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ABSTRACT

Alteration of TGF-β-ALK-Smad
signaling in hyperoxia-induced
bronchopulmonary dysplasia model
of newborn rats
Jin Meihua
Pediatrics
The Graduate School
Seoul National University

Background: Bronchopulmonary dysplasia (BPD) is a main chronic lung
disease that commonly occurs in preterm infants. BPD is characterized by
impaired alveolarization and vascularization of the developing lung. The
transforming growth factor-β (TGF-β) signaling pathway is known to play an
important role during lung vascular development.
Objective: To investigate whether the regulation of TGF-β-ALK-Smad
signaling pathway influences the disruption of pulmonary vascular
development in newborn rats using a hyperoxia-induced BPD model.
Methods: Neonatal rats were continuously exposed to 21% or 85% O2 for 7
days and subsequently kept in normoxic conditions for another 14 days. Lung
i

tissues were harvested at each time point and were evaluated for the
expression

of

TGF-β1,

ALK1,

ALK5,

phosphorylated

phosphorylated Smad2/3, VEGF and endoglin by both

Smad1/5,

biochemical and

immunohistological analyses.
Results: Double-fluorescence immunohistochemical staining indicated that
these molecules were mainly expressed in pulmonary endothelial cells. The
expression of TGF-β1 and ALK5 mRNA and protein were significantly
increased in the D5 hyperoxia group, while the expression of ALK1 mRNA
and protein was significantly decreased. The level of phosphorylated Smad1/5
was significantly decreased in the D7 hyperoxia group, whereas the
expression of phosphorylated Smad2/3 was increased. In addition, the
expression of vascular endothelial growth factor (VEGF) mRNA was
increased at D1, with a subsequent decrease in the D7 hyperoxia group. There
was no significant difference in endoglin expression over the entire
experimental period.
Conclusion: Our results indicate that exposure to hyperoxia altered the
balance between the TGF-β-ALK1-Smad1/5 and TGF-β-ALK5-Smad2/3
signaling pathways in pulmonary endothelial cells, which may ultimately lead
to the development of BPD.
---------------------------------------------------------------------------------------------Keywords: Angiogenesis; endothelial cell; VEGF; endoglin
Student Number: 2011-30825
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INTRODUCTION

In recent years, widespread use of antenatal steroids, different types of
mechanical ventilation and early administration of exogenous postnatal
surfactant therapy have significantly reduced the mortality of preterm infants.
However, despite the advanced perinatal care preterm infants are still at risk
for late respiratory morbidity due to development of bronchopulmonary
dysplasia (BPD).
The histopathology of ‘old BPD’ was initially characterized by airway
epithelial metaplasia, peribronchial fibrosis and airway vascular smooth
muscle hypertrophy over 40 years ago [1]. With advanced perinatal therapy,
the pathological picture has gradually changed from ‘old BPD’ to ‘new BPD’.
‘New BPD’ is characterized more by impaired alveolarization and abnormal
vascular growth and less by parenchymal fibrosis [2]. ‘New BPD’ has been
defined as a developmental disorder of the lung and arrested lung vascular
development has recently been a focus of research in this context. A recent
study has suggested that hyperoxic injury may be associated with the
disruption of lung angiogenesis in BPD [3]. Although the regulation of lung
angiogenesis is one of the causative factors for BPD pathogenesis, its
molecular mechanism remains to be elucidated.
TGF-βs are known to be involved in the regulation of vasculogenesis and
1

angiogenesis [4]. The TGF-βs family contains three isoforms, known as TGFβ1, TGF-β2 and TGF-β3. TGF-β-mediated signaling is initiated by binding of
the TGF-β ligand to its serine/threonine kinase receptors, the type Ⅱ
receptor (TβRⅡ), which subsequently complex with the type Ⅰreceptor [5].
Recent studies have shown that TGF-β can bind to two distinct type Ⅰ
receptors, ALK1 and ALK5, and transduces signals to endothelial cells [6].
The TGF-β-ALK5 and TGF-β-ALK1 pathways have opposite effects on
endothelial cell behavior; TGF-β-ALK5 signaling induces Smad2/3
phosphorylation, which inhibits endothelial cell proliferation and migration,
while TGF-β-ALK1 signaling induces Smad1/5 phosphorylation, which
promotes both processes [6, 7]. Subsequently, these TGF-β receptor-regulated
Smads (R-Smads) form heteromeric complexes with common mediator Smad
(Co-Smad) Smad4 and translocate into the nucleus to regulate the expression
of target genes [8]. It has also been reported that vascular endothelial growth
factor (VEGF) expression increases through enhancement of the TGF-βALK1-Smad1/5 signaling pathway [9, 10].
In the present study, we used hyperoxia-exposed newborn rats as a BPD
model to evaluate the expression of molecules involved in TGF-β signaling
pathway. In addition, we examined the expression of endoglin (CD105),
which is a TGF-β accessory receptor also known as the TGF-β type Ⅲ
receptor. In particular, we focused on the change in vascularization mediated

2

by the TGF-β-ALK-Smad signaling pathway during newborn lung
development after hyperoxic conditions.

