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Abstract: Bronchopulmonary dysplasia (BPD) is characterized by arrested alveolar and vascular development in 
premature infants. Metformin protects against the cardiovascular impairment induced by diabetes. The aim of 
this study was to investigate whether metformin could also enhance pulmonary vascular development in hyperoxic 
neonatal mice and investigate possible mechanisms involved. C57BL/6J newborn mice were randomly assigned to 
either of two groups - the room air group or the hyperoxia group - within 12 h postnatally. The mice were subcutane-
ously injected with metformin (100 mg/kg) or saline for 14 days. Lung morphology and PECAM-1 (CD31) expression 
in the lung were evaluated at postnatal days 7 and 14. Ki-67 and Gli1 expression in vascular endothelial cells was 
evaluated at postnatal day 14 by immunofluorescence staining. Flow cytometry (FCM) was also used to analyze 
Gli1 expression. Human umbilical vein endothelial cell (HUVECs) were used to investigate the role of metformin in 
vascular proliferation and tubular formation under 90% oxygen in vitro by cell counting Kti-8 (CCK8) assays and 
tube formation assays. Exposure to hyperoxia resulted in impaired lung development in newborn mice. Metformin 
enhanced the terminal airspace and radial alveolar count in newborn mice thus exposed. Immunohistochemistry 
staining and western blot assays revealed that metformin enhanced the expression of CD31 in hyperoxia-exposed 
newborn mice. Immunofluorescence staining showed that metformin enhanced the expression of Ki-67 in vas-
cular endothelial cells. Furthermore, both immunofluorescence staining and FCM demonstrated that metformin 
increased Gli1 expression in vascular endothelial cells. Additionally, cell counting Kit-8 (CCK8) and viability assays 
of HUVECs in vitro both indicated that metformin improved the vascular proliferation and tube formation of HUVECs 
under 90% oxygen. These results indicated that metformin enhanced lung vascular development and upregulated 
the expression of Gli1 in the pulmonary vascular endothelial cells in hyperoxic neonatal mice.
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Introduction

Bronchopulmonary dysplasia (BPD) is the most  
common and serious chronic lung disease 
affecting premature infants [1]. There is an 
intricate pathogenetic mechanism that play in 
BPD leading to arrested alveolar and vascular 
lung development [2]. Angiogenesis is neces-
sary for alveolarization during normal lung 
development [3]. Infants with BPD who died 
have abnormal alveolar microvessels and dis-
ordered expression of angiogenic growth fac-
tors [4]. As BPD lacks effective treatment strat-
egies, understanding the mechanism how alve-
oli and the underlying capillary network develop 

is disrupted is critical for developing effective 
therapies for BPD [5].

The Hedgehog (Hh) family of intercellular signal-
ing proteins are key mediators in many funda-
mental embryonic developmental processes, 
and are essential in regulating cell differentia-
tion [6]. Sonic Hedgehog (Shh), one of the mem-
bers of this family, is critical for cell differentia-
tion, and its aberrant expression may result in 
abnormal lung development [7]. The receptor, 
Patched-1 (Ptch1), binds to Shh glycoproteins in 
the presence of the Shh ligand, which abro-
gates the inhibition of activity of the 7-trans-
membrane protein Smoothened (SMO) and 
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induces downstream transcription factor Gli1 
to enter the nucleus, thus regulating cell differ-
entiation [8]. Recent studies have shown that 
Hh signaling is involved in vascular develop-
ment, and it is possible that the diminished air-
way branching in Shh-deficient mice is due to 
abnormal pulmonary vascular formation [9]. 
The Shh signaling pathway facilitated vascular 
proliferation in developing embryos, ischemic 
corneas, and limbs of aged rats; it also promot-
ed angiogenesis in neurogenic tumors [10]. 
Additionally, Shh pathway activity reduced 
remarkably in diabetic endothelial progenitor 
cells (EPCs), and the activation of Shh in Shh-
modified diabetic EPCs rescued the myocardial 
repair of diabetic mice through the Shh/BMI1 
proto-oncogene (Bmi1)/p53 axis [11].

