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Background: Alveolar arrest and the impaired angiogenesis caused by chronic inflamma-
tion and oxidative stress are two main factors in bronchopulmonary dysplasia (BPD). Short- 
chain fatty acids (SCFAs), especially propionate, possess anti-oxidant and anti-inflammatory 
effects. The present study was designed to examine the roles of sodium propionate (SP) on 
lipopolysaccharide (LPS)-challenged BPD and its potential mechanisms.
Methods: WT, Nrf2-/- mice and pulmonary microvascular endothelial cells (HPMECs) were 
used in this study. LPS was performed to mimic BPD model both in vivo and vitro. Lung 
histopathology, inflammation and oxidative stress-related mRNA expressions in lungs 
involved in BPD pathogenesis were investigated. In addition, cell viability and angiogenesis 
were also tested.
Results: The increased nuclear factor erythroid 2-related factor (Nrf2) and decreased Kelch- 
like ECH-associated protein-1 (Keap-1) expressions were observed after SP treatment in the 
LPS-induced neonatal mouse model of BPD. In LPS-induced wild-type but not Nrf2-/- 

neonatal mice, SP reduced pulmonary inflammation and oxidative stress and exhibited 
obvious pathological alterations of the alveoli. Moreover, in LPS-evoked HPMECs, SP 
accelerated Nrf2 nuclear translocation presented and exhibited cytoprotective and pro- 
angiogenesis effects. In addition, SP diminished the LPS-induced inflammatory response 
by blocking the activation of nuclear factor-kappa B pathway. Moreover, pretreatment with 
ML385, an Nrf2 specific inhibitor, offsets the beneficial effects of SP on inflammation, 
oxidative stress and angiogenesis in LPS-evoked HPMECs.
Conclusion: SP protects against LPS-induced lung alveolar simplification and abnormal 
angiogenesis in neonatal mice and HPMECs in an Nrf2-dependent manner.
Keywords: sodium propionate, lipopolysaccharide, Nrf2, angiogenesis, bronchopulmonary 
dysplasia

Introduction
Bronchopulmonary dysplasia (BPD), the most frequent complication in premature 
infants, is a severe chronic lung disease. It is characterized by alveolar arrest and 
dysregulated angiogenesis, which then leads to persistent airway and pulmonary 
vascular disease, and eventually defects lung function.1 The pathogenesis of BPD is 
complex and involves a variety of causative factors. However, increasing evidence 
has revealed the increased proteobacterial abundance and endotoxin levels in the 

Correspondence: Ren-qiang Yu  
48 Huaishu Lane, Liangxi District, Wuxi, 
Jiangsu Province, People’s Republic of China  
Tel +86510-82709790  
Fax +86-510-82725094  
Email yurenqiang553@163.com   

Qing-feng Pang  
1800 Lihu Avenue, Binhu District, Wuxi, 
Jiangsu Province, People’s Republic of China  
Tel +8651052430172  
Fax +86-510-85329042  
Email qfpang@jiangnan.edu.cn

submit your manuscript | www.dovepress.com Journal of Inflammation Research 2021:14 803–816                                                          803

http://doi.org/10.2147/JIR.S303105 

DovePress © 2021 Chen et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Inflammation Research                                                         Dovepress
open access to scientific and medical research

Open Access Full Text Article

http://orcid.org/0000-0003-0679-4780
mailto:yurenqiang553@163.com
mailto:qfpang@jiangnan.edu.cn
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


airways of infants with established BPD.2 Intra-amniotic 
endotoxin or neonatal intra-tracheal lipopolysaccharide 
(LPS) exposure remodeled the lung in rodents.3 Human 
mesenchymal stem cells promoted LPS-induced defective 
alveolarization and angiogenesis and alleviated BPD in 
rats.4 Moreover, angiogenesis actively promotes distal 
lung growth.5 In this context, it is of great importance to 
further explore a novel strategy to improve endotoxin- 
induced abnormal angiogenesis and prevent BPD.

Short-chain fatty acids (SCFAs), ie acetate, propionate 
and butyrate, are the major end products of bacterial 
fermentation in the large intestine. Nowadays, butyrate 
has been reported to induce angiogenesis and promote 
tissue remodeling in tendon-bones injury.6 Meanwhile, 
propionate has been described to possess potent anti- 
inflammatory and anti-oxidative stress effects.7 It has 
been reported that propionate normalized the increased 
serum levels of lipopolysaccharide (LPS) induced by high- 
fat diet and alleviated its induced endotoxaemia.8 In addi-
tion, propionate protected against LPS-induced mastitis in 
mice.9 In our previous study, we also found the anti- 
inflammatory effect of propionate against LPS-induced 
lung injury.10 However, whether propionate possesses 
a similar effect on angiogenesis is still unknown. The 
purpose of this study was designed to reveal the effect of 
propionate against LPS-induced BPD in neonatal mice and 
pulmonary microvascular endothelial cells and its under-
lying mechanisms.

Materials and Methods
Antibodies and Regents
LPS extracted from the membrane of Escherichia coli 
0111:B4 was purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Sodium propionate (SP) (HPLC≥99%) was 
purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Serum and lung superoxide dismutase (SOD) and hema-
toxylin and eosin were obtained from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). For immuno-
histochemical analysis, the antibody against von 
Willebrand factor (vWF)  was obtained from Proteintech 
(Wuhan, China). For immunofluorescence staining, 
a primary antibody against Nrf2 was obtained from 
Proteintech (Wuhan, China). For Western blotting analy-
sis, rabbit monoclonal antibody against Nrf2 was pur-
chased from Cell Signaling Technology (Beverly, MA, 
USA). Rabbit polyclonal antibodies against vWF and 
Keap-1 were obtained from Proteintech (Wuhan, China). 