3

Figure 1 TGF-β transduces signals through the Smad-dependent pathway in
endothelial cells [11]. TGF-β signaling is initiated by binding of TGF-β to one
of its receptors, the type Ⅱ receptor (TβRⅡ), which subsequently
phosphorylates and complexes with the type Ⅰreceptors (ALK1 or ALK5).
The TGF-β-ALK5 and TGF-β-ALK1 pathways have opposite effects on
endothelial cell behavior; TGF-β-ALK5 signaling induces Smad2/3
phosphorylation, which inhibits endothelial cell proliferation and migration,
while TGF-β-ALK1 signaling induces Smad1/5 phosphorylation, which
promotes both processes. The activated Smad1/5 and Smad2/3 then form
heteromeric complexes with Smad4 and translocate into the nucleus to
regulate target gene transcription. Moreover, ALK1-Smad1/5 signaling
indirectly inhibits ALK5-Smad2/3 signaling by competing for availability of
Smad4.
4

MATERIALS AND METHODS

Experimental animals
All animal studies were performed at Seoul National University Hospital
Biomedical Research Institute. The experimental protocol and procedures
were approved by the Animal Care and Use Committee. Four-day-old male
Sprague-Dawley rat pups (Orient Bio Inc. Seongnam, Korea) were randomly
divided into two groups, control (normoxia) group and hyperoxia group, and
used in the experiments. There were fifteen animals per group, and the
experiments were repeated three times.

Hyperoxic animal model
Rat pups in the hyperoxia groups were kept with a dam in a cage within a
Plexiglas hyperoxic chamber containing 85% oxygen for 7 days.
Subsequently, they were kept under normoxic conditions for 14 days. The
unexposed control group rats were continuously kept under normoxic
conditions for the entire 21 days of the experimental period. Nursing dams
were rotated daily between hyperoxia and control cages to prevent oxygen
toxicity in the dams. Oxygen concentration, humidity and temperature inside
the Plexiglas hyperoxic chamber were continuously monitored with an
oxygen sensor (Coy Laboratory Products, Grass Lake, Michigan, USA).
Breeding conditions were similar for all animals.
5

Tissue preparation
Rat pups were respectively sacrificed at D0, D0.5, D1, D3, D5, D7 and
D21. The right lungs from each pup were immediately stored at -70℃ for
biochemical analysis, and the left lungs were fixed in formalin and stored at 4
℃ for histological analysis.

6

Figure 2 Diagram of experimental protocol. Rat pups in the hyperoxia group
were kept in 85% O2 for 7 days. Subsequently they were kept under normoxic
conditions for 14 days. The unexposed control group rats were continuously
kept under normoxic conditions for the entire 21 days of the experimental
period. Each group consisted of n = 15 animals.
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Lung morphometry
Four random, non-overlapping fields per pup were utilized for
morphometric examinations. H&E stained sections were photographed using
a digital camera system (Leica DFC 280; Leica, Wetzlar, Germany) with a
microscope

(Olympus

BX51;

Olympus,

Tokyo,

Japan)

at

100ⅹ

magnification. Photographs were analyzed using the morphometric method as
described previously [12]. Tissue volume densities (VDT) were determined
using a 10ⅹ10 grid (grid element side length was approximately 29μm). The
mean chord length (Lm) provided an estimate of the distance from one
airspace wall to an adjacent airspace wall. Alveolar surface area (SA) was
calculated using SA=4ⅹ VDT ⅹ lung volume/ Lm. Lung volume was
determined by measuring the displacement of water by lungs after fixation.

Real-time RT-PCR
Total RNA was extracted from lung tissue using trizol reagent (Cat
No.15596-018; Invitrogen, CA, USA) according to the manufacturer’s
instructions. The quality and purity of isolated total RNA was determined by
spectrophotometry at 260 and 280 nm. Single-stranded cDNA was
synthesized from 1 μg of total RNA using a cDNA synthesis kit (Cat No.
#170-8891; Bio-Rad, Hemel Hempstead, UK) in a total volume of 20 μl.
Real-time PCR reactions with SYBR Green were run on the Chromo4 System
(Cat No. CFB-3240; Bio-Rad, USA). After an initial denaturation step (5 min
8

at 95℃), TGF-β1, ALK5 and endoglin were amplified using 45 cycles of 15
sec at 95℃, 30 sec at 60℃, 30 sec at 72℃. ALK1 was amplified using 45
cycles of 10 sec at 95℃, 10 sec at 60℃, 15 sec at 72℃. VEGF was amplified
using 45 cycles of 20 sec at 95℃, 30 sec at 60℃, 30 sec at 72℃. The data
were analyzed using Opticon Monitor software (version 3.1, Bio-Rad). The
corresponding primer sequences for each gene are shown in Table 1.

Western blot
Lung tissues were homogenized in lysis buffer with a protease inhibitor
cocktail (Cat No.11697498001; Roche, IN, USA). After determining the
protein concentration by DC protein assays (Bio-Rad, Hercules, CA, USA),
total soluble proteins (20 μg) were separated on 4-12% gradient gels (Cat No.
NP0335BOX; Invitrogen, CA, USA). The proteins were transferred to a
nitrocellulose membrane. Non-specific binding was blocked with 5% Skim
Milk (Cat No. 232100; BD, California, USA) at room temperature for 1 h.
The protein blots were then probed with specific primary antibodies (1:1000
dilutions) against TGF-β1 (Cat No. NBP1-45891; Novus Biologicals,
Littleton, CO, USA), ALK1, ALK5, phospho-Smad1/5 (Cat No. #9516; Cell
Signaling, Frankfurt, Germany), phospho-Smad2 (Cat No. #AB384-9;
Millipore, MA, USA), phospho-Smad3 (Cat No. A1005; Assay Biotech, CA,
USA) and endoglin overnight at 4℃. After incubating with host-specific
secondary antibodies (goat anti-rabbit IgG-HRP) for 1 h at room temperature,
9

the immunoreaction was detected with a chemiluminescent substrate kit (Cat
No. #34080; Thermo Scientific, Rockford, IL, USA) and quantitated by
densitometric scanning of the X-ray film with SLB MyImager (UVP Inc,
Upland, CA, USA). Blots were normalized for protein loading by washing in
stripping solution and reprobing with a monoclonal antibody against β-actin
(dilution 1:2000; Cat No. #4970, Cell Signaling, Frankfurt, Germany).