Metformin is a biguanide that is widely used to 
treat patients diagnosed with type II diabetes 
by enhancing insulin sensitivity, inducing gly-
colysis, and suppressing glyconeogenesis in 
the liver [12]. Metformin enhanced angiogene-
sis by upregulating vascular endothelial growth 
factor (VEGF) expression and reducing chemo-
kine ligand 10 mRNA, and alleviated diabetic 
cardiopathy within a hyperglycemia-hypoxia 
environment [13]. It was reported that metfor-
min enhanced the migration of human umbili-
cal vein endothelial cells (HUVECs) under high 
glucose concentration and promoted the angio-
genic potential of endothelial cells in diabetic 
foot ulcer by engaging the AMPK signaling path-
way [14]. Niu and coworkers found that metfor-
min increased Gli1 expression of the Shh sig-
naling pathway and alleviated the endothelial 
leakage in response to hyperglycemia-induced 
endothelial dysfunction [15]. Moreover, metfor-
min enhanced the leakage of vascular endothe-
lial cells and alleviated pulmonary inflammation 
by upregulating AMPK mRNA in hyperoxic new-
born rats [16]. However, whether metformin 
can enhance vascular development in BPD is 
unknown. In this study, we investigated the 
effects of metformin on pulmonary vascular 
development and the potential role of the Shh 
signaling pathway in a neonatal BPD mouse 
model subjected to prolonged hyperoxia. 

Materials and methods

Animal care and drug treatment

All experimental procedures were conducted in 
accordance with the relevant guidelines and 
regulations of the care and use of animals as 

defined by the Expert Committee of Laboratory 
Animal Sciences of the Shanghai Jiao Tong 
University School of Medicine. Timed-pregnant 
C57BL/6J mice were provided by the central 
laboratory animal center of Xinhua Hospital 
Shanghai Jiao Tong University School of 
Medicine. The animals were kept indoors at 
23±2°C and subjected to a fluorescent light- 
ing cycle (12-h light-dark cycle, light from  
6:00 am to 6:00 pm). Newborn mice within 
postnatal 12 h were randomly divided into  
four groups: room air with saline group (RA + 
saline), room air with metformin group (RA + 
metformin), 85% oxygen with saline group (HO 
+ saline), 85% oxygen with metformin group 
(HO + metformin), with 16 mice in each group 
along with the lactating mothers. For the inter-
vention administration, pups were subcutane-
ously injected with metformin (100 mg/kg, 
D150959, Sigma-Aldrich, St. Louis, MO, USA) 
from the second day onwards after being 
exposed to a hyperoxic environment; the con-
trols were injected with saline and were sub-
jected to the same procedure. Hyperoxia-
exposed pups were raised in a hermetic plexi-
glass chamber, and the nursing mothers were 
rotated daily to avoid oxygen toxicity until post-
natal day 14 (P14). Oxygen levels were moni-
tored continuously using a Miniox II monitor.

Cell culture and culture conditions

Human umbilical vein endothelial cell (HU- 
VEC) lines were purchased from Cell Bank of 
Chinese Academy of Sciences (Shanghai, 
China). The cells were cultured in DMEM sup-
plemented with 10% FBS, 1% penicillin/strep- 
tomycin at 37°C in a humidified 5% CO2 atmo-
sphere. For experiments, the cells were seed- 
ed and pre-treated with different concentra-
tions of metformin or PBS as control after the 
no-adherent cells were removed with PBS. 
Then the cells were cultured in 90% oxygen or 
21% oxygen for 24 h or 48 h. After the treat-
ment, the cells were analyzed as described 
below.

Viability assay (CCK8)

HUVECs were planted into 96 well plates con-
taining culture medium. Subsequently, HUVECs 
were treated with different concentration of 
metformin under 90% oxygen for 48 h. After 
treatment, viability assays were conducted with 
the cell counting Kit-8 (CCK8). The density of 



Metformin enhances pulmonary vascular development

6094	 Am J Transl Res 2020;12(10):6092-6106

the solubilized formazan was read at 450 nm 
spectrophotometrically (Bio-rad, Hercules, CA).

