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Background: Acute lung injury (ALI) is characterized by diffuse alveolar injury and acute non-cardiac pulmonary edema, with high 
morbidity and mortality. Lysophosphatidylcholine 14:0 (LPC14:0) has anti-inflammatory and anti-oxidative effects in sepsis and 
bacteremia. We hypothesized that LPC14:0 could be a potential treatment for ALI. Therefore, the effects of LPC14:0 on lung epithelial 
cells and the underlying mechanism on ALI were investigated.
Methods: Lipopolysaccharide (LPS) was instilled intratracheally in vivo while the Murine Lung Epithelial-12 was stimulated by tert- 
butyl hydroperoxide (t-BHP) in vitro to induce the ALI model. In vivo, lung injury was evaluated by histopathological changes and 
pulmonary edema was assessed by wet/dry ratio. Evans blue infiltration in lung tissue, total protein content, total cell counts and 
inflammatory factors in bronchoalveolar lavage fluid were evaluated for alveolar permeability. In vitro, cell viability and cell death rate 
were assessed by cell counting kit-8 and Calcein-AM/PI stain respectively. The expression of ZO-1, Occludin, Nrf2, and HO-1 was 
evaluated by Western blot.
Results: LPC14:0 attenuated the LPS-stimulated lung injury and oxidative stress in vivo, and alleviated the t-BHP-induced cell 
damage in vitro. Moreover, LPC14:0 significantly inhibited the degradation of the tight junction proteins and activated the Nrf2/HO-1 
signaling pathway both in vivo and in vitro. Mechanistically, ML385, the Nrf2 inhibitor, inhibited the protective effects of LPC14:0 on 
barrier function in vitro.
Conclusion: This study first demonstrated that LPC14:0 mitigated LPS-induced ALI and the destruction of tight junctions, at least in 
part through up-regulation of the Nrf2/HO-1 pathway.
Keywords: acute lung injury, ALI, alveolar epithelial barrier, lysophosphatidylcholine 14:0, tight junction, Nrf2

Introduction
Acute lung injury (ALI), characterized by diffuse alveolar damage and acute non-cardiac pulmonary edema, which can 
lead to acute respiratory distress syndrome (ARDS), is a common cause of death in intensive care unit patients.1,2 The 
current overall management of ALI is mainly focused on supportive care and pharmacological care, such as restrictive 
fluid strategy,3 prone ventilation,4 mechanical ventilation, and extracorporeal membrane oxygenation.5 Despite the 
continuous progress in intensive care unit treatment, the mortality rate in ALI is still high.6 Similarly, the morbidity of 
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ALI is also high, especially in the period of COVID-19.1 Although more and more research has explored the pathogen
esis of ALI and its possible therapeutic agents, the mechanism remains unclear and there is no precise drug treatment. 
Therefore, it is urgent to explore a new treatment for ALI.

Existing studies suggest that epithelial cells, as the first line of defense, are vulnerable to reactive oxygen species 
(ROS) damage.7 In addition, the destruction of alveolar epithelial and resulting alveolar barrier dysfunction are important 
mechanisms in ALI.5,8 Tight junctions (TJs) are composed of Occludins, zonula occludens (ZO) and claudins proteins, 
regulating the movement of fluid and ions, which are essential for barrier function.5 Various factors affect TJ proteins, 
such as infection, cytokines and ROS.9–11 Large amounts of cytokines and ROS are released during the pathophysiology 
of ALI. Excessive oxidative stress impaired barrier function and down-regulation of TJ proteins.

Lysophosphatidylcholines (LPCs), the major component of oxidized low-density lipoprotein, play vital roles in 
physiological processes, such as vascular development, reproduction, and myelination. They also play important 
signaling roles in inflammation and tumor cell invasion.12 Recent studies have found that lower LPC levels are associated 
with poor outcomes and increased risk of death in rheumatoid arthritis, diabetes mellitus, pulmonary hypertension, and 
asthma.13,14 Lysophosphatidylcholines14:0 (LPC14:0) <0.24 nmol/mL was associated with gestational diabetes mellitus 
risk.15 A large amount of evidence proves that LPC has an antioxidant and anti-inflammatory role in sepsis and 
bacteremia.14,16,17 LPC14:0 was a biological target for community-acquired pneumonia in our previous study.18 It is 
also reported that LPC14:0 was a biomarker to improve the diagnosis of drug-induced interstitial lung disease.19 