Immunohistochemistry (IHC)
ALK1, ALK5 and endoglin were detected by immunohistochemistry
after 5 days of 85% oxygen exposure, and PECAM-Ⅰ was detected at D21.
Paraffin-embedded sections (4 μm) were deparaffinized with xylene and
dehydrated with ethanol. The slides were then exposed to antigen unmasking
solution (Cat No. H-3301; Vector Laboratories, CA, USA) in a microwave
(98℃) for 15min. After cooling, the slides were placed in a staining dish with
0.3% H2O2 to quench for endogenous peroxidase activity for 30 min; then, the
slides were washed with PBS three times and subsequently placed in 0.5%
triton ⅹ100 (Cat No. T8787; Sigma, Germany) for 15 min. The non-specific
binding of antibodies to the lung tissue sections were then blocked by
incubating sections with 10% normal goat serum (Cat No. 71-00-27; KPL,
Gaithersburg, USA) for 1 h. The sections were incubated overnight at 4℃
with PECAM-Ⅰ(Cat No. MAB1393, dilution 1:200; Millipore, MA, USA),
ALK1 (Cat No. BS2555, dilution 1:100; Bioworld Technology, MN, USA),
10

ALK5 (Cat No. BS3257, dilution 1:100, Bioworld Technology, MN, USA)
and endoglin (Cat No. ab107595, dilution 1:100; Abcam, Cambridge, UK)
antibodies. The sections were then incubated at room temperature with
secondary antibody (Cat No. K5007; Dako Cytomation, Denmark) for 1 h.
Binding was detected with 3, 3’-diaminobenzidine tetrachloride (Dako
Cytomation, Denmark) for 15 sec. The sections were lightly counterstained
with hematoxylin, cleared and mounted with mounting medium. The
immunostained sections were examined using a microscope at 200ⅹ
magnification, with an attached camera. Five random, non-overlapping fields
per section were captured for quantitative imaging (Leica QWin image
analysis software).
Normal lung tissue was used for the double fluorescence staining. Goat
anti-mouse secondary antibody marked with red fluorochrome Alexa594 (Cat
No. A11005, dilution 1:1000; Invitrogen, CA, USA) was used to detect
PECAM-Ⅰ. Goat anti-rabbit secondary antibody marked with green
fluorochrome Alexa488 (Cat No. A-11008, dilution 1:1000; Invitrogen, CA,
USA) was used for the detection of endoglin, ALK1 and ALK5. For nuclear
counterstaining, blue-fluorescent DAPI staining was used (Cat No. H-1200;
Vector Laboratories, CA, USA). As a negative control, primary antibody was
omitted. The sections were captured at 200 ⅹ magnification.

Statistical analysis
11

Statistical analyses were performed using SPSS statistics 18. The data
were expressed as the mean ± SEM of three independent experiments.
Student’s t-test or Mann-Whitney U test was used for comparisons between
the hyperoxia and control groups, as appropriate. A p-value of < 0.05 was
considered to be statistically significant.
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RESULTS

Light microscopy
The unexposed control group showed normal alveolarization, whereas
the hyperoxia group displayed impaired alveolarization with fewer, larger and
simper alveoli (Figure 3A). The hyperoxia group had a significantly longer Lm
(42.08 ± 1.582 vs. 47.24 ± 1.739μm, P < 0.05) and significantly smaller SA
(880.1 ± 34.46 vs. 627.7 ± 46.74μm2/lung, P < 0.001) compared to the control
group (Figure 3B & C). PECAM-Ⅰ, an indicator of angiogenesis, was
significantly decreased in the hyperoxia group at D21 (P < 0.001) (Figure 4).
Quantification of these parameters indicated that the exposure of newborn rats
to chronic hyperoxia resulted in impaired alveolarization and vascularization.

Expression of TGF-β1, ALK1, ALK5, VEGF and endoglin mRNA in the
hyperoxic groups
The level of TGF-β1 mRNA was significantly increased in the D5 and
D7 hyperoxia groups, compared to the expression levels of the control groups
(P < 0.01 and P < 0.05, respectively) (Figure 5A). The level of ALK1 mRNA
was significantly decreased in the D5 and D7 hyperoxia groups (P < 0.001
and P < 0.05, respectively) (Figure 5C), whereas the level of ALK5 was
significantly increased (P < 0.01 and P < 0.01) (Figure 5D), compared to the
corresponding control groups. The expression of VEGF mRNA in the D1
13

hyperoxia group was higher than that of the control. Its expression was
markedly reduced in the D7 hyperoxia group relative to the control (P < 0.05)
(Figure 5E), even though no significant difference was detected between D3
and D5. We observed no significant changes in the expression of endoglin
mRNA between the hyperoxia and control groups throughout the entire
experimental period (Figure 5B). Collectively, these results indicated that the
expression of TGF-β1, ALK1, ALK5, and VEGF were transcriptionally
regulated by hyperoxic exposure.