Tube formation assay

HUVECs were divided into four groups: 21%  
oxygen with saline group (Control + Saline), 
21% oxygen with metformin group (Control + 
metformin), 90% oxygen with saline group (HO 
+ Saline) and 90% oxygen treated with metfor-
min group (HO + Metformin). One thousand 
HUVEC were suspended with 20 mM metfor- 
min and seeded onto matrigel (356234; 
Corning, Gorilla, NY) 96 wells plates, followed 
by the hyperoxia or 21% oxygen. Capillary mor-
phogenesis was examined after 24 h under a 
phase contrast and fluorescent microscope 
(B201; Olympus, Tokyo, Japan). The number of 
branch points per HPF was counted, and the 
length of capillaries was quantified by Image J.

Morphometric analysis

The mice were anesthetized and sacrificed at 
postnatal day 7 (P7) or day 14 (P14) of treat-
ment and lungs were harvested for morpho-
metric analysis. Each lung tissue was embed-
ded in paraffin after being fixed with 4%  
paraformaldehyde, and then stained with 
hematoxylin and eosin (H&E). Morphometric 
images were captured under a microscope 
(B201; Olympus, Tokyo, Japan) at 200× magni-
fication. Three pups were selected from each 
group, and five random non-overlapping fields 
in one distal lung section per pup were utilized 
for morphometric examination. Radial alveolar 
counts, the terminal airspaces, and secondary 
septa in each field were manually counted to 
analyze lung development.

Immunohistochemistry analysis

Immunohistochemistry staining was perform- 
ed to identify the microvascular density. 
Immunohistochemistry on paraffin-embedded 
and sectioned lung samples was performed 
using a standard procedure. Briefly, slides  
were deparaffinized and rehydrated. Tissue 
was then permeabilized and peroxidases were 
blocked in 0.3% hydrogen peroxide. Slides  
were incubated with blocking buffer (pho- 
sphate buffered solution, 0.1% Triton X-100, 5% 
goat serum) for 1 h at room temperature and 
then incubated with primary antibody overnight 
at 4°C with the following antibodies: anti-

PECAM-1 (CD31) antibody (1:50, Servicebio, 
Shanghai, China). After washing, slides were 
exposed to secondary antibody conjunction 
with HRP (horseradish peroxidase) for 1 h at 
room temperature, washed again, and then 
staining was performed using DAB peroxidase 
substrate kit (Sangon Biotech, Shanghai, 
China); this was followed by counterstaining 
with hematoxylin. The images were observed 
and scanned using Pannoramic MIDI at 400× 
magnification.

Immunofluorescence staining

The proliferation of vascular endothelial cells 
was evaluated by immunofluorescence stain-
ing. After 14 days of intervention, lungs were 
harvested and sections were prepared. The 
CD31 and Ki-67 double positive cells were 
manually counted. Subsequently, the sections 
were stained with anti-PECAM-1 (CD31) anti-
body (1:50, Servicebio, Shanghai, China), anti-
Gli1 antibody (1:100, Abcam, Cambridge, MA), 
anti-Ki67 antibody (1:50, Servicebio, Shanghai, 
China), and DAPI (1:100, Servicebio, Shanghai, 
China). Fluorescence microscopy (Pannoramic 
MIDI, Tokyo, Japan) was used to scan at 400× 
magnification.

Western blotting assays

Lung tissues were homogenized in lysis buffer 
(RIPA + PMSF). Samples were sonicated for 16 
s, and were then centrifuged at 12500 rpm at 
4°C for 25 min. Supernatants were transferred 
to clean tubes, and total protein was deter-
mined by the BCA protein assay (Beyotime 
Institute of Biotechnology, Shanghai, China).

Equal amounts of protein were electrophores- 
ed in 6% or 12% SDS-polyacrylamide gel and 
then transferred onto polyvinylidene fluoride 
membranes. After blocking with 5% non-fat 
dried milk for 1.5 h at room temperature, the 
membranes were incubated overnight at 4°C 
with anti-PECAM-1 (CD31) antibody (1:1000, 
Servicebio, Shanghai, China) and GAPDH anti-
body (1:1000, Beyotime Institute of Bio- 
technology, Shanghai, China) as the loading 
control. After washing in Tris-buffered saline 
containing 1% Tween 20, the membrane was 
incubated with secondary antibody (anti-rabbit 
IgG horseradish peroxidase conjugate 1:2000; 
anti-mouse IgG horseradish peroxidase conju-
gate 1:2000) for 2 h at room temperature. The 
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western blots were detected using electroche-
miluminescent reagents (Millipore Corporation, 
Billerica, MA). Three samples from each group 
were analyzed.