However, the potential mechanism is unclear in ALI.
Some researchers found that LPC attenuated ALI by regulating neutrophil motility and the formation of neutrophil 

extracellular traps.20 Others demonstrated that LPC promoted phagosomal maturation and thus enhanced bactericidal 
activity by activating the mouse macrophage cell line NF-κB pathway during Salmonella infection.21 Moreover, stearoyl 
LPC (sLPC) blocked caspase-11 mediated pyroptosis in macrophages,22 while another study suggested sLPC prevented 
extracellular release of HMGB1 via the G2A/calcium/CaMKKβ/AMPK pathway.23 Nevertheless, the role of LPC on 
alveolar epithelial barrier dysfunction is unclear. Therefore, we explored whether LPC14:0 protected against lipopoly
saccharide (LPS)-induced ALI by improving alveolar epithelial barrier function in this study.

Materials and Methods
Cell Culture
The Murine Lung Epithelial-12 (MLE-12) cells (CRL-2110TM, ATCC, USA) were cultured in DMEM/F-12 medium 
(C11330500BT, Gibco, USA) with 6% Fetal Bovine Serum (FBS) (Z7185FBS, Zeta life, USA) and 1% penicillin/ 
streptomycin (15070063, Gibco, USA) at 37°C under saturated humidity conditions and 5% CO2.

T-BHP Stimulation and LPC14:0 Treatment
Oxidative stress and barrier dysfunction are the main pathogenic mechanisms of ALI. ROS is a cause of epithelial barrier 
dysfunctions.24 Based on previous study, t-BHP (B802372, Macklin, China), a chemical induces an oxidative environ
ment, was used to stimulate the MLE-12 to simulate ALI.25–27 When MLE-12 cells grew to 60%-70% confluence, a new 
medium containing 10 μmol/mL LPC14:0 (855575P, Sigma‒Aldrich, USA) dissolved in 1%BSA (R21512, Shyuanye, 
China) or the same amount of 1%BSA was added. Then the cells were stimulated with 30 μmol/mL t-BHP for 24 hours 
after 1 hour.

Animal Experimental Design
Eight-week-old male C57BL/6 mice (n=60, 22–25g) were obtained from Zhejiang Vital River Laboratory Animal 
Technology Company and maintained in a standard pathogen-free environment at the Wenzhou Medical University’s 
Laboratory Animal Center with free food and water. The mice were randomly divided into four groups: Control 
group (1%BSA+PBS), LPS group (1%BSA+LPS), LPC14:0 group (LPC14:0+PBS), and LPS+LPC14:0 group 
(LPC14:0+LPS). The mice were subcutaneous injection with 1%BSA or LPC14:0 (10mg/kg).18,23 Two hours 
later, all mice were anesthetized with 0.5% pentobarbital sodium (50 mg/kg), and then mice were challenged 
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intratracheally by PBS or LPS (10mg/kg, dissolved in PBS) (L2880, Sigma‒Aldrich, USA). The LPC14:0 group and 
LPS+LPC14:0 group were injected subcutaneously with LPC14:0 again 12 hours later and the mice were sacrificed 
after LPS instilled intratracheally 24 hours later (Figure S1). The animal experiments were approved by the 
Institutional Animal Care and Use Committee of the first affiliated hospital of Wenzhou Medical University 
(License number: WYYY-IACUC-AEC-2023-026). Animals were received humane care in compliance with the 
National Institutes of Health guidelines.

Hematoxylin-Eosin (H&E) Staining and Pathological Scoring
After cardiac perfusion with normal saline, lung tissue was fixed in 4% paraformaldehyde, then dehydrated with an 
ethanol gradient and embedded in paraffin, sliced (3μm thick), and stained with H&E. A semi-quantitative scoring 
system was applied to assess lung injury score according to the previous study.28,29 In each group of mice, 6 visual fields 
were selected and evaluated for semi-quantitative scores in a blinded manner. The scoring system is according to the 
degree of pulmonary edema, alveolar interstitial inflammation, alveolar and interstitial hemorrhage, and thickness of 
alveolar wall or hyaline membrane formation. No damage is 0; < 25% injury is 1; 25%-50% injury is 2; 50–75% injury is 
3; diffuse injury is 4.