Expression of TGF-β1, ALK1, ALK5 and endoglin protein in the
hyperoxic groups
The level of TGF-β1 protein was significantly increased in the D5
hyperoxia group relative to the controls (P < 0.05) (Figure 6A). The levels of
ALK1 and phospho-Smad1/5 proteins were significantly decreased in the
hyperoxia group compared to the control groups at D5 and D7 (P < 0.05 and
P< 0.05, respectively) (Figure 6C & 11A). Meanwhile, the levels of ALK5
and phospho-Smad2/3 were significantly increased in the same hyperoxia
group relative to the control groups (P < 0.05 and P < 0.05, respectively)
(Figure 6D & 11B, C), demonstrating that they were oppositely regulated,
compared to ALK1 and phosho-Smad1/4, by hyperoxic exposure. There was
no statistically significant difference in the level of endoglin protein
throughout the entire experimental period (Figure 6B). Taken together, these
14

results indicate that hyperoxic exposure causes translational regulation of
TGF-β1, ALK1, ALK5 and post-translational modification of Smad1, 2, 3 and
5.

Immunohistochemical analysis of endoglin, ALK1 and ALK5 levels in
hyperoxic lung tissue
To further investigate the hyperoxia-mediated regulation of endoglin,
ALK1 and ALK5 in lung tissue, immunohistochemical analyses were
performed. Initially, we examined the tissue distribution of these proteins in
normal lungs. As shown in Figure 7, FITC fluorescence staining (green) of
endoglin, ALK1 and ALK5 overlapped with positive rhodamine staining (red)
for the PECAM-Ⅰ, which is the marker for endothelial cells, indicating that
endoglin, ALK1 and ALK5 were mainly expressed in endothelial cells. Next,
we examined the changes in their expression during D5 of hyperoxic exposure,
as assessed by measuring the density of positive staining.

The

immunoreactive intensity of ALK1 was significantly decreased in the
hyperoxic lung compared with the control group (2.5880 ± 0.2751 vs. 1.7207
± 0.2293, P < 0.05) (Figure 8), while the intensity of ALK5 was significantly
increased (1.4686 ± 0.1778 vs. 2.2847 ± 0.2865, P < 0.05) (Figure 9). There
was no statistically significant difference of endoglin expression between the
hyperoxic and control lungs (0.9692 ± 0.1614 vs. 1.3677 ± 0.1291, P > 0.05)
(Figure 10).
15

Table1. Primers employed for real-time RT-PCR analysis
Forward primer
Target

References
Reverse primer
5’-TGGCGTTACCTTGGTAACC-3’

TGF-β1

[40]
5’-GGTGTTGAGCCCTTTCCAG--3’
5’-ACCACTTCGGAAAAAGG-3’

Endoglin

[41]
5’-GCTGAAACGTGGGTCG-3’
5’-GTCAAGAAGCCTCCAGCAAC-3’

ALK1

[42]
5’-CAT CAACTCAGGCTTCGGG-3’
5’-CGTCTGCATTGCACTTATGC-3’

ALK5

[42]
5’-AGCAGTGGTAAACCTGATCC-3’
5’-AGAAAGCCCTGAAGTGGTG -3’

VEGF

[43]
5’-ACTCCAGGGCTTCATCATTG-3’
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Figure 3 Effect of hyperoxia on the lung alveolarization. The unexposed
control group showed normal alveolarization, whereas the hyperoxia group
displayed impaired alveolarization with fewer, larger and simper alveoli (A).
The hyperoxia group had a significantly longer Lm (B) (* p < 0.05) and
significantly smaller SA compared to the control group (C) (‡ p < 0.001). The
data were expressed as the mean ± SEM and evaluated by Student’s t-test.
Original magnification: 100 x
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Figure 4 Effect of hyperoxia on the lung angiogenesis. Immunohistochemical
staining for PECAM-Ⅰ was significantly decreased in the hyperoxia group
(B) compared to the control group (A) (‡ p < 0.01). The data were expressed
as the mean ± SEM and evaluated by Student’s t-test. Original magnification:
200 x
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Figure 5 Expression of TGF-β1, ALK1, ALK5, VEGF and endoglin mRNA
in the hyperoxic group. Compared with the control group, the mRNA level
of TGF-β1 was significantly increased in the D5 and D7 hyperoxia group (A)
(† p < 0.01 and * p <0.05, respectively). The mRNA level of ALK1 was
significantly decreased in the D5 and D7 hyperoxia group (C) (‡ p < 0.001
and * p < 0.05, respectively), whereas the level of ALK5 was significantly
increased compared to the corresponding control groups (D) († p < 0.01).
VEGF mRNA had higher expression at D1 and significantly lower
expression at D7 in the hyperoxia group compared to the control group (E)
(* p < 0.05). Endoglin had no statistically significant difference between the
control and hyperoxia group throughout the entire experimental period (B).
The data were expressed as the mean ± SEM (n=15). Groups of data were
compared by the corresponding time point by Mann-Whitney U test.
19

