbed to BPD-associated mortality (45). At present, 
although the association between pulmonary angiogenesis 
and lung development is clear, the transcription mediation 
of pulmonary angiogenesis remains to be elucidated. As 
reported, NF-κB directly regulates the expression of the 
proangiogenic molecule, VEGFR2, in the developing pulmo-
nary vasculature (13). The findings of the present study showed 
that the protein expression levels of VEGF were significantly 
improved 14 days following treatment with BMSCs alone or 
with BMSCs/rHuEPO during exposure of the neonatal mice to 
hyperoxia. These results supported the hypothesis that VEGF 
is involved in neonatal lung injury. Of note, the present study 
found that EPO further promoted this effect.

In conclusion, supplemental oxygen is required for the 
survival of premature infants, however, this may lead to the 
accumulation of reactive oxygen species, impairment of alveo-
larization and dysmorphic pulmonary vasculature. The present 
study demonstrated that intravenous injection of BMSCs signifi-
cantly improved the damaged airway structure, and rescued the 
levels of MMP-9 and VEGF in hyperoxia-exposed neonatal 

mouse lungs. It was found that treatment with BMSCs in 
combination with intraperitoneal injection of rHuEPO further 
enhanced these improvements, compared with BMSCs alone.

Taken together, the data obtained in the present study 
suggested that BMSCs from C57BL/6-GFP mice provided a 
novel approach for the treatment of BPD in an in vivo model 
of lung injury. The results also indicated that the combination 
of BMSCs and EPO had more marked effects, compared with 
BMSCs alone 14 days following injection. These findings 
suggested the potential to rescue BPD damage by the injection 
of BMSCs alone or BMSCs/EPO in mice, providing valuable 
information for future clinical trials.
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