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hyperoxia-induced lung injury through inhibition  
of the renin-angiotensin system in newborn rats
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Abstract: Hyperoxia induces activation of the renin-angiotensin system (RAS) in newborn rat lungs. This study inves-
tigated the therapeutic effects of human mesenchymal stem cells (MSCs) on lung development and RAS expression 
in neonatal rats exposed to hyperoxia. Sprague-Dawley rat pups were exposed to either room air (RA) or oxygen-
enriched atmosphere (O2) treatment from postnatal days 1 to 14. Human MSCs (1 × 105 cells) in 0.03 mL of normal 
saline (NS) were administered intratracheally on postnatal day 5, and four study groups were obtained: RA + NS, RA 
+ MSCs, O2 + NS, and O2 + MSCs. The lungs were excised for cytokine, expression of RAS components, and histologi-
cal analyses on postnatal day 14. Body and lung weights were significantly lower in rats reared in hyperoxia than in 
those reared in RA. The rats reared in hyperoxia and treated with NS exhibited significantly higher tumor necrosis 
factor (TNF)-α and interleukin (IL)-6 levels, mean linear intercept (MLI), and expression of angiotensin II, angiotensin 
II type 1 receptor, and angiotensin-converting enzyme than those reared in RA and treated with NS or MSCs did. 
Administering MSC to hyperoxia-exposed rats reduced TNF-α and IL-6 levels, improved MLI, and decreased expres-
sion of angiotensin II, angiotensin II type 1 receptor, and angiotensin-converting enzyme to normoxic levels. Thus, 
human MSCs attenuated hyperoxia-induced lung injury through inhibition of the RAS in newborn rats.

Keywords: Angiotensin, angiotensin-converting enzyme, bronchopulmonary dysplasia, cytokine, mean linear inter-
cept

Introduction

Oxygen is often required to treat newborns with 
respiratory disorders. However, supplemental 
oxygen administered to newborn infants with 
respiratory disorders causes lung injury [1]. In 
neonatal rats, prolonged exposure to hyperoxia 
induces inflammation, reduces alveolar septa-
tion, and increases terminal air space size [2- 
4]. Therapeutic strategies for hyperoxia-indu- 
ced lung injury have been a focus in neonatal 
medicine; however, effective therapies have 
not been confirmed. 

The renin-angiotensin (Ang) system (RAS) is a 
key regulator of blood pressure and fluid home- 
ostasis [5]. Local RASs have been found in se- 
veral tissues, including lung, kidney, adrenal 
gland, heart, vasculature, and nervous system, 
and have exhibited a variety of functions, inclu- 
ding local cardiovascular regulation in associa-

tion with or independently of the systemic RAS, 
as well as noncardiovascular functions [6]. Con- 
sequently, a compartmentalized RAS may work 
within individual organ systems with some de- 
gree of autonomy to influence regional respon- 
se. High Ang II concentrations and angiotensin-
ogen and Ang II type 1 receptors (AT1R) have 
been expressed in rat lung tissue [7, 8]. Rat 
somatic Ang-converting enzyme (ACE) is first 
detectible at 18 days of gestation and increas-
es afterwards until postnatal weeks 2-6 in rat 
lungs [9]. Ang II produced from proteolytic pro-
cessing of angiotensinogen and generated 
locally in the lung tissue may have autocrine 
and paracrine actions at the cellular level [10]. 

Mesenchymal stem cells (MSCs) are multipo-
tent stromal cells that self-renew and differen- 
tiate into various cell types including bone,  
cartilage, adipose tissue, muscle, and tendon 
cells [11]. MSCs have immunomodulatory, anti-
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inflammatory, and regenerative effects. Pre- 
clinical studies have provided evidence for the 
therapeutic benefits of MSCs modified by Ang-
converting enzyme 2 (ACE2) in bleomycin- or 
lipopolysaccharide-induced lung injury [12, 13]. 
We demonstrated activation of the lung RAS  
in rat pups exposed to 1 week of >95% O2 and 
a further 2 weeks of 60% O2; administration  
of AT1R antagonist attenuated lung injury in 
hyperoxia-exposed newborn rats [14, 15]. How- 
ever, the therapeutic effects of MSCs on the 
RAS in hyperoxia-induced lung injury are largely 
unknown. We hypothesized that the MSCs wou- 
ld inhibit RAS and reduce hyperoxia-induced 
lung injury. To test this hypothesis, neonatal 
rats were exposed to hyperoxia, and the expres-
sion of the RAS components and lung develop-
ment was examined.