Figure 6 Effects of chronic hyperoxia on TGF-β and TGF-β receptor proteins.
The protein level of TGF-β1 was significantly increased in the D5 hyperoxia
group relative to the control group (A) (* p < 0.05). The expression of ALK1
was significantly decreased (C) (* p < 0.05), whereas the expression of ALK5
was significantly increased in the hyperoxia group compared to the control
group at D5 (D) (* p < 0.05). There was no statistically significant difference
in the level of endoglin throughout the entire experimental period (B). The
data were expressed as the mean ± SEM (n=15). Groups of data were
compared by the corresponding time point by Mann-Whitney U test.
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Figure 7 Double-fluorescence immunohistochemical staining. Normal rat
lung was double-stained for endoglin, ALK1, ALK5 (A, B, C; green) and
PECAM-Ⅰ (D, E, F; red) and then counterstained for DAPI (G, H, I; blue).
From a merged image, (J, K, L; orange/yellow), endoglin, ALK1 and ALK5
staining overlapped in the PECAM-Ⅰ-positive endothelial cells, indicating
that endoglin, ALK1 and ALK5 were mainly expressed in the endothelium.
Original magnification: 200 x.
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Figure 8 Immunohistochemical analysis of ALK1 in hyperoxic lung tissue.
We compared the difference in expression between the two groups by
measuring the density of positive staining. There were abundant ALK1
positive-staining cells in the alveolar septum in the control group (A, C),
while that were significantly decreased in the hyperoxia group (B, D). And
there was a statistically significant difference between two groups (E) (* P <
0.05). The data were expressed as the mean ± SEM and evaluated by
Student’s t-test. Original magnification: (A, B) 200 x; (C, D) 400 x.
Arrowheads indicate positive staining.
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Figure 9 Immunohistochemical analysis of ALK5 in hyperoxic lung tissue.
We compared the difference in expression between the two groups by
measuring the density of positive staining. ALK5 was increased in the
hyperoxia group (B, D) compared with the control group (A, C) and there was
a statistically significant difference between the two groups (E) (* P < 0.05).
The data were expressed as the mean ± SEM and evaluated by Student’s t-test.
Original magnification: (A, B) 200 x; (C, D) 400 x. Arrowheads indicate
positive staining.
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Figure 10 Immunohistochemical analysis of endoglin in hyperoxic lung tissue.
We compared the difference in expression between the two groups by
measuring the density of positive staining. Endoglin was slightly increased in
the hyperoxia group (B, D) compared to the control group (A, C). However,
there was no statistically significant difference (E) (P > 0.05). The data were
expressed as the mean ± SEM and evaluated by Student’s t-test. Original
magnification: (A, B) 200 x; (C, D) 400 x. Arrowheads indicate positive
staining.
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Figure 11 Chronic hyperoxia-induced alteration of Smad proteins. The
protein level of phospho-Smad1/5 was significantly decreased (A) (* p <
0.05), whereas the levels of phospho-Smad2 and phospho-Smad3 were
significantly increased in the hyperoxia group compared to the control group
at D7 (B, C) (* p < 0.05). The data were expressed as the mean ± SEM (n=15).
Groups of data were compared by the corresponding time point by MannWhitney U test.
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DISCUSSION