Flow cytometry

Whole lungs were processed by enzymatic and 
mechanical digestion to yield a single suspen-
sion for flow cytometry (FCM) as described pre-
viously [17]. First, the isolated whole lung was 
put into a culture dish 6 cm in diameter, and 
washed twice in cold PBS to get rid of the blood. 
Second, lung tissues were cut into pieces using 
sharp ophthalmic scissors, then incubated  
with 5 ml digestion buffer, comprising 2 ml 

Collagenase/Dispase (1 mg/ml, Roche Dia- 
gnostics, Basel, Swit), 2 ml 0.025% Trypsin 
(Gibco, Grand Island, NY), 1 ml DNase I (Roche 
Diagnostics, Basel, Swit) at 37°C for 30 min, 
and again mechanically disrupted with a  
1000-μl pipette Incubation was continued for 
20 min. Third, the digestion buffer was passed 
through a 100-μm cell strainer (BD Falcon, 
Franklin lakes, NJ) to yield a single suspension 
and remove connective tissue. Fourth, the fil-
tered buffer was added to 2 ml lysis buffer  
to eliminate red cells, and centrifuged at 600 
relative centrifugal force (rcf, for 5 min at 4°C). 
Then, the cell pellet was washed in PBS after 
removing the supernatant and centrifuged as 

Figure 1. Metformin attenuated lung impairment in hyperoxic lung injury in newborn mice. A. Representative lung 
morphological sections stained with H&E on P7 and P14; magnification: 200×, scale bar: 100 μm. B. Quantification 
of radial alveolar count, terminal airspace, and secondary septa. All images were acquired under the same condi-
tion and displayed at the same scale (Data represent the mean ± SD. *P<0.05, **P<0.01).

Figure 2. Metformin enhanced the vascular density and the expression of CD31 in hyperoxic lung injury on P7 and 
P14. A. Immunohistochemistry staining showed that metformin enhanced the vascular density on P7 and P14; B. 
Quantitative analysis of the percentage of microvascular density by manual counting on P7 and P14. magnification: 
400×, scale bar: 20 μm. All images were acquired under the same condition and displayed at the same scale (Data 
represent the mean ± SD. *P<0.05, **P<0.01).
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above. Following this, the cell pellet was resus-
pended in PBS and prepared for FCM. We 
investigated the relationship between Gli1 and 
vascular endothelial cells by co-localizing both 
indicated antibody markers: Gli1 and anti-
PECAM-1 (CD31) (Invitrogen, Carlsbad, CA), and 
CD45 (Invitrogen, Carlsbad, CA) was used to 
exclude the blood cells. Stained cells were sep-
arated using cell sorting (Cytoflex; Beckman 
Coulter, Fullerton, CA).

Statistical analysis 

GraphPad Prism 7.0 software was used for sta-
tistical analysis. All results are presented as 
mean ± SD, and statistical analyses were per-
formed using one-way or two-way ANOVA with 
Tukey’s multiple comparisons test. A P value 
<0.05 was considered statistically significant.

Results

Metformin attenuated hyperoxia-induced lung 
impairment

Almost all the pups in the room air and hyper-
oxia groups survived until the end of the animal 
experiments. Exposure to hyperoxia significant-
ly resulted in impaired lung on P7 and P14, a 

ed in decreased lung vascular density in new-
born mice (P<0.01) and metformin increased 
the vascular density on P7 and P14 (P<0.05) 
(Figure 2A, 2B). Western blotting assays dem-
onstrated that the expression of CD31 in the 
lung decreased significantly on P7 and P14 
after exposure to hyperoxia (P<0.01). Never- 
theless, metformin increased the expression of 
CD31 on P7 and P14 in the hyperoxia group 
(P<0.05) (Figure 3).