Measurement of Lung Wet/Dry (W/D) Ratio and the Determination of 
Bronchoalveolar Lavage Fluid (BALF)
The lung W/D ratio, as an indicator of pulmonary edema, reflects the increased lung permeability and the severity of lung 
injury. Lung tissues were collected, selected from the same pulmonary lobe, washed with normal saline, blotted with 
filter paper, immediately weighed for wet weight (W), and then placed in an oven at 65°C for 72 hours to obtain the dry 
weight (D). The ratio W/D obtained by dividing wet weight by dry weight was used to evaluate the degree of pulmonary 
edema.

Mice were sacrificed after LPS stimulation for 24 hours, then 1.0 mL of cold PBS intratracheal injected into the lung 
bulged and lavage three times to obtain BALF. After centrifugation at 4°C, 3000rpm for 20 min, the supernatant was 
collected. The protein concentration of untreated BLAF was determined using the BCA Protein Assay Kit (23225, 
Thermo scientific, USA). Then, the lower layer of cells were dissolved with red blood cell lysate, washed three times 
with cold PBS, and then centrifuged again until there were no red blood cells. The cells were suspended with PBS and 
counted the total number of cells in PBS.

Enzyme Linked Immunosorbent Assay (ELISA)
Determination of cytokines in BALF use ELISA. BALF was obtained from each sample separately as above. IL-1β (BP- 
E20533), IL-6 (BP-E20012), IL-18 (BP-E200001) and TNF-α (BP-E20220A) protein levels were determined using 
ELISA kits (Biotech Boyun, China).

Dihydroethidium (DHE) Staining for Determination of ROS
Fresh lung tissue was frozen and cut into 8 μm thick sections (3 sections per mouse), stained with a 1:200 dilution of 
oxidized fluorescent dye DHE (S0063, Beyotime, China) for 30min, rinsed three times in PBS, incubated by DAPI for 
10 min. Pictures were photographed with a fluorescence microscope (80i, Nikon, Japan), and fluorescence images were 
quantified using Image J software.

Measurement of Superoxide Dismutase (SOD), Malondialdehyde (MDA) Content in 
Lung Tissue
Lung tissues were washed with PBS and then homogenised. After centrifugation, the supernatants were collected for an 
MDA assay (BYS0001, Biotech Boyun, China) in accordance with the manufacturer’s protocol. The SOD level was 
assessed by the SOD assay (PC0027957, Biotech Boyun, China).
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Myeloperoxidase (MPO) Activity
MPO activity, closely associated with tissue neutrophil content, is a marker for the assessment of neutrophil infiltration in 
tissues.30,31 Lung tissue was homogenized and collected as above mentioned, and the MPO activity was measured with 
the MPO colorimetric activity assay kit (BYS0012, Biotech Boyun, China) according to the manufacturer’s protocol.

Lung Evans Blue Index
To test the permeability of lung, Evans blue dye extravasation assay was performed as previously described.32 In brief, 
1% Evans Blue (6 mL/kg) (HY-B1102, MCE, USA) was injected into mice via the tail vein. After 30 minutes, mice were 
anesthetized and the right ventricle was perfused with 20 mL normal saline for 2 minutes. Then, the lung tissues were 
excised and photographed. Lung tissues were weighed and homogenized with formamide (1mL/100mg) (HY-Y0842, 
MCE, USA) at 60°C for 24 hours followed by centrifugation at 12000 rpm for 20 minutes. The concentration of Evans 
Blue in supernatant was determined by spectrophotometry at 620 nm.

Cell Viability Assay
To observe the effect of t-BHP and LPC14:0 on cell viability in MLE-12 cells, the cells were inoculated in 96-well plates 
at a concentration of 1×104 cells/well for 24 hours, and then replaced with fresh medium with different concentration of 
t-BHP (10, 20, 30, 40, 50, 60) μmol/mL for 24 hours to find the appropriate concentration to model ALI. The cells were 
also divided into 9 groups respectively treated by 0, 1, 5, 10, 15, 20, 25, 30, 35 μmol/mL LPC14:0 to detect the effect of 
LPC14:0 on cell viability. As a consequence, the cells in another 96-well plate were pretreated by 0, 1, 5, 10, 15, 20, 25, 
30, 35 μmol/mL LPC14:0 for 1 hour, and then were added appropriate concentration of t-BHP for 24 hours. The cell 
viability was measured using the Cell Counting kit-8 (CCK-8) (GK10001, GLPBIO, USA). Two hours after CCK-8 was 
added, cell viability was calculated by measuring the absorbent value of 450 nm with a microplate reader.