In recent years, BPD is characterized more by simplified alveoli and
abnormal vascular growth and less by parenchymal fibrosis [13]. Although
the lung is somewhat functional at the time of birth, its structure still in an
immature condition [14]. During human lung development, the number of
alveoli continues to increase after birth (approximately 9-fold increase) [15].
During the lung development of rodents, septation and angiogenesis occur
after term birth, notably between postnatal day 3 and 14 [16, 17]. In the
present study, we demonstrated that alveolarization and vascularization were
significantly impaired in the hyperoxia-induced BPD model by evaluating the
Lm and SA of lung morphometry, as well as quantitative imaging of the
endothelial cell marker PECAM-I.
Hyperoxic lung injury is considered to disrupt critical signaling pathways
that regulate lung development, leading to developmental arrest [13]. The
TGF-β signaling pathway plays an important role during lung development.
Previous studies have revealed the pivotal role of TGF-β signaling pathway
on alveolar development, in which the structural changes of the hyperoxiainduced BPD model were accompanied by an increase in the level of TGF-β
pathway transducers ALK5 and phospho-Smad3 [13, 18]. Compared to prior
studies which mainly focused on alveolization with lung epithelial cells and
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fibroblasts [13, 18], our study showed that TGF-β-ALK-Smad signaling
molecules were expressed mainly in pulmonary endothelial cells, suggesting
their possible role on pulmonary angiogenesis. Because it has been reported
that the balance between ALK1-Smad1/5 signaling and ALK5-Smad2/3
signaling plays an important role in the normal angiogenesis process [19], we
investigated whether exposure of newborn rats to hyperoxia during the critical
period of lung development causes a change in the balance of these two
pathways. Consistent with the other studies using human [20] and animal
models [21] with BPD, we observed that hyperoxic exposure upregulated the
levels of TGF-β1 mRNA and protein at D5. The time-point of hyperoxiainduced changes in TGF-β expression was slightly delayed in our study, most
likely due to the different oxygen concentration used for hyperoxia. In another
study, rat pups were consecutively exposed to 95% O2 for 7 days, which
caused ~40% mortality [22]. The hyperoxic condition in this study was 85%
O2 for 7 days, resulting in no mortality (data not shown). Regarding the TGFβ receptors, the expression of ALK1 was downregulated and the expression of
ALK5 was upregulated in the D5 hyperoxia group. Additionally, the level of
phospho-Smad2/3 was elevated in the D7 hyperoxia group, whereas the level
of phospho-Smad1/5 declined. These results indicated that hyperoxia induced
the TGF-β-ALK5-Smad2/3 signaling pathway and inhibited TGF-β-ALK1Smad1/5 signaling, suggesting that the balance between TGF-β-ALK1Smad1/5 signaling and TGF-β-ALK5-Smad2/3 signaling is disrupted in the
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hyperoxia model of BPD.
Vascular endothelial growth factor (VEGF) is probably the most potent
and critical regulator of endothelial cells among the factors are associated
with angiogenesis [23]. Furthermore, Bhatt et al. showed that the expression
of VEGF is decreased in infants with BPD [24]. Of interest, the
overexpression of VEGF during normal lung development disrupts the lung
architecture [25, 26], exerting the important function of VEGF as a strict
regulator for the lung angiogenesis. It is generally accepted that the expression
of VEGF appears to be regulated by several factors. For example, TGF-β is
involved in the angiogenesis by regulating the activities and the expression of
angiogenic factors. For instance, both VEGF and PDGF are transcriptionally
regulated by TGF-β–mediated Smad activation [27, 28]. It has been also
reported that TGF-β induces endothelial cell proliferation through an ALK1Smad1/5-VEGF pathway [10]. Other study has shown that overexpression or
stimulation of ALK1 results in Smad activation and upregulation of VEGF
expression in endothelial cells [29], whereas an ALK5 kinase inhibitor
strongly promoted VEGF-induced angiogenesis [30]. In the present study,
there was a decrease in VEGF levels, following the initial increase. We
speculate that the subsequent decrease in VEGF mRNA, at least in part, may
be derived from the hyperoxia-induced disrupted balance between the TGFβALK1-Smad1/5 and the TGFβ-ALK5-Smad2/3 signaling (Figure 5, 6, 11).
We found an increased expression of VEGF mRNA with a subsequent
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decrease in the D5 and D7 hyperoxic groups. We hypothesized that the initial
hyperoxia-induced VEGF increase may potentially contribute to lung injury
or pulmonary edema and lead to cellular damage, which in turn results in
VEGF reduction; similar changing trend of VEGF expression was found in
another study [31]. Conceptually, hyperoxia-induced VEGF increase may
have both positive and negative effects on the neonatal lung that is exposed to
hyperoxic conditions, i.e., promoting cellular survival and propagating
widespread capillary leak into the alveolar space [32].
Endoglin is a homodimeric transmemberane glycoprotein mainly
expressed in proliferating vascular endothelial cells and is an auxiliary TGF-β
receptor, also as known TGF-β type Ⅲ receptor [33]. Previous studies have
shown that endoglin is not directly involved in the TGF-β signaling pathway
but modulates the balance between the TGF-β-ALK1 and TGF-β-ALK5
signaling pathways [34]. Previous work has also shown that endoglin-null
mice die during utero development (E10-10.5) because of defective
angiogenesis [35]. In addition, an increased expression of endoglin results in
the stimulation of ALK1-Smad1/5 signaling that has the proangiogenesis
effect [36]. Meanwhile, endoglin indirectly attenuates the ALK5-Smad2/3
signaling pathway that has the antiangiogenesis effect [36]. However, we did
not find any significant change in the expression of endoglin in the hyperoxic
group, which was not consistent with ALK1 regulation as described in
previous studies. Recently, the presence of two endoglin isoforms, with a
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different binding capacity to TGF-β1, L- and S-type, has been reported in
human and mouse tissues [37]. L-endoglin is the predominant form and
contains 47 amino acids in the cytoplasmic domain, while S-endoglin contains
only 14 amino acids and is significantly expressed in several mouse tissues,
such as liver and lung, as well as in endothelial cell lines [37]. S-endoglin
expression upregulates the ALK5 signaling pathway, whereas L-endoglin
attenuates this pathway [38]. In contrast, L-endoglin, but not S-endoglin,
stimulates the ALK1 signaling pathway [38]. Therefore, it is reasonable to
predict that the ratio of S-endoglin to L-endoglin in endothelial cells may
contribute to balancing the TGF-β signal through ALK5 or ALK1,
functioning as an important factor for vascular pathophysiology [39].
Although the presence of S-endoglin in rats is not clearly demonstrated, we
could not exclude the possibility of the existence of another endoglin isoform
in rat. We cautiously speculate that the role of endoglin in regulating lung
angiogenesis is possibly not only by the quantitative change in expression but
also by the variation of endoglin forms and their different functions.
We conclude that rat pups exposed to hyperoxia continuously for 7 days,
a critical period of postnatal lung development, resulting in alteration of the
balance between the TGF-β-ALK1-Smad1/5 and TGF-β-ALK5-Smad2/3
signaling in pulmonary endothelial cells, which may ultimately lead to the
development of BPD.

30

REFERENCES
1.

Northway WH, Rosan RC, Porter DY. Pulmonary disease following
respiratory therapy of hyaline membrane disease: bronchopulmonary
dysplasia. N Engl J Med 1967; 276:357–368.

2.

Bland R, Coalson J. Chronic Lung Disease in Early Infancy.NewYork:
Marcel Dekker, 2000.

3.

Stenmark KR, Balasubramaniam V. Angiogenic therapy for
bronchopulmonary dysplasia: rationale and promise. Circulation 2005
Oct 18; 112(16):2383-5.

4.

Pepper MS. Transforming growth factor-beta: vasculogenesis,
angiogenesis, and vessel wall integrity. Cytokine Growth Factor Rev
1997 Mar; 8(1):21-43.

5.

Huang F, Chen YG. Regulation of TGF-beta receptor activity. Cell
Biosci 2012 Mar 15; 2:9.

6.

Goumans MJ, Valdimarsdottir G, Itoh S, Rosendahl A, Sideras P, ten
Dijke P. Balancing the activation state of the endothelium via two
distinct TGF-beta type I receptors. EMBO J 2002; 21(7):1743-53.

7.

Goumans MJ, Valdimarsdottir G, Itoh S, Lebrin F, Larsson J,
Mummery C, et al. Activin receptor-like kinase (ALK)1 is an
antagonistic mediator of lateral TGF beta/ALK5 signaling. Mol Cell
2003 Oct; 12(4):817-28.

31

8.

Derynck R, Zhang YE. Smad-dependent and Smad-independent
pathways in TGF-beta family signalling. Nature 2003; 425(6958):57784.

9.