Mouse monoclonal antibody against GAPDH was 
obtained from Thermo Scientific (Waltham, MA, USA).

Experimental Animals
Timed pregnant C57BL/6J WT and Nrf2-/- mice on 
a C57BL/6 background were available from Jiangnan 
University (Wuxi, Jiangsu, China). Experimental proce-
dures were approved by the Experimental Animal Care 
and Use Committee of Jiangnan University (JN. 
No20190930c0421020[234]) and the Guide for the Care 
and Use of Laboratory Animal published by the US 
National Institutes of Health (NIH publication, Eighth 
edition, 2011). The mice were housed on a 12-h light/ 
dark cycle in a temperature-controlled room with standard 
chow and tap water ad libitum.

Animal Model and Study Design
A mouse model of LPS-challenged BPD was utilized as 
previously described.11 Briefly, at day 5 of life, mice 
randomized to per nursing dam were received an intraper-
itoneal injection of 1 mg/kg LPS (Sigma, St. Louis, MO), 
whereas the control mice received an equal volume injec-
tion of sterile saline solution. For experiments with the SP 
treatment, SP was injected intraperitoneally (1.2 mg/g) 2 
hours after LPS injection. After SP was injected daily for 7 
days, experiments were then carried out. Both male and 
female animals were used since pulmonary sequelae are 
similar in male and female mice in response to LPS.12

Hematoxylin and Eosin (H&E) Staining
The mice were anesthetized and the left lobes of lungs 
were collected, fixed in 10% buffered formalin and 
embedded in paraffin. Lung tissue sections (5 μm thick) 
were performed. To observe the morphology of lung 
injury, H&E staining was used following the manufac-
turer’s protocols (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China). Quantification of the alveoli 
numbers and mean linear intercept (MLI) were calculated 
as previously reported.13

Immunohistochemistry
The mice were anesthetized and the left lobes of lungs 
were collected, fixed in 10% buffered formalin and 
embedded in paraffin. Lung tissue sections (5 μm thick) 
were performed. To determine vWF immunoreactivity, 
lung sections were immunostained with an antibody 
against vWF (Proteintech Group, Wuhan, China) at 
a dilution of 1:200 and then biotinylated secondary 
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antibodies were used and followed by 3,3ʹ- 
diaminobenzidine (DAB) solution to detect the avidin- 
biotin complex signal.

Measurement of Superoxide Dismutase 
Activity
Lung tissues were collected and homogenized in saline. 
Lung and serum levels of superoxide dismutase (SOD) 
activity were examined according to the manufacturer’s 
instructions (SOD activity assay kit A001, Nanjing 
Jiancheng bioengineering Institute, China). Results were 
normalized by protein concentrations.

Cell Culture and Treatment
Human primary pulmonary microvascular endothelial cells 
(HPMECs) were obtained from ScienCell (Carlsbad, CA) 
and cultured in endothelial cell medium (ECM) supplemen-
ted with fetal bovine serum, antibiotics, and endothelial cell 
growth serum as recommended by the manufacturer (Scien 
Cell) in a humidified atmosphere at 37°C and 5% CO2. 
After 80% confluence, the cells were pretreated with LPS 
(1 μg/mL)14 or treated with SP (0.6 mM) 2 h after LPS 
stimulation.

Optical Microscopy
To obtain the Morphologic images, HPMECs were visualized 
and photographed using a phase-contrast microscope 
equipped with a digital camera (DP11, Olympus, Tokyo, 
Japan).

Cell Viability Examination
HPMECs cells were seeded on a 96-well plate at a density 
of 1×105cells/mL. After 24 h, the attached HPMECs cells 
were then cultured with a mixture of CCK-8 solution 
(Beyotime Institute of Biotechnology, Shanghai, China) 
and culture medium for 2 h at 37°C. The absorbance was 
measured at 450 nm with a microplate reader (ELX800, 
BioTek, Vermont, USA).

Tube Formation Assay
For tube formation assay, 50 μL growth factor reduced 
Matrigel (BD Bioscience, CA, USA) was planted on 96- 
well plates and incubated at 37 °C for 30 min. 
Approximately 5×104 cells/mL HPMECs were then 
seeded into a 96-well plate coated with Matrigel incubated 
at 37°C in 5% CO2 for 8 h. Tube formation was observed 
with a digital camera (DP11, Olympus, Tokyo, Japan).

Immunofluorescence Staining
HPMECs were seeded into the culture dish with coverslips 
at a density of 1×105 cells/mL. After 24 h, HPMECs were 
fixed with 4% paraformaldehyde for 15 min and permeabi-
lized with 0.5% Triton X-100 for 20 min at room tempera-
ture. The dishes were then washed with phosphate-buffered 
saline (PBS) for three times, followed by incubation with 
3% bovine serum album (BSA) for 30 min at room tem-
perature. Primary antibody against Nrf2 (Proteintech; 
Wuhan, China) (1:100 dilution in PBS with 1% BSA) was 
then added overnight at 4°C. Cells were washed with cold 
PBS for three times and then incubated in Alexa 488- 
conjugated secondary antibody. The nuclei were stained 
with DAPI solution (1 mg/mL) for 5 min at room tempera-
ture. The slides were washed again and the images were 
collected on a zeiss LSM880 confocal microscope (Carl 
Zeiss, German).