Additionally, the proliferation of vascular endo-
thelial cells was investigated using immuno- 
fluorescence staining with CD31 and Ki-67 
(Figure 4A). Exposure to hyperoxia resulted in 
decreased activity of the vascular endothelial 
cells on P14 compared with the room air group 
(P<0.01). Administration of metformin signifi-
cantly enhanced the ability of vascular endo-
thelial cells to proliferate after exposure to 
hyperoxia (P<0.05) (Figure 4B). 

Metformin upregulated the expression of Gli1 
in the lung

Immunofluorescence staining showed that Gli1 
was present in vascular endothelial cells. The 
expression of Gli1 in vascular endothelial cells 
decreased in the hyperoxia group compared 

Figure 3. Metformin increased the expression of Pecam-1 (CD31) in the lung 
of newborn mice exposed to hyperoxia on P7 and P14. A. Western blotting 
assays showed that metformin significantly upregulated the expression of 
CD31 in the lung of the hyperoxic mice on P7 and P14. B. Quantitative analy-
sis of the level of CD31 protein by Image J (Data represent the mean ± SD. 
*P<0.05, **P<0.01). 

heterogeneous distribution of 
enlarged air spaces with less 
terminal airspaces (P<0.01), 
reduced radial alveolar counts 
(P<0.01), and less secondary 
septa (P<0.01). Metformin 
had no effect on lung develop-
ment in the room air group 
(P>0.05). However, metformin 
increased the number of ter-
minal airspaces (P<0.05) and 
the radial airspace counts 
(P<0.05) on P14 in the hyper-
oxia group, with no effect on 
secondary septa (Figure 1A, 
1B). These results suggest- 
ed that metformin enhanced 
alveolar development in hy- 
peroxic lung injury.

Metformin enhanced vascular 
development in hyperoxia-
induced lung injury

Immunohistochemistry stain-
ing showed that exposure to 
hyperoxia significantly result-
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Figure 4. Metformin enhanced the vascular proliferation 
suppressed by hyperoxia in the newborn mice on P14; 
magnification: 400×, scale bar: 20 μm. A. Immunofluo-
rescence staining showed that metformin significantly 
enhanced the vascular proliferation in the newborn mice 
exposed to hyperoxia on P14; B. Quantitative analysis of 
the percentage of Ki-67 (green) and CD31 (red) double-
positive cells by manual counting. magnification: 400×, 
scale bar: 20 μm. All images were acquired under the 
same condition and displayed at the same scale. Arrow-
heads indicate the double-positive cells (Data represent 
the mean ± SD. *P<0.05, **P<0.01). 

with that in the room air group (P<0.05) (Figure 
5A, 5B). However, metformin enhanced Gli1 
expression in vascular endothelial cells (P< 
0.05) (Figure 5A, 5B). These results indicated 
that Gli1 might play a vital role in hyperoxic lung 
injury in neonatal mice.

Furthermore, FCM was used to investigate the 
expression of Gli1 in vascular endothelial cells 
(Figure 6A). Blood cells were first excluded 
using CD45 staining, and CD31+ cells repre-

sented vascular endothelial cells. Expression  
of Gli1 decreased in vascular endothelial cells 
on P14 in the hyperoxia group compared with 
that in the room air group (P<0.01). Metfor- 
min increased the expression of Gli1 in vascu-
lar endothelial cells on P14 in the hyper- 
oxia group (P<0.05) (Figure 6B). These re- 
sults suggested that metformin may upre- 
gulate the expression of Gli1 in endothelial 
cells and promote pulmonary vascular 
development.
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Metformin improved the viability and tube for-
mation of HUVECs

The cell counting Kit-8 assays indicated that 
90% oxygen significantly inhibited the proli- 
feration of HUVECs (P<0.01) comparing with 
control group, and metformin at 20 mM 
improved the cellular proliferation and survival 
exposed to 90% oxygen (P<0.01) (Figure 7). 
Moreover, the improvement of metformin in 
HUVECs had an obvious dose effect. 
Furthermore, the tube formation assays also 
showed that exposure to hyperoxia resulted in 

the decreased number of tube than control 
group (P<0.01), however, metformin (20 mM) 
enhanced the tube formation of HUVECs 
exposed to 90% oxygen (P<0.01) (Figure 8). 
These results also indicated that metformin 
had a potential role in vascular development 
under hyperoxia in vitro.