Boström K, Zebboudj AF, Yao Y, Lin TS, Torres A. Matrix GLA
protein stimulates VEGF expression through increased transforming
growth factor-beta1 activity in endothelial cells. J Biol Chem 2004
Dec 17; 279(51):52904-13.

10.

Wang S, Hirschberg R. Diabetes-relevant regulation of cultured blood
outgrowth endothelial cells. Microvasc Res. 2009 Sep; 78(2):174-9.

11.

Bobik A. Transforming growth factor-betas and vascular disorders.
Arterioscler Thromb Vasc Biol 2006 Aug; 26(8):1712-20.

12.

Kim DH, Choi CW, Kim EK, Kim HS, Kim BI, Choi JH, et al.
Association of increased pulmonary interleukin-6 with the priming
effect of intra-amniotic lipopolysaccharide on hyperoxic lung injury in
a rat model of bronchopulmonary dysplasia. Neonatology 2010 Jun;
98(1):23-32.

13.

Alejandre-Alcazar MA, Kwapiszewska G, Reiss I, Amarie OV, Marsh
LM, Sevilla-Perez J, et al. Hyperoxia modulates TGF-beta/BMP
signaling in a mouse model of bronchopulmonary dysplasia. Am J
Physiol Lung Cell Mol Physiol 2007 Feb; 292:537-549.

14.

Post M, Copland I. Overview of lung development. Acta Pharmacol
Sin 2002; 23:4-7.

15.

Emery JL, Mithal A. The number of alveoli in the terminal respiratory

32

unit of man during late intrauterine life and childhood. Arch Dis Child
1960; 35:544-7.
16.

Bland RD. Neonatal chronic lung disease in the post-surfactant era.
Biol Neonate 2005; 88(3):181-91.

17.

Franco-Montoya ML, Boucherat O, Thibault C, Chailley-Heu B,
Incitti R, Delacourt C, et al. Profiling target genes of FGF18 in the
postnatal mouse lung: possible relevance for alveolar development.
Physiol Genomics 2011 Nov 7; 43(21):1226-40.

18.

Dasgupta C, Sakurai R, Wang Y, Guo P, Ambalavanan N, Torday JS,
et al. Hyperoxia-induced neonatal rat lung injury involves activation of
TGF-beta and Wnt signaling and is protected by rosiglitazone. Am J
Physiol Lung Cell Mol Physiol 2009; 296(6):L1031-L41.

19.

Oh SP, Seki T, Goss KA, Imamura T, Yi Y, Donahoe PK, et al.
Activin receptor-like kinase 1 modulates transforming growth factorbeta 1 signaling in the regulation of angiogenesis. Proc Natl Acad Sci
U S A 2000 Mar 14; 97(6):2626-31.

20.

Lecart C, Cayabyab R, Buckley S, Morrison J, Kwong KY,
Warburton, et al. Bioactive transforming growth factor-beta in the
lungs of extremely low birth weight neonates predicts the need for
home oxygen supplementation. Biol Neonate 2000 May; 77(4):21723.

21.

Buckley S, Warburton D. Dynamics of metalloproteinase-2 and -9,
TGF-beta, and uPA activities during normoxic vs. hyperoxic

33

alveolarization. Am J Physiol Lung Cell Mol Physiol 2002 Oct;
283(4):L747-54.
22.

Franco-Montoya ML, Bourbon JR, Durrmeyer X, Lorotte S, Jarreau
PH, Delacourt C. Pulmonary effects of keratinocyte growth factor in
newborn rats exposed to hyperoxia. Am J Physiol Lung Cell Mol
Physiol 2009 Nov; 297(5):L965-76.

23.

Ferrara N, Davis-Smyth T. The biology of vascular endothelial growth
factor. Endocr Rev 1997; 18:4–25

24.

Bhatt AJ, Pryhuber GS, Huyck K, Watkins RH, Metlay LA,
Maniscalco WM. Disrupted pulmonary vasculature and decreased
vascular endothelial growth factor, Flt-1, and TIE-2 in human infants
dying with bronchopulmonary dysplasia. Am J Respir Crit Care Med
2001 Nov 15; 164(10 Pt 1):1971-80.

25.

Akeson AL, Cameron JE, Le Cras TD, Whitsett JA, Greenberg JM.
Vascular

endothelial

growth

factor-A

induces

prenatal

neovascularization and alters bronchial development in mice. Pediatr
Res 2005; 57(1):82-8.
26.

Le Cras TD, Spitzmiller RE, Albertine KH, Greenberg JM, Whitsett
JA, Akeson AL. VEGF causes pulmonary hemorrhage, hemosiderosis,
and air space enlargement in neonatal mice. Am J Physiol Lung Cell
Mol Physiol 2004; 287(1):L134-42.

27.

Ma J, Wang Q, Fei T, Han JD, Chen YG. MCP-1 mediates TGF-betainduced angiogenesis by stimulating vascular smooth muscle cell

34

migration. Blood 2007; 109(3):987-94.
28.

Sánchez-Elsner T, Botella LM, Velasco B, Corbí A, Attisano L,
Bernabéu

C.

Synergistic

cooperation

between

hypoxia

and

transforming growth factor-beta pathways on human vascular
endothelial growth factor gene expression. J Biol Chem 2001 Oct 19;
276(42):38527-35.
29.

Ferrari G, Cook BD, Terushkin V, Pintucci G, Mignatti P.
Transforming growth factor-beta 1 (TGF-beta1) induces angiogenesis
through

vascular

endothelial

growth

factor

(VEGF)-mediated

apoptosis. J Cell Physiol 2009 May; 219(2):449-58.
30.

ten Dijke P. TGF-beta receptor signaling in angiogenesis. International
meeting on signal transduction and disease 2009 Sep 27-30; Aachen;
Germany.