Dihydroethidium Staining
Intracellular reactive oxygen species (ROS) in HPMECs 
were evaluated with dihydroethidium (DHE) staining as 
previously reported.15 Cells (3×105 cells/mL) in 96-well 
plates were incubated with DHE (10 μM) in PBS for 30  
min in a dark and humidified container at 37°C and then 
washed twice with cold PBS. The fluorescence signals 
were obtained with a fluorescence spectrophotometer 
(Synergy H4, BioTek, Vermont, USA) and fluorescence 
microscopy under excitation at 518 nm and emission at 
605 nm (DP70, Olympus Optical, Tokyo, Japan).

Real-Time Quantitative Polymerase Chain 
Reaction (qPCR)
Lung tissues or HPMECs were sonicated in Trizol reagent 
(Life Technologies, USA), and then homogenized accord-
ing to the manufacturer’s protocols. Reverse transcriptase 
reactions were performed using the PrimeScript RT 
reagent kits. The reverse transcriptase-polymerase chain 
reaction (RT-PCR) was performed using quantitative 
PCR with SYBR Premix Ex Taq (Takara, Otsu, Shiga, 
Japan) and a LightCycler® 480 PCR detection system 
(Roche, Foster City, CA, USA). The expressions of 
mRNA were calculated using the comparative cycle 
threshold (Ct) method where the relative quantization of 
target transcript levels was determined by subtracting Ct 
values of target genes from Ct values of GAPDH. The 
sequences of primers for humans and mice are listed in 
Tables 1 and 2, respectively.
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Western Blotting Analysis
Lung tissues or HPMECs were homogenized in a lysis buffer 
(radioimmunoprecipitation assay (RIPA): protease inhibi-
tor = 100:1). A protein assay kit (BCA; Thermo Scientific, 
Waltham, MA, USA) was used to measure the total protein in 
samples. Equal total protein was separated using sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) and transferred to NC membranes in Tris-glycine- 
methanol buffer. The bands were visualized using enhanced 
chemiluminescence. The rabbit monoclonal antibody against 
Nrf2 (1:1000) was purchased from Cell Signaling 
Technology (Beverly, MA, USA). The rabbit monoclonal 
antibodies against Keap-1 (1:1000) and vWF (1:1000) were 
obtained from Proteintech (Wuhan, China). Glyceraldehyde 

3-phosphate dehydrogenase (GADPH) was used as a loading 
control to normalize the data.

Statistical Analysis
All data were expressed as mean ± S.E. One-way and two- 
way analysis of variance (ANOVA) techniques were used 
for data analysis of more than two groups followed by 
Bonferroni’s post hoc analysis. A value of P ˂ 0.05 was 
considered statistically significant.

Results
SP Treatment Improves Alveolarization in 
LPS-Treated Antenatal Mice
Firstly, we tested the effect of LPS exposure on lung alveolar 
development. As shown in Figure 1A–C, LPS impaired alveo-
lar growth indicated by the decrease of alveoli numbers and 
increase of MLI, which implied that alveoli were larger than 
those of saline-treated mice. Then, we examined the effect of 
SP treatment on LPS-induced alveolar simplification. As 
expected, neonatal mice receiving SP treatment showed 
a significantly increased alveoli numbers (approximately 

Table 1 Primers for Real-Time Quantitative PCR Analysis in 
Humans

Gene Primer Sequence

VEGFA Forward AGGGCAGAATCATCACGAAGT
Reverse AGGGTCTCGATTGGATGGCA

VEGFR2 Forward GCAGGGGACAGAGGGACTTG
Reverse GAGGCCATCGCTGCACTCA

Hif1α Forward GAACGTCGAAAAGAAAAGTCTCG
Reverse CCTTATCAAGATGCGAACTCACA

Nrf2 Forward TCAGCGACGGAAAGAGTATGA
Reverse CCACTGGTTTCTGACTGGATGT

SOD1 Forward GGTGGGCCAAAGGATGAAGAG
Reverse CCACAAGCCAAACGACTTCC

SOD2 Forward GCTCCGGTTTTGGGGTATCTG
Reverse GCGTTGATGTGAGGTTCCAG

Gclm Forward TGTCTTGGAATGCACTGTATCTC
Reverse CCCAGTAAGGCTGTAAATGCTC

Txn Forward GTGAAGCAGATCGAGAGCAAG
Reverse CGTGGCTGAGAAGTCAACTACTA

IL-1β Forward TTCGACACATGGGATAACGAGG
Reverse TTTTTGCTGTGAGTCCCGGAG

IL-6 Forward ACTCACCTCTTCAGAACGAATTG
Reverse CCATCTTTGGAAGGTTCAGGTTG

TNFα Forward GAGGCCAAGCCCTGGTATG
Reverse CGGGCCGATTGATCTCAGC

IL-8 Forward ACTGAGAGTGATTGAGAGTGGAC
Reverse AACCCTCTGCACCCAGTTTTC

GAPDH Forward AACAGCGACACCCACTCCTC
Reverse GGAGGGGAGATTCAGTGTG

Table 2 Primers for Real-Time Quantitative PCR Analysis in 
Mice

Gene Primer Sequence

IL-β Forward CAAGGAGAACCAAGCAACGA
Reverse TTTCATTACACAGGACAGGTATAGA

IL-6 Forward ACTTCCATCCAGTTGCCTTCTTGG
Reverse TTAAGCCTCCGATTGTGAAGTG

TNFα Forward AGGTTCTCTTCAAGGGACAA
Reverse GACTTTCTCCTGGTATGAGATAG

IL-8 Forward ATGGCTGCTGAACCAGTAGA
Reverse CTAGTCTTCGTTTTGAACAG

SOD1 Forward AACCAGTTGTGTTGTCAGGAC
Reverse CCACCATGTTTCTTAGAGTGAGG

SOD2 Forward CAGACCTGCCTTACGACTATGG
Reverse CTCGGTGGCGTTGAGATTGTT

Gclm Forward AGGAGCTTCGGGACTGTATCC
Reverse GGGACATGGTGCATTCCAAAA

Txn Forward CATGCCGACCTTCCAGTTTTA
Reverse TTTCCTTGTTAGCACCGGAGA

GAPDH Forward CCTCGTCCCGTAGACAAAATG
Reverse TCTCCACTTTGCCACTGCAA
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45%) and significantly reduced MLI (approximately 12%) as 
compared with mice receiving LPS alone.

SP Mitigates LPS-Mediated Inflammation, 
Oxidative Stress and Promotes 
Angiogenesis During Lung Development
The organ indices of the lung and heart were observed. As 
shown in Figure 2A, lung weight (LW) to body weight (BW) 
ratio and heart weight (HW) to BW ratio were increased 
significantly in LPS group as compared to the Saline group. 
Luckily, SP treatment significantly reduced LW/BW and 
HW/BW ratio by approximately 20% and 12%, implying the 
potential effect of SP on easing lung congestion and cardiac 
hypertrophy, respectively. Moreover, we found that LPS- 
induced increase of pro-inflammatory cytokines (IL-1β, IL-6, 

TNF-α and IL-8) were attenuated by SP administration by 
approximately 32%, 54%, 35% and 62%, respectively 
(Figure 2B). In addition, we found that the reduced SOD 
activity induced by LPS stimuli was reversed with an increase 
of approximately 10% and 39% by SP treatment both in serum 
and lung tissues (Figure 2C and D), and the mRNA levels of 
antioxidant genes (SOD1, SOD2, Gclm and Txn) were also 
increased after SP administration by approximately 38%, 25%, 
46% and 39%, respectively (Figure 2E). These results indi-
cated the anti-inflammatory and anti-oxidant effects of SP 
against LPS-treated neonatal mice. What is more, as shown 
in Figure 2F–H, the protein expression of vWF, an indicator of 
vessel marker, was elevated approximately 62% after SP treat-
ment, indicating the improvement of vascular development. It 
is generally known that Nrf2 plays a key role in the mainte-
nance of anti-inflammation and anti-oxidant, and even 

Figure 1 Sodium propionate (SP) treatment improves alveolarization in LPS-treated neonatal mice. When the newborn mice were at day of life 6, they received 
intraperitoneal injection of 1 mg/kg LPS, whereas the control mice received an equal volume injection of sterile saline solution. The LPS group were then randomly divided 
into two groups that received vehicle or sodium propionate (1.2 mg/g) for 7 d. (A) Representative H&E stained lung sections (magnification, ×200). (B) Quantification of 
alveoli numbers. (C) Quantification of mean linear intercept (MLI). ***P<0.001 vs saline; ##P<0.01 vs LPS; ###P<0.001 vs LPS. Values are mean±SE, n=6 per group.
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involves in the regulation of developmental angiogenesis.16 

Once activated, Nrf2 can release from Kelch-like ECH- 
associated protein-1 (Keap-1), then translocate into the nucleus 
to regulate downstream target gene transcription. We found 
that LPS-stimulated neonatal mice lung exhibited upregulated 
Keap-1 level, but downregulated Nrf2 protein level, while SP- 
treated lung displayed decreased Keap-1 (44%) and increased 
Nrf2 (85%) (Figure 2F and G), which suggested that SP could 
activate the Nrf2 pathway. Collectively, these above results 
illustrate a possibility that Keap-1/Nrf2 is involved in the 
protective effect of SP on vascular growth.

The Beneficial Role of SP on LPS-Evoked 
Pulmonary Alveolar Remodeling is 
Nrf2-Dependent
Based on the aforementioned results, we further inves-
tigated whether Nrf2 was involved in the protective 
effect of SP on LPS-induced BPD mice. Herein, both 

wild-type (WT) and Nrf2 knockout (Nrf2-/-) mice were 
used to establish the mouse model of BPD for further 
studies. There was almost no Nrf2 protein level in lung 
tissues from Nrf2-/- mice (Figure 3A). The results of 
H&E staining (Figure 3B) and quantification of MLI 
(Figure 3C) showed that Nrf2 gene deletion exacerbated 
LPS-induced alveolar simplification, indicating the pro-
tective effect of Nrf2. However, SP failed to ameliorate 
LPS-induced alveolar simplification in Nrf2-/- mice. In 
addition, as shown in Figure 3E and F, SP could not 
suppress mRNA expressions of LPS-triggered pro- 
inflammatory cytokines (ie IL-6, TNF-α and IL-8) and 
not increase serum SOD activity and the mRNA expres-
sions of antioxidant genes (SOD1, SOD2, Gclm and 
Txn) in Nrf2-/- mice. These data imply that SP partially 
prevents LPS-induced pulmonary alveolar remodeling 
dependent on the Nrf2 pathway. However, SP still 
reduced the LW/BW ratio and mRNA level of IL-1β in 
Nrf2-/- mice (Figure 3D and F).