Discussion

Our data indicated that metformin enhanced 
pulmonary vascular development and the 
expression of Gli1 in vascular endothelial cells 

Figure 5. The transcription factor Gli1, expressed in vascu-
lar endothelial cells, significantly decreased in hyperoxia-
induced lung injury on P14. Metformin increased the ex-
pression of Gli1 in vascular endothelial cells on P14 in the 
hyperoxia group; magnification: 400×, scale bar: 20 μm. 
A. Immunofluorescence analysis was performed by stain-
ing with CD31 (red) and Gli1 (green) for lung tissues. B. 
Quantitative analysis of Gli1 protein expressed in vascular 
endothelial cells. All images were acquired under the same 
condition and displayed at the same scale. Arrowheads in-
dicate the vascular endothelial cells that expressing Gli1 
(Data represent the mean ± SD. *P<0.05). 
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Figure 6. Metformin enhanced the expression of Gli1 in vascular endothelial cells in hyperoxia-induced lung injury. There are at least three mice from each group. 
Single-cell preparations of lungs from each group were subjected to FACS. A. Metformin upregulated the level of Gli1 in vascular endothelial cells in the lung of 
newborn mice exposed to hyperoxia. B. Quantitative analysis of the percentage of the vascular endothelial cells that expressing Gli1. Immune cells were screened 
by staining with CD45 (Data represent the mean ± SD. *P<0.05, **P<0.01). 
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in hyperoxic lung injury in newborn mice. It was 
reported that metformin significantly enhanced 
the expression of transcription factor Gli1 to 
downregulate autophagy-induced endothelial 
cell death [15]. The Shh signaling pathway may 
process angiogenesis via upregulation of VEGF, 
Angiopoietin-1 (Ang-1), and Angiopoietin-2 (Ang-
2) to induce vascular proliferation in ischemia-
reperfusion injury [18]. 

Infants dying from BPD showed disrupted pul-
monary vascular development with decreased 
angiogenesis-related factors, including VEGF, 
vascular endothelial growth factor receptor-1 
(Flt-1), and tyrosine kinase receptor (Tie-2) [19]. 
In the present study, the pathological conse-
quences included arrested alveolar structure 
and vascular development in the lungs of 
hyperoxia-exposed mice. Pulmonary vascula-
ture development comprises of two basic pro-
cesses, namely vasculogenesis and angiogen-
esis [20]. During angiogenesis, complex struc-
tures, beginning with the pre-existing vessels 
and union of the peripheral sinusoids, follow 
the path of branching airways in order to devel-
op [4]. Cumulative studies have suggested that 
extensive microvascular network not only effec-
tively promoted normal alveolar development 
but also contributed to the maintenance of 
alveolar structures [4, 21]. 

Members of the Hedgehog family of intercellu-
lar signaling proteins were recognized as pivot-
al mediators of embryonic development in the 
1990s [6]. The Hh signaling pathway mediates 
the formation of woven bone and angiogenesis 

specified angioblasts into vascular tubes, and 
Shh was the first growth factor identified to reg-
ulate vascular tube formation [25]. In recent 
years, Kramann and co-workers. discovered 
that Gli1-positive perivascular cells in the  
outermost vessel layer were progenitors, in- 
itiating pathological vessel remodeling [26]. In 
this study, we found that Gli1 was localized in 
CD31+ vascular endothelial cells, and de- 
creased significantly in response to hyperoxia. 
Even though the Shh signaling pathway has 
been linked to angiogenesis by various lines of 
investigation, the underlying mechanism is 
unclear, and some studies indicated that Shh 
acted directly on endothelial cells [27-29]. 
Micro-RNA-153 (miR-153) has protective eff- 
ects on ischemic injury; the upregulation of 
miR-153 activated the Shh signaling pathway  
to promote angiogenesis in middle cerebral 
artery occlusion [30]. The Shh signaling path-
way upregulated F-actin formation through 
Shh/Gli1/integrin β1 and downregulated E- 
cadherin expression through the Shh/matrix 
metalloproteinase (MMP) 2/9 signaling path-
way to promote angiogenesis in a wound re- 
pair mouse model [31, 32]. Administration of 
the Shh hedgehog pathway agonist (SAG) res-
cued neurological deficit and enhanced angio-
genesis, through promoting neuron regenera-
tion and reducing cellular apoptosis in a mouse 
model with brain ischemia [33]. In addition, 
increasing evidence demonstrated that the  
Shh signaling pathway may play a role in tumor 
development by promoting angiogenesis in  
various tumors [34, 35]. Application of SAG 
actively promoted vascular proliferation and 

Figure 7. Metformin improved the vascular proliferation of HUVECs exposed 
to 90% oxygen for 48 h in vitro. A. The effects of metformin on HUVECs had 
a time-dose dependence. B. Metformin at 20 mM significantly promoted the 
proliferation and survival of HUVECs in vitro under hyperoxia (Data represent 
the mean ± SD. **P<0.01).

in postnatal osteogenesis by 
regulating HIF-α levels during 
stress fracture healing [22]. 
The Sonic hedgehog signaling 
pathway is indispensable in 
embryonic lung morphogene-
sis [23]. Cumulative studies 
identified that Shh promoted 
the differentiation of nerves 
and pulmonary vasculature 
during the embryonic period 
[24]. Gli1 is a transcription 
factor, whose overexpression 
in the lung mesenchyme pro-
motes Ptch1 gene expression 
in lung development [23]. It 
was found that Shh signaling 
was involved in organizing 
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enhanced the reperfusion volume through 
upregulating VEGF expression in the brain isch-
emic area; however, the inhibitor of Shh 
reversed the positive effects [36]. In the pres-
ent study, we also found that Shh signaling 
pathway was involved in vascular development 
in hyperoxia-induced lung injury.

Metformin is one of the primary oral first-line 
drugs for the treatment of type II diabetes due 
to its ability to increase insulin sensitivity and 
decrease glycose uptake. Metformin has also 
been used in the treatment of other diseases, 
as is evidenced by cumulative research in 
recent years [37]. Metformin reduced inflam-
mation by activating the AMPK pathway and 
improved ischemia-induced brain atrophy by 
facilitating the proliferation of CD31+ vascular 
endothelial cells [38]. Metformin promoted 
endothelial precursor cells (EPCs) in accelerat-
ing angiogenesis by increasing the intracel- 
lular nitric oxide (NO) level in a diabetic mouse 
model with wound healing impairments [39]. 
Pre-treatment of diabetic patients with metfor-
min was found to be associated with reduced 
myocardial infarction size [40]. The cardiopro-
tection mechanism of metformin was un- 
clear. Metformin restored the VEGFA pathway 
through upregulating VEGFR1/2, leading to a 
dual effect on the activation of cell migration 
through MMP16 and ROCK1 upregulation, in 
addition to inhibition of apoptosis by increase 

in phospho-ERK1/2 and FABP4 [41]. More- 
over, metformin was used to rescue limb isch-
emia, enhancing the blood flow volume and 
upregulating VEGF to increase the vascular 
density in a mouse model [42]. In our study, 
metformin significantly improved the vascular 
proliferation in vivo and vitro under hyperoxia 
and upregulated the expression of Gli1 in vas-
cular endothelial cells in the hyperoxic mice. 
Additionally, metformin induced VEGF protein, 
augmented the CD31+ and CD34+ cells,  
and inhibited the apoptosis of vascular endo-
thelial cells in wound areas [43]. Another study 
found that metformin upregulated Ras gua-
nine-releasing protein 1 (RasGRP1) dependent 
VEGF signaling and restored impaired angio-
genesis in diabetic models [44]. 

In conclusion, metformin was found to enhance 
lung vascular development and proliferation  
of vascular endothelial cells in neonatal mice 
exposed to hyperoxia. In addition, metformin 
upregulated the expression of Gli1 in pulmo-
nary vascular endothelial cells in hyperoxic BPD 
mice. The detailed mechanism of metformin 
action on the Shh signaling pathway and its 
effect on vascular development in BPD should 
be investigated further.
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