31.

Bhandari V, Choo-Wing R, Lee CG, Yusuf K, Nedrelow JH,
Ambalavanan N, et al. Developmental regulation of NO-mediated
VEGF-induced effects in the lung. Am J Respir Cell Mol Biol 2008;
39(4):420-30.

32.

Shenberger JS, Zhang L, Powell RJ, Barchowsky A. Hyperoxia
enhances VEGF release from A549 cells via post-transcriptional
processes. Free Radic Biol Med 2007 Sep 1; 43:844-52.

33.

Cheifetz S, Bellón T, Calés C, Vera S, Bernabeu C, Massagué J, et al.
Endoglin is a component of the transforming growth factor-beta
receptor system in human endothelial cells. J Biol chem 1992;

35

267(27):19027-30.
34.

Lebrin F, Goumans MJ, Jonker L, Carvalho RL, Valdimarsdottir G,
Thorikay M, et al. Endoglin promotes endothelial cell proliferation
and TGF-beta/ALK1 signal transduction. EMBO J 2004; 23(20):401828.

35.

Bourdeau A, Dumont DJ, Letarte M. A murine model of hereditary
hemorrhagic telangiectasia. J Clin Invest 1999 Nov; 104(10):1343-51.

36.

Blanco FJ, Santibanez JF, Guerrero-Esteo M, Langa C, Vary CP,
Bernabeu C. Interaction and functional interplay between endoglin and
ALK-1, two components of the endothelial transforming growth
factor-beta receptor complex. J Cell Physiol 2005; 204(2):574-84.

37.

Velasco S, Alvarea-Munoz P, Pericacho M, Dijke PT, Bernabeu C,
Lopez-Novoa JM, et al. L- and S-endoglin differentially modulate
TGFbeta1 signaling mediated by ALK1 and ALK5 in L6E9
myoblasts. J Cell Sci 2008 Mar 15;121(Pt 6):913-9

38.

Blanco FJ, Grande MT, Langa C, Oujo B, Velasco S, RodriguezBarbero A, et al. S-endoglin expression is induced in senescent
endothelial cells and contributes to vascular pathology. Circ Res 2008
Dec 5; 103(12):1383-92.

39.

Lopez-Novoa JM, Bernabeu C. The physiological role of endoglin in
the cardiovascular system. Am J Physiol Heart Circ Physiol 2010;
299(4):H959-74.

40.

Jiao B, Wang YS, Cheng YN, Gao JJ, Zhang QZ. Valsartan attenuated

36

oxidative stress, decreased MCP-1 and TGF-beta1 expression in
glomerular mesangial and epithelial cells induced by high-glucose
levels. Biosci Trends 2011 Aug; 5(4):173-81.
41.

Shyu KG, Wang BW, Chen WJ, Kuan P, Hung CR. Mechanism of the
inhibitory effect of atorvastatin on endoglin expression induced by
transforming growth factor-beta 1 in cultured cardiac fibroblasts. Eur J
Heart Fail 2010; 12(3):219-26.

42.

Wiercinska E, Wickert L, Denecke B, Said HM, Hamzavi J, Gressner
AM, et al. Id1 is a critical mediator in TGF-beta-induced
transdifferentiation of rat hepatic stellate cells. Hepatology 2006;
43(5):1032-41.

43.

Kaur C, Sivakumar V, Lu J, Ling EA. Increased vascular permeability
and nitric oxide production in response to hypoxia in the pineal gland.
J Pineal Res 2007; 42(4):338-49.

37

국문 초록
연구배경: 만성 폐질환으로 알려져 있는 기관지 폐이형성증은 기계
환기나 산소 공급을 필요로 하는 미숙아에서 진행하는 경우가 많
다. 기관지 폐이형성증은 폐포와 폐 혈관의 발달 장애를 초래함으
로 생기게 되고 TGF-β 신호전달체계는 폐 혈관 발달 과정에서 중
요한 역할을 하고 있다고 알려져 있다.
연구방법: 신생 쥐들을 대조군과 연구군으로 나누어 각각 21% 와
85% 농도의 산소에 7 일간 노출 시킨 후 실내에서 14 일간 머물
게 한다. 생화학적 분석과 조직학 분석을 통하여 대조군과 연구군
사이에서 TGF-β1, ALK1, ALK5, phospho-Smad1/5, phospho-Smad2/3,
VEGF, endoglin 의 차이를 비교하였다.
연구결과: 연구군에서 TGF-β1 과 ALK5 의 mRNA 와 단백질 발현
은 5 일째 유의하게 증가하였고 반면 ALK1 의 mRNA 와 단백질
발현은 5 일째 유의하게 감소하였다. 연구군에서 phospho-Smad1/5
의 단백질 발현은 7 일째 유의하게 감소한 반면 phospho-Smad2/3
은 7 일째 유의하게 증가하였다. VEGF 는 연구군에서 1 일째 증가
하였고 7 일째 유의하게 감소하였으며 endoglin 의 발현은 두군 사
이에서 유의한 차이가 없었다.
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결론: 고농도 산소는 폐의 내피 세포에서의 TGF-β-ALK1-Smad1/5
와 TGF-β-ALK5-Smad2/3 신호전달체계 사이의 평형을 파괴시킴으
로써 궁극적으로 기관지 폐이형성증으로 진행하게 된다.

------------------------------------주요어: 혈관 형성; 내피 세포; 혈관내피세포성장인자; 엔도글린
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