Figure 2 SP treatment dampens inflammation and oxidative stress, amplifies Nrf2 activation and vascularization in LPS-treated neonatal mice lung. When the newborn mice 
were at day of life 6, they received intraperitoneal injection of 1 mg/kg LPS, whereas the control mice received an equal volume injection of sterile saline solution. The LPS 
group were then randomly divided into two groups that received vehicle or sodium propionate (1.2 mg/g) for 7 d. (A) Effect of SP on lung and heart organ index. (B) Effect 
of SP on the mRNA expressions of inflammatory cytokines. (C and D) Effect of SP on serum and lung SOD activity, respectively. (E) Effect of SP on the mRNA expressions 
of SOD1, SOD2, Gclm and Txn. (F) Representative images of Western blots. (G) The protein levels of Keap-1, Nrf2 and vWF. (H) Immunohistochemistry for vWF in the lung 
section. *P<0.05 vs saline; **P<0.01 vs saline; ***P<0.001 vs saline; #P<0.05 vs LPS; ##P<0.01 vs LPS; ###P<0.001 vs LPS. Values are mean±SE, n=6 per group.
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SP Exposure Promotes Angiogenesis in 
HPMECs
Next, we wanted to elucidate the effect of SP on HPMECs 
in response to LPS stimulation. Here, SP (0.6 mM) was 
used according to our previous study.10 As shown in 
Figure 4A, SP treatment increased the cell viability by 
approximately 13% in HPMECs. Consistent with this, 
Figure 4B shows that under normal conditions, the edges 
of the HPMECs were smooth and spindle-shaped. After the 
LPS challenge, it displayed obvious vacuoles; the mem-
brane integrity was impaired; cell boundaries were unclear 
and showing an irregular network structure, while SP treat-
ment restored normal cell morphology. The tube formation 
ability of HPMECs was greatly impaired under LPS stimuli, 
whereas the addition of SP increased tube formation of 
HPMECs (Figure 4C). The vascular endothelial growth 
factor (VEGF) pathway governing vascular sprouting, pro-
liferation and EC migration, is the primary pathway for the 
regulation of developmental angiogenesis.17 VEGFA, 
a dominant isoform of VEGF, is directly induced by HIF- 
1α and binds to VEGFR2, then mediates the extension of 

vascular networks and promotes angiogenesis.18 Thus, the 
mRNA expressions of the essential genes in VEGF pathway 
were assessed by qPCR. As shown in Figure 4D, the mRNA 
expressions of VEGFA, VEGFR2 and VEGFα inducer HIF- 
1α were decreased following exposure to LPS, but SP 
treatment significantly upregulated the VEGF pathway by 
approximately 84%, 124% and 54%, respectively. 
Therefore, the results implicate that SP mitigates LPS- 
evoked cell injury and the dysregulated angiogenesis in 
HPMECs, and the activated VEGF signaling is involved 
in the protective role of SP on vascular growth.

SP Administration Blocks LPS-Evoked 
Inflammation and NF-κB Activation in 
HPMECs
The anti-inflammatory effect of SP was then evaluated in 
HPMECs. As shown in Figure 5A, HPMECs that were stimu-
lated with LPS showed a remarkable increase in pro- 
inflammatory factors, including IL-1β, IL-6, TNF-α and IL-8, 
while SP administration significantly inhibited the mRNA 
expression of these pro-inflammatory factors by approximately 

Figure 3 SP prevents LPS-evoked pulmonary alveolar remodeling depending on Nrf2. When the newborn mice (WT and Nrf2-/-) were at day of life 6, they received 
intraperitoneal injection of 1 mg/kg LPS, whereas the control mice received an equal volume injection of sterile saline solution. The LPS group were then randomly divided 
into two groups that received vehicle or sodium propionate (1.2 mg/g) for 7 d. (A) The protein expression of Nrf2. (B) Representative H&E stained lung sections 
(magnification, ×200). (C) Quantification of MLI. (D) Lung and heart organ index. (E) Serum SOD activity. (F) The mRNA levels of inflammatory cytokines and Nrf2 target 
genes. *P<0.05 vs saline; **P<0.01 vs saline; #P<0.05 vs LPS; ##P<0.01 vs LPS; n.s. vs no significance. Values are mean±SE, n=6 per group.
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39%, 59%, 67% and 61%, which strongly supported the anti- 
inflammatory effect of SP on LPS-induced HPMECs. 
Considering the production of these pro-inflammatory factors 
are closely regulated by transcription factor NF-κB, then the 
influence of SP on NF-κB signaling was investigated 
(Figure 5B). LPS treatment significantly elevated the phos-
phorylation level of NF-κB p65 compared to the PBS group 
(Figure 5C), which indicated that the NF-κB signaling pathway 
was activated by LPS in HPMECs. Importantly, SP adminis-
tration significantly inhibited the phosphorylation of NF-κB 
p65 by approximately 27%. We then studied the subcellular 
translocation of NF-κB and found that NF-κB p65 levels in 
cytoplasmic fractions were greatly decreased and the levels in 
nuclear fractions were significantly enhanced in LPS- 
stimulated cells. From the cytosol to the nucleus, the transloca-
tion of NF-κB p65 was remarkably inhibited with an increase 
of approximately 28% in the cytosol and a decrease of approxi-
mately 35% in nuclear by SP administration (Figure 5D and E). 
In summary, these data show that SP inhibited LPS-induced 
NF-κB activation in HPMECs, which suggested that SP 
mediated the anti-inflammatory effect partly through inactivat-
ing the NF-κB pathway.

SP Administration Inhibits LPS-Evoked 
Oxidative Stress in HPMECs
The antioxidant effect of SP was also examined in 
HPMECs. Intracellular ROS production was measured 
by DHE staining (Figure 6A and B). We found that SP 
significantly suppressed the generation of ROS under 
LPS-induced stressed conditions in HPMECs. 
Meanwhile, the mRNA expression of Nrf2 and its 
target antioxidant genes SOD1, Gclm and Txn in 
HPMECs were also increased by SP treatment when 
compared to treatment with LPS alone. Interestingly, 
SP had no effect on SOD2 mRNA level in HPMECs 
(Figure 6C). Consistent with the results of in vivo 
experiments, LPS-induced increased protein level of 
Keap-1 and decreased protein level of Nrf2 were also 
blocked by SP treatment in HPMECs (Figure 6D). 
Immunofluorescence staining showed a reduction of 
Nrf2 protein (green) in nuclear after stimulated by 
LPS, while SP treatment significantly accelerated the 
accumulation of Nrf2 in nuclear (Figure 6E). Taken 
together, these results suggest that the activated Nrf2 
pathway contributes to the anti-oxidant effect of SP.

Figure 4 SP blocks LPS-evoked cell injury and the dysregulated angiogenesis in HPMECs. HPMECs were stimulated with LPS (1 μg/mL) for 2 h, followed by treated with SP (0.6 
mM) for 24 h. (A) Cell viability was determined using the CCK-8 assay. (B) Representative cell morphology images. (C) Tube formation of HPMECs. (D) The mRNA levels of 
VEGFA, VEGFR1 and HIF-1α. *P<0.05 vs PBS; **P<0.01 vs PBS; ***P<0.001 vs PBS; #P<0.05 vs LPS; ##P<0.01 vs LPS; ###P<0.001 vs LPS. Values are mean±SE, n=3 per group.
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Inactivation of Nrf2 by ML385 Offsets the 
Beneficial Effect of SP Against 
Inflammation, Oxidative Stress and 
Dysregulated Angiogenesis in HPMECs
Considering the upregulation of Nrf2 activity after SP 
treatment in vascular development, we aimed to deter-
mine whether blocking Nrf2 activity can counteract SP’s 
beneficial effect on angiogenesis. ML385, a specific Nrf2 
inhibitor, has been shown to significantly suppress Nrf2 
activity and function. As shown in Figure 7A, the anti- 
inflammatory effect of SP was offset by pretreatment 
with ML385, since the mRNA levels of IL-1β, IL-6 and 

TNF-α remained no difference between the LPS and LPS 
+SP groups under ML385 stimuli. In addition, SP failed 
to increase the mRNA levels of Nrf2 target genes and 
angiogenesis-related genes (Figure 7B and C) when pre-
treatment with ML385. Moreover, there were still no 
changes in the production of ROS between the LPS and 
LPS+SP groups under ML385 stimuli (Figure 7D and E), 
indicating that the anti-oxidant and pro-angiogenesis 
effects of SP in LPS-stimulated HPMECs were all offset 
by pretreatment with ML385. Thus, the results reveal that 
SP inhibits inflammation, oxidative stress and promotes 
angiogenesis in an Nrf2-dependent manner.

Figure 5 SP blocks LPS-stimulated inflammation and NF-κB activation in HPMECs. HPMECs were stimulated with LPS (1 μg/mL) for 2 h, followed by treated with SP (0.6 mM) 
for 24 h. (A) mRNA levels of inflammatory cytokines. (B) Representative images of Western blots. (C) Level of p65 NF-κB phosphorylation. (D) Content of p65 NF-κB in 
cytoplasm. (E) Content of p65 NF-κB in nuclear. *P<0.05 vs PBS; **P<0.01 vs PBS; #P<0.05 vs LPS; ##P<0.01 vs LPS. Values are mean ± SE, n=3 per group.
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Discussion
In clinical setting, risk factors associated with BPD, such as 
hyperoxia and sepsis, trigger the production of ROS in the 
premature lung, which lead to alveolar simplification and 
impaired angiogenesis.1 Gram-negative bacterial sepsis is 
a common complication of preterm birth and is associated 
with an acute increase in ROS, lung inflammation, and the 
development of BPD.19 The major findings of the present 
study are that SP inhibits oxidative stress and 

NF-κB-mediated inflammation in an Nrf2-dependent manner 
and protects against LPS-induced lung alveolar simplification 
and vascular dysplasia in neonatal mice and HPMECs.

So far, several experimental mouse models have been 
established to mimic BPD-like disease, including hyper-
oxia, hypoxia, invasive ventilation, inflammation and 
genetic manipulation.20 However, it is sometimes compli-
cated to develop new therapies for BPD by the lack of 
a standardized animal model. Clinically, hyperoxia is one 

Figure 6 SP blocks LPS-induced oxidative stress in HPMECs. HPMECs were stimulated with LPS (1 μg/mL) for 2 h, followed by treated with SP (0.6 mM) for 24 h. (A) 
Intracellular ROS was determined using DHE staining. (B) Relative fluorescent intensity of DHE staining. (C) The mRNA levels of antioxidant genes. (D) Representative 
Western Blots and quantification of Keap-1 and Nrf2. (E) Representative images of immunofluorescence staining of Nrf2 (green). Nuclei were stained with DAPI (blue). 
*P<0.05 vs PBS; **P<0.01 vs PBS, ***P<0.001 vs PBS; #P<0.05 vs LPS; ##P<0.01 vs LPS. Values are mean±SE, n=3 per group.
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of the many contributors to BPD. It has been reported that 
the continuous exposure of newborn mouse pups to 85% 
O2 from P1 to P14 led to the most pronounced impact on 
the gas exchange structure (cumulatively reflected by 
a change in a total number of alveoli, alveolar density 
and gas exchange surface area) as well as disturbances to 
alveolar septal wall thickness.21 However, models using 
prolonged hyperoxia may not be optimal, considering the 
possibility that animals exposed to noxious stimuli in the 
alveolar stage may have already shown signs of 
recovery.20 In addition to hyperoxia, neonatal sepsis is 
a major postnatal risk factor for developing BPD.22 

Persistent perinatal lung inflammation and episodes of 
postnatal sepsis have consistently been identified as inde-
pendent risk factors for the development of BPD.23 LPS is 
the major biologically active component and primary 
recognition structure of gram-negative bacteria and has 
been widely used to model sepsis in experimental 
animals.24 Moreover, in those studies aimed at exploring 

the effects of postnatal LPS exposure, LPS was mostly 
administered during the alveolar phase of lung 
development.25 Here, in our study, LPS was intraperitone-
ally injected during the alveolar phase of lung develop-
ment (5-day-old). We found that LPS induced alveolar 
simplification (with fewer alveoli numbers and increased 
MLI) and pulmonary blood vessel density (with decreased 
vWF-stained lung blood vessels), indicating that LPS 
exposure during the alveolar phase of lung development 
leads to BPD in preterm infants.

SCFAs are produced mainly through saccharolytic fer-
mentation of carbohydrates, which are not digested and 
absorbed in the small intestine. The major products are 
acetate, propionate and butyrate. It has been reported that 
propionate plays a key role in regulating inflammation in 
the airway and lung under normal and pharmacological 
settings. For example, propionate treatment reduced house 
dust mite-induced allergic inflammation in the lungs. Mice 
treated with propionate are protected against the 

Figure 7 SP blocks LPS-triggered HPMECs injury depending on Nrf2 activation. HPMECs were stimulated with ML358 (5 μM) for 1 h, followed by stimulated with LPS (1 μg/ 
mL) for 2 h and treated with SP (0.6 mM) for additional 24 h. (A) mRNA levels of inflammatory cytokines. (B) mRNA levels of antioxidant genes. (C) The mRNA levels of 
angiogenesis-related genes. (D) Relative fluorescent intensity of DHE staining. (E) Representative DHE staining images. #P<0.05 vs LPS; ##P<0.01 vs LPS; ###P<0.001 vs LPS; 
†P<0.05 vs LPS + SP; ††P<0.01 vs LPS + SP; n.s. vs no significance. Values are mean ± SE, n=3 per group.
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development of allergic airway inflammation.26 Sodium 
propionate can suppress M1 Mψ and increase M2 Mψ 
polarization.27 Propionate levels can distinctly modulate 
lung immune responses in vitro and in vivo and that gut 
microbiome increased production of propionate is asso-
ciated with reduced lung inflammation.28 The transcrip-
tion factor NF-κB, a master regulator of the inflammatory 
response, has an important role in the pathogenesis of 
inflammation and angiogenesis.29 NF-κB activation is 
triggered by IκB phosphorylation and subsequent degra-
dation, which causes NF-κB translocation to the nucleus 
and subsequent transcription of several target genes. The 
activation of NF-κB is closely linked to the pathogenesis 
of LPS-induced BPD.30 In the present study, LPS 
increased p65 phosphorylation and p65 NF-κB nuclear 
translocation, which were prevented by SP administration 
in HPMECs. Similarly, we found that newborn mice and 
HPMECs exposed to LPS showed increased mRNA 
expressions of pro-inflammatory factors IL-1β, TNF-α, 
IL-6 and IL-8, which were the important biomarkers for 
the prediction of adverse pulmonary outcomes in preterm 
infants31 and were known to be associated with the activa-
tion of NF-κB. However, SP administration reduced these 
mRNA levels of pro-inflammatory factors. These results 
show that SP inhibited NF-κB nuclear translocation and 
subsequently decreased the release of pro-inflammatory 
cytokines.

Preterm infants are particularly exposed to oxidative 
stress due to the transition from intrauterine hypoxia to 
extrauterine hyperoxia and have an increased risk of BPD. 
Anti-oxidative therapy strategies represent the possibility 
of preventing BPD.32 We found that SP administration 
attenuated LPS-induced alveolar simplification. 
Meanwhile, the activities of SOD both in serum and lung 
tissues and the mRNA levels of antioxidant genes (SOD1, 
SOD2, Gclm and Txn) were all elevated after SP adminis-
tration in vivo. In addition, SP also reduced the generation 
of ROS and the mRNA levels of antioxidant genes in 
HPMECs. Interestingly, there were no changes in SOD2 
mRNA expression among these groups. We guessed that 
SOD2 is probably specifically non-inducible in HPMECs 
under inflammatory conditions. These results imply that 
the beneficial effect of SP on alveolar development may 
partially attribute to its depressor effect on oxidative stress 
and provide a basis for SP on preventing BPD.

The redox-sensitive transcription factor Nrf2 is a major 
regulator of antioxidant response element-(ARE-) driven 
cytoprotective genes. The activation of Nrf2 signaling 

plays an essential role in preventing cells and tissues from 
injury induced by oxidative stress. The possible beneficial 
role of Nrf2 in BPD of preterm infants has been 
elucidated.33 Beyond that, curcumin, an Nrf2 activator, 
was reported to attenuate hyperoxic lung injury in 
a newborn rat model of BPD.34 Sulforaphane, a well- 
recognized Nrf2 inducer, could inhibit hyperoxia-induced 
lung inflammation in neonatal mice.35 Aurothioglucose 
attenuated hyperoxia-induced lung developmental deficits 
in newborn mice via Nrf2-dependent mechanisms.36 Here, 
we found that deficiency of Nrf2 and exposure to LPS 
stimulation in newborn mice increase the severity of alveo-
lar development inhibition, implying the beneficial role of 
Nrf2 against LPS toxicity. Moreover, SP treatment signifi-
cantly accelerated the accumulation of Nrf2 in nuclear, 
activated Nrf2 activity and promoted the expressions of 
Nrf2 and its target genes (SOD1, Gclm and Txn) in 
HPMECs. What is more, whether pretreatment with Nrf2 
inhibitor ML385 in HPMECs or knockout of Nrf2 in mice, 
inhibiting Nrf2 can equally offset the anti-inflammatory and 
anti-oxidant effects of SP. These results suggest that the 
protective role of SP against sepsis-induced abnormal 
development of alveoli is Nrf2-dependent. Surprisingly, 
SP still reduced the LW/BW ratio and mRNA level of IL- 
1β in Nrf2-/- mice. As we knew, IL-1β was one of the key 
factors in pulmonary congestive effusion, the decreased IL- 
1β expression and LW/BW ratio indicating the alleviated 
pulmonary congestion in Nrf2-/- mice after SP administra-
tion. These results imply that the protective role of SP 
against LPS-induced lung injury was partly dependent on 
Nrf2.

In addition to alveolar simplification, abnormal angio-
genesis is another major feature of BPD. It has been 
suggested that blood vessels in the lung actively promote 
normal alveolar development and contribute to the main-
tenance of alveolar structures throughout postnatal life.37 

Abnormal angiogenesis was influenced by vascular 
endothelial growth factors (VEGF) and their receptors, 
which is essential for normal blood vessel development, 
and its dysregulation has a major role in BPD 
pathogenesis.38 VEGFA, a predominant isoform of 
VEGF, is directly induced by HIF-1α and binds to 
VEGFR2. The activation of VEGFA/VEGFR2 mediates 
VEGF-dependent angiogenesis and increases vessel 
permeability.18 Impaired VEGF signaling has been impli-
cated in the pathogenesis of BPD and lung capillary den-
sity and the expression of VEGF and its receptor are 
significantly decreased both in infants dying with BPD 
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and BPD animal models. Moreover, increased VEGF inhi-
bits hyperoxia-induced alveolar disruption. It has been 
reported that erythropoietin in combination with mesench-
ymal stem/stromal cells significantly attenuated lung 
injury in a neonatal mouse model of BPD by promoting 
angiogenesis.39 Omega-3 polyunsaturated fatty acids 
(PUFA ω-3) can reverse the reduced levels of VEGFA 
and VEGFR2 and then significantly improve alveolariza-
tion, vascular remodeling and vascular density in 
a hyperoxia-induced rat model.40 Aerosolized deferoxa-
mine administration in a mouse model of BPD activated 
downstream VEGF-induced angiogenesis and promoted 
the pulmonary vascularization and alveolarization.41 

Here, in our study, we found that SP administration sig-
nificantly reversed the decreased VEGF signaling pathway 
and promoted angiogenesis in HPMECs and in vivo under 
LPS stimuli. Actually, Nrf2 played an important role in the 
regulation of developmental angiogenesis and activation of 
Nrf2 blocked VEGF induction of VEGFR2-PI3K/Akt in 
ECs.16 In consistent with this, we found that inhibition of 
Nrf2 by ML385 abrogated the improvement of VEGF 
signaling due to SP exposure in HPMECs, indicating the 
involvement of the Nrf2-dependent VEGF signaling path-
way in improving angiogenesis in the BPD model. These 
results imply that the beneficial role of SP against LPS- 
induced alveolar simplification and angiogenesis may be, 
at least partially, attributed to the upregulated Nrf2- 
mediated anti-inflammatory and anti-oxidant effects.

Conclusion
SP can improve alveolar simplification and abnormal 
angiogenesis by activating Nrf2-mediated anti- 
inflammatory and anti-oxidant pathway in sepsis-treated 
neonatal mice and HPMECs.
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