Calcein-AM/Propidium Iodide (PI) Staining
The treated MLE-12 cells were analyzed with a Calcein/PI cell activity and cytotoxicity assay kit (No. C2015M, 
Beyotime, China) according to the manufacturer’s instructions. In short, after different stimulation, MLE-12 cells were 
stained with Calcein-AM/PI at 37°C for 30 minutes in the dark. Subsequently, the fluorescence images were acquired by 
using the Operetta CLSTM (PerkinElmer, Germany). Image J was used to analyze the average fluorescence intensity.

Immunofluorescence Staining
MLE-12 cells were seeded in 96-well culture plate and treated for 24 hours. The plates were fixed with 4% parafor
maldehyde for 30 minutes and then blocked by 1% bovine serum albumin for 30 minutes at room temperature. Next, the 
cells were then incubated with primary antibodies against ZO-1 (1:200) (21773-1-AP, Proteintech, China) at 4°C 
overnight. After washing, the cells were incubated with rabbit secondary antibody (1:500, Alexa Fluor® 488 goat anti- 
rabbit IgG, Beyotime, China) for 60 minutes at room temperature in dark. Finally, the cells were counterstained with 
DAPI for 10 minutes, and observed under the Operetta CLSTM (PerkinElmer, Germany).

Western Blot Analysis
Total proteins were extracted from lung tissues and MLE-12 cells with RIPA lysis buffer, and the protein concentrations 
were quantified by BCA assay. Proteins were separated through 10–12% denaturing polyacrylamide gels and then 
transferred to PVDF membranes. After blocking with the protein free rapid blocking buffer (PS108P, Epizyme, China), 
the membranes were incubated with the following primary antibodies: Nrf2 (ab76026, Proteintech, China), HO-1 
(AB1889491, Abcam, USA) and ZO-1 (21,773-1-AP, Proteintech, China), Occludin (A2601, Abclonal, China) and 
GAPDH (E-AB-40337, Elabscience, China) overnight at 4°C. After that, the membranes were incubated with HRP- 
conjugated anti-rabbit secondary antibodies (BL003A, Biosharp, China) for 1 hour at room temperature, and then 
visualized by the imaging system (iBright™ CL1500 Instrument, Thermo Fisher Scientific, USA). The immunoreactive 
bands were evaluated using Image J software.
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Molecular Docking (MD)
Molecular docking analysis was performed using AutoDockTools (version 1.5.7) to determine the interaction between 
Nrf2 and LPC14:0. The 2D structure of LPC14:0 was obtained from PubChem database (https://pubchem.ncbi.nlm.nih. 
gov/) and converted into 3D structure in OpenBabel (version 2.4.1). The x-ray structure of Nrf2 (PDB ID: 8XGK) was 
obtained from the Protein Data Bank database (http://wwwl.rcsb.org). Before docking, energy minimization was 
established using default parameters and processed with PyMoL (version 2.6.0). The molecular structure of Nrf2 and 
LPC14:0 was used for MD analysis. The final molecular images were viewed in 3D by using PyMoL.

Statistical Analysis
All experiments were independently repeated three times. All data was using one-way analysis of variance (ANOVA), 
followed by the Tukey postmortem test, and expressed as mean ± standard deviation (SD). All statistical analysis was 
performed using GraphPad Prism 9.0 software, and P < 0.05 was considered to be statistically significant.

Results
LPC14:0 Treatment Alleviated LPS-Induced ALI in vivo
We first evaluated the effect of LPC14:0 on ALI in mice. HE staining revealed that there were extensive alveolar wall 
thickening, a large number of inflammatory cell infiltration, and lung tissue hemorrhage compared LPS group to control 
group (Figure 1A). LPC14:0 treatment markedly alleviated those changes above caused by LPS (Figure 1A). The lung 
injury score in LPS+LPC14:0 group also decreased significantly compared to LPS group (Figure 1B). LPS group was 
characterized by increased alveolar permeability, increased total cell count and protein content of BALF after pulmonary 
edema, and increased lung W/D ratio. LPC14:0 treatment reversed these changes (Figure 1C-E). Furthermore, LPS 
induced significant increases in TNF-α, IL-1β, IL-6, and IL-18 levels of BALF, whereas LPC14:0 treatment inhibited the 
secretion of those inflammatory factors (Figure 1F-I).

LPC14:0 Treatment Inhibited LPS-Induced Oxidative Stress and Activated Nrf2/HO-1 
Signaling Pathway in vivo
Next, we used DHE staining to assess oxidative stress. As shown in Figure 2A-B, DHE fluorescence intensity was 
significantly increased in the LPS group, which was decreased in LPC14:0 treated mice. The levels of MPO and MDA in 
lung tissues of LPC14:0 treated mice were significantly lower than those in LPS-induced mice (Figure 2C-D), while the 
level of SOD was higher than those in LPS-instilled (Figure 2E). The proteins including Nrf2 and HO-1 were analyzed 
through Western blotting. As a result, Nrf2 and HO-1 expression were significantly up-regulated in LPC14:0 treatment 
mice compared with LPS-stimulated mice (Figure 2F-H). These results suggested that LPC14:0 had an antioxidant effect 
in LPS-induced ALI mice.

LPC14:0 Alleviated Barrier Dysfunction in vivo
In addition, we investigated barrier function and tight junction protein further. The blue color of lung tissue was the result 
of Evans Blue leakage (Figure 3A). Combined with Evans Blue quantitative analysis (Figure 3B), the infiltration of 
Evans Blue in lung tissue was significantly increased by LPS induced, whereas LPC14:0 treatment reduced the 
permeability, indicating that LPC14:0 alleviates alveolar epithelial barrier dysfunction. After LPS induction, the level 
of the TJ proteins, ZO-1 and Occludin, in lung tissue decreased drastically whereas LPC14:0 treatment recovered the TJ 
proteins (Figure 3C-E). All these results suggested that LPC14:0 alleviated the barrier function impairment in LPS- 
induced ALI.

LPC14:0 Inhibited t-BHP-Induced Cell Damage in vitro
To further clarify the mechanism of the protective effect of LPC14:0, an in vitro study was performed in MLE-12 cells 
based on the results above in vivo. The cell viability of MLE-12 cells assessed by CCK-8 assay decreased with the 
increase of t-BHP concentration, while LPC14:0 had no toxic effect on cells at a concentration of 0–25 μmol/mL. 
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Therefore, we selected 30 μmol/mL t-BHP as the stimulus for cell damage and then pretreated with 0–35 μmol/mL 
LPC14:0 for 1 hour. The results showed that LPC14:0 at a concentration of 10–25 μmol/mL inhibited the cell damage 
caused by 30 μmol/mL t-BHP (Figure 4A). Therefore, LPC14:0 (10 μmol/mL) and t-BHP (30 μmol/mL) were selected 
for subsequent experiments.

Calcein-AM/PI staining showed that the percentage of PI-positive cells was increased after t-BHP exposure, whereas 
the LPC14:0 pretreatment reversed these changes (Figure 4B-C). These results indicated that LPC14:0 effectively 
inhibited the death of MLE-12 cells caused by t-BHP.

LPC14:0 Reduced Alveolar Epithelial Barrier Damage Caused by t-BHP and Activated 
Nrf2/HO-1 Signaling Pathway in vitro
Immunofluorescence and Western blot analysis were performed to investigate the effect of LPC14:0 on the alveolar 
barrier damage induced by t-BHP. The results revealed that the expression of ZO-1 and Occludin was reduced by t-BHP 
exposure, which was blocked by LPC14:0 pretreatment in MLE-12 (Figure 5A-D). These results implicated that 
LPC14:0 protected the permeability of the alveolar epithelial barrier induced by t-BHP. As demonstrated in 

Figure 1 LPC14:0 attenuated LPS-induced ALI. (A) Representative images of mice lung sections stained with Hematoxylin and eosin (H&E) (n = 3). Scale bar: 50μm. (B) 
Lung injury score. (C) Mean values of W/D ratio measured from the ratio of mouse wet lung weight to dry lung weight. (D) Total cell count in BALF. (E) Levels of total 
protein in BALF. (F-I) Levels of TNF-α, IL-1β, IL-6, and IL-18 in BALF. All experiments were performed three times independently, and the results were described as mean ± 
SD. n = 3, * vs control group, # vs LPS group, #/*p < 0.05, ##/ **p < 0.01, ###/ ***p < 0.001.