Materials and methods 

Isolation of human MSCs

Human MSCs were isolated as described in a 
previous report [16]. Briefly, the stem cells were 
isolated from placental-derived tissues and 
characterized by analyzing the expression of 
CD markers (CD44, CD73, CD90, and CD105) 
and the cell surface receptor HLA-DR using flow 
cytometry (BD Stemflow hMSC Analysis Kit;  
BD Biosciences, Franklin Lakes, NJ, USA). The 
capability of trilineage differentiation (chondro-
cyte, adipocyte, and osteocyte) and the karyo-
typing results were examined, demonstrating 
positive results.

Animal model

This study was approved by the Animal Care 
and Use Committee at Taipei Medical Univer- 
sity. Time-dated pregnant Sprague-Dawley rats 
were housed in individual cages with 12 h light-
dark cycles. Laboratory food and water were 
available ad libitum. The rat dams were allowed 
to deliver vaginally at term. Within 12 h of birth, 
litters were pooled and randomly redistributed 
to the newly delivered mothers; the pups were 
then randomly assigned to room air (RA) or oxy-
gen-enriched atmosphere (O2) treatment. The 
pups in O2 treatment subgroups were reared in 
an atmosphere containing 85% O2 from postna-
tal days 1 to 14. The pups in the RA control sub-
groups were reared in normal RA for 14 days. 
To avoid oxygen toxicity in the nursing mothers, 
they were rotated between the O2 treatment 

and RA control litters every 24 h. An oxygen-rich 
atmosphere was maintained in a transparent 
40 × 50 × 60 cm plexiglass chamber receiving 
O2 continuously at 4 L/min. Oxygen levels were 
monitored using a ProOx P110 monitor (Bio- 
Spherix; Redfield, NY, USA).

Transplantation of human MSCs

Human MSCs (1 × 105 cells) in 0.03 mL of NS 
were administered intratracheally on postnatal 
day 5. The cell numbers used in this experiment 
were based on a previous study that investigat-
ed surfactant effects on the viability and func-
tion of human MSCs in a similar animal model 
[17]. For intratracheal transplantation, the rats 
were anesthetized with 1% isoflurane (Halo- 
carbon Laboratories; River Edge, NJ, USA) and 
restrained on a board at a fixed angle. MSCs 
were injected into the trachea through a syringe 
with a 30-gauge needle. After the procedure, 
the animals were allowed to recover from anes-
thesia and were returned to their mothers. We 
obtained four study groups as follows: RA + NS, 
RA + MSC (1 × 105 cells), O2 + NS, and O2 + 
MSC (1 × 105 cells). Pups from each group were 
deeply anesthetized with an overdose of isoflu-
rane on postnatal day 14, and body and lung 
weights were recorded. Immediately after 
death, the left lung was ligated and the right 
lung was fixed by tracheal instillation of 10% 
buffered formalin at a pressure of 25 cmH2O for 
10 min.

Cytokine levels

Lung tissue was homogenized in 1 mL of ice-
cold lysis buffer containing 1% Nonidet P-40, 
0.1% sodium dodecyl sulfate, 0.01 M deoxycho-
lic acid, and a complete protease cocktail inhib-
itor. Cell extracts were centrifuged and the lev-
els of tumor necrosis factor (TNF)-α and inter-
leukin (IL)-6 in supernatants were measured 
using an enzyme-linked immunosorbent assay 
kit (Cloud-Clone Corp., Houston, TX, USA).

Western blot analysis

Lung tissues (0.06 g) were homogenized in  
0.6 mL of ice-cold lysis buffer containing 1% 
Nonidet P-40, 0.1% SDS, 0.01 M deoxycholic 
acid, and a complete protease cocktail inhibitor 
(s8830, Sigma-Aldrich, St Louis, MO, USA). The 
samples were then centrifuged at 13,000 rpm 
for 20 min at 4°C and the supernatants were 
aliquoted and stored at -20°C. Proteins (30 µg) 
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were resolved in 8-10% SDS-PAGE in reduced 
conditions and electroblotted to an Immobilon- 
P polyvinylidene difluoride membrane (IPVH- 
00010; Millipore Corporation, Bedford, MA, 
USA). After they had been blocked with 5% non-
fat milk, the membranes were incubated with 
anti-Ang II (GTX37789, GeneTex, San Antonio, 
Texas, USA), anti-ACE (2E2, Santa Cruz Bio- 
technology, Dallas, Texas, USA), and anti-ACE2 
(E-11, Santa Cruz Biotechnology) at 4°C over-
night. Mouse anti-β-actin mAb (C4, 1:1000; 
Santa Cruz Biotechnology) was used as an 
internal control. The densitometry unit of the 
protein expression in room air-exposed lungs 
was assigned as 1 after it had been normalized 
to ß-actin.

Histology and morphological analysis

The lung lobes were fixed with 4% paraformal-
dehyde in 0.1 M phosphate buffer (pH 7.4). The 
tissue was then dehydrated in alcohol, cleared 
in xylene, and embedded in paraffin. Five-
micrometer-thick sections were cut for further 
processing.

Immunostaining was performed on 5-µm-thick 
paraffin sections, followed by immunoperoxi-
dase visualization. After endogenous peroxida- 
se activity and nonspecific binding of antibod-
ies had been blocked, the sections were prein-
cubated for 1 h at 37°C in 0.1 M phosphate-
buffered saline containing 10% normal goat 
serum and 0.3% H2O2, and then incubated for 
20 h at 4°C with rabbit polyclonal anti-Ang II 
(1:50; GeneTax Inc., Irvine, CA, USA), anti-AT1R 
(N-10; 1:50; Santa Cruz Biotechnology Inc., 
Dallas, TX, USA), and mouse monoclonal anti-
ACE and anti-ACE2 (1:50; Santa Cruz Biotech- 
nology Inc.) primary antibodies. Subsequently, 
the sections were treated for 1 h at 37°C with 
biotinylated goat anti-rabbit IgG (1:200; Jack- 
son ImmunoResearch Laboratories Inc., PA, 
USA) or rabbit anti-mouse IgG (1:200; Sigma-
Aldrich Inc., St. Louis, MO, USA), followed by a 
reaction with the reagents from an avidin-biotin 
complex kit (Vector, CA, USA); the brown reac-
tion products were visualized using a diamino-
benzidine substrate kit (Vector) as per the man-
ufacturer’s recommendations.

Figure 1. Effects of human MSCs on the survival rate on postnatal day 14. The 
rats reared in RA and treated with NS or MSCs all survived. The rats reared in 
hyperoxia and receiving NS or MSCs exhibited a lower survival rate after post-
natal day 7. RA = room air; NS = normal saline; MSC = mesenchymal stem cell.

Table 1. Body weights, lung weights, and lung to body weight ratios in 
rat pups on postnatal day 14
Treatment n Body weight (g) Lung weight (g) Lung to body weight (%)
RA + NS 17 23.37 ± 2.15 0.34 ± 0.03 1.47 ± 0.15
RA + MSCs 17 24.28 ± 2.18 0.36 ± 0.03 1.47 ± 0.11
O2 + NS 10 18.85 ± 3.64*** 0.30 ± 0.06* 1.61 ± 0.22
O2 + MSCs 14 18.03 ± 2.89*** 0.27 ± 0.06*** 1.47 ± 0.15
Values are mean ± SD. RA = room air; NS = normal saline; MSCs = mesenchymal stem 
cells. *P < 0.05 vs. RA + MSCs. ***P < 0.001 vs. RA + NS and RA + MSCs.

After deparaffinization and 
rehydration, the lung sec-
tions were stained with 
hematoxylin and eosin for 
the general morphological 
observation and for mor-
phometric analysis. Mean 
linear intercept (MLI), an 
indicator of mean alveolar 
diameter, was assessed in 
10 nonoverlapping fields. 
In brief, 10 nonoverlapping 
fields of every section were 
randomly selected and ea- 
ch alveolar wall was count-
ed as two crossings, which 
was counted first in the 
horizontal direction and 
then in the vertical direc-
tion by turning the ocular 
90 degrees. To obtain the 
MLI values, an average of 
two numbers per field were 
used in the equation: Lm = 
(0.57/average intercepts) × 
1000 (μm).

Immunohistochemistry 
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Statistical analysis

All data are presented as mean ± standard 
deviation (SD). Statistical analyses were per-
formed using one-way analysis of variance with 
a Bonferroni post hoc test for multiple group 
comparisons. The survival rate was evaluated 
using the Kaplan-Meier method, and the log-
rank test was used for intergroup comparisons. 
Differences were considered statistically sig- 
nificant when P < 0.05.

Results

Six dams gave birth to a total of 68 pups; 34 
pups each were randomly distributed to RA and 
hyperoxia groups. Next, 17 and 17 pups and 15 
and 19 pups were treated with NS and human 
MSCs (1 × 105 cells) in the RA and hyperoxia 
groups, respectively. 

Survival 

The rats reared in RA and treated with NS or 
MSCs all survived (Figure 1). The rats reared in 
hyperoxia and receiving NS or MSCs exhibited a 
lower survival rate after postnatal day 7. On 
postnatal day 14, the survival rates between 
rats treated with NS or MSCs were compara- 
ble.

Body weight, lung weight, and lung to body 
weight ratios

The rats reared in hyperoxia and treated with 
NS or MSCs exhibited significantly lower body 
and lung weights on postnatal day 14 than tho- 

se reared in RA and treated with NS or MSCs 
(Table 1). Treatment with MSCs did not signifi-
cantly influence body or lung weights. Lung to 
body weight ratios were comparable among 
rats treated with NS or MSCs.

Cytokine levels

The rats reared in hyperoxia and treated with 
NS exhibited significantly higher TNF-α and IL-6 
levels than those reared in RA and treated with 
NS or MSCs (Figure 2A, 2B). Furthermore, the 
rats reared in hyperoxia and treated with MSCs 
exhibited a significantly lower TNF-α and IL-6 
levels than those treated with NS did. 

Histology results

Representative lung sections stained with he- 
matoxylin and eosin on postnatal day 14 are 
shown in Figure 3A. The lungs of rats reared in 
hyperoxia and treated with NS contained large 
thin-walled air spaces and exhibited a signifi-
cantly higher MLI than those reared in RA and 
treated with NS or MSCs did (Figure 3B). Alveo- 
lar macrophages were detected in the hyperox-
ia groups. Treatment with MSCs significantly 
decreased the hyperoxia-induced increase in 
the MLI and restored the thickness of alveolar 
wall.

Protein expression of RAS components

The rats reared in hyperoxia and treated with 
NS exhibited significantly higher Ang II and ACE 
expression than those reared in RA and treated 
with NS or MSCs did (Figure 4A, 4B). Treatment 

Figure 2. (A) Tumor necrosis factor (TNF)-α and (B) interleukin (IL)-6 levels in lung tissues of 14-day-old rats exposed 
to postnatal RA or hyperoxia and treated with NS or MSCs on postnatal day 5. Cytokine analysis for TNF-α and IL-6 
were performed using ELISA. The rats reared in hyperoxia and treated with NS exhibited significantly higher TNF-α 
and IL-6 levels than those reared in RA and treated with NS or MSCs. Treatment with MSCs significantly decreased 
the hyperoxia-induced increase in cytokines. Data represents mean ± SD. *P < 0.05, **P < 0.01. RA = room air; NS 
= normal saline; MSC = mesenchymal stem cell.
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with MSCs significantly decreased the hypero- 
xia-induced increase in the Ang II and ACE 
expression. The rats reared in hyperoxia and 
treated with NS exhibited lower ACE2 expres-
sion than those reared in RA and treated with 
NS or MSCs did. Treatment with MSCs intensi-
fied the hyperoxia-induced reduction in ACE2 
expression. The differences were not statisti-
cally significant.

Immunohistochemistry of RAS components

The immunoreactivity levels of Ang II, AT1R, 
ACE, and ACE2 were mainly detected in the 
endothelium of small-to-medium pulmonary 
vessels and type I and type II alveolar cells 
(Figure 5A-D). Ang II immunoreactivity was also 
demonstrated in the epithelium of bronchus. 

ia-induced lung injury by inhibiting RAS in an 
animal model of bronchopulmonary dysplasia 
(BPD). These results were compatible with pre-
vious findings in that AT1R antagonist attenu-
ated hyperoxia-induced lung injury in newborn 
rats, suggesting that human MSCs attenuated 
hyperoxia-induced lung injury, probably by inhi- 
biting the RAS.

Our study demonstrated that rats reared in 
hyperoxia and treated with NS or MSCs exhib-
ited significantly lower body and lung weights 
on postnatal day 14 than those reared in RA 
and treated with NS or MSCs did. Lung to body 
weight ratios were comparable among the rats 
reared in RA or hyperoxia and treated with NS 
or MSCs. These results suggested that body 
and lung weights were mainly influenced by 

Figure 3. (A) Representative histology and (B) mean linear intercept in 14-day-
old rats exposed to postnatal RA or hyperoxia and treated with NS or MSCs on 
postnatal day 5. Mean linear intercept, an indicator of mean alveolar diameter, 
was assessed in 10 nonoverlapping fields. The alveolar macrophages (arrow) 
were detected in the hyperoxia groups. The rats reared in hyperoxia and treated 
with NS exhibited a significantly higher MLI than those reared in RA and treated 
with NS or MSCs did. Treatment with MSCs significantly decreased the hyperox-
ia-induced increase in the MLI. Data represents mean ± SD. ***P < 0.001. RA 
= room air; NS = normal saline; MSC = mesenchymal stem cell.

The rats reared in hyperox-
ia and treated with NS dis-
played relatively prominent 
immunoreactivity of Ang II, 
AT1R, and ACE, whereas 
the rats reared in RA dis-
played relatively high AC- 
E2 immunoreactivity. Treat- 
ment with MSCs weakened 
the hyperoxia-induced inc- 
rease in immunoreactivity 
of Ang II, AT1R, and ACE, 
and slightly increased the 
immunoreactivity of ACE2.

Discussion

Our in vivo model revealed 
that neonatal hyperoxia ex- 
posure increased cytokine 
levels and arrested alveo-
larization in the lungs of 
newborn rats on postnatal 
day 14. Hyperoxia-induced 
lung injury was associated 
with increased Ang II, AT1R, 
and ACE expression. Intra- 
tracheal administration of 
MSCs on postnatal day 5 
decreased cytokine levels, 
improved alveolarization, 
and decreased lung Ang  
II, AT1R, and ACE protein 
expression. The major find-
ing is that the intratracheal 
administration of human 
MSCs attenuated hyperox-
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Figure 4. (A) Representative Western blots and (B) protein expression of the renin-angiotensin system components 
in lung tissues on postnatal day 14. The rats reared in hyperoxia and treated with NS exhibited significantly higher 
angiotensin (Ang) II and angiotensin-converting enzyme (ACE) expression than those reared in RA and treated with 
NS or MSCs did. Treatment with MSCs significantly decreased the hyperoxia-induced increase in Ang II and ACE 
expression and increased the hyperoxia-induced decrease in the ACE2 expression. Data represents mean ± SD. *P 
< 0.05, **P < 0.01. RA = room air; NS = normal saline; MSC = mesenchymal stem cell.

Figure 5. Representative immunohistochemical staining for (A) angiotensin (Ang) II, (B) Ang II type-1 receptor (AT1R), 
(C) angiotensin-converting enzyme (ACE), and (D) angiotensin-converting enzyme 2 (ACE2) expression in 14-day-old 
rats exposed to postnatal RA or hyperoxia and treated with NS or MSCs on postnatal day 5. The immunoreactivity of 
the renin-angiotensin system components was mainly detected in the endothelium of small-to-medium pulmonary 
vessels (black arrowhead), type I (black arrow) and type II (white arrow) alveolar cells, and epithelium of bronchus 
(asterisk). Ang II and AT1R were also demonstrated in alveolar macrophages (white arrowhead). The rats reared in 
hyperoxia and treated with NS displayed prominent immunoreactivity of Ang II, AT1R, and ACE, whereas the rats 
reared in RA and treated with NS SCs displayed higher ACE2 immunoreactivity. Treatment with MSCs decreased the 
hyperoxia-induced increase in immunoreactivity of Ang II, AT1R, and ACE and slightly increased immunoreactivity of 
ACE2. RA = room air; NS = normal saline; MSC = mesenchymal stem cell.
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hyperoxia; MSC treatment did not increase bo- 
dy weight and lung growth in hyperoxia-exposed 
newborn rats.

Supplemental oxygen administered to newborn 
infants with respiratory distress increases oxi-
dative stress and causes cytokine production. 
Human and animal studies have shown that 
increased cytokine levels and inflammatory 
cells are associated with the development of 
BPD [18, 19]. In this study, we found increased 
cytokine levels in the rats reared in hyperoxia. 
The administration of MSCs reduced the post-
natal hyperoxia-induced increase in TNF-α and 
IL-6 levels. These reduction effects of human 
MSCs on cytokines are consistent with relevant 
studies [20-22]. These results suggested that 
the therapeutic effects of MSCs on developing 
lungs are partially mediated through the inhibi-
tion of proinflammatory cytokine production.

In this study, although the survival rate was not 
significantly improved, administering human 
MSCs to rats exposed to postnatal hyperoxia 
significantly improved lung development in the 
surviving animals. The rats reared in hyperoxia 
exhibited a lower survival rate after postnatal 
day 6. Treatment with MSCs improved the sur-
vival rate from postnatal days 11 to 14. The dif-
ferences in the survival rates between hyperox-
ia-exposed rats treated with NS and MSCs 
were not significant on postnatal day 14. These 
results suggested that a higher dose or an 
additional dose of MSCs is required to maintain 
the survival rate.

The circulating RAS has played a well-described 
role in cardiovascular homeostasis. Local tis-
sue-based RASs have also been described to 
play key roles in hyperoxia-induced lung injury 
[14, 15, 23, 24]. The expression of RAS compo-
nents and elevation of ACE suggest the exis-
tence of a pulmonary RAS as well as that Ang II 
could mediate the response to hyperoxia-
induced lung injury. The main function of ACE2 
is to convert the octapeptide Ang II to a hepta-
peptide Ang-(1-7), thereby decreasing Ang II 
accumulation. Hyperoxia was reported to down-
regulate ACE2 expression in human fetal lung 
fibroblasts [25]. Administration of purified re- 
combinant human ACE2 attenuated bleomycin-
induced lung collagen accumulation in mice 
[26]. MSCs carrying ACE2 were more effective 
than MSCs alone in alleviating lipopolysaccha-
ride-induced acute lung injury in mice [12]. The 

effects of MSCs on RAS in hyperoxia-induced 
lung injury are unknown. In this study, we found 
that intratracheal administration of MSCs im- 
proved alveolarization and decreased lung Ang 
II, AT1R, and ACE protein expression. Treatment 
of MSCs did not significantly increase ACE2 
protein expression. These results support that 
MSCs must carry ACE2 to exert their beneficial 
effects and suggest that human MSCs attenu-
ated hyperoxia-induced lung injury, probably 
through the inhibition of the RAS.

Conclusion 

We have demonstrated that intratracheal ad- 
ministration of human MSCs decreased cyto-
kine levels and improved alveolarization in 
hyperoxia-exposed newborn rat lungs. These 
effects are associated with the inhibition of the 
RAS. These results can be used to construct a 
rational procedure that may characterize an 
RAS inhibitory pathway motivated by MSCs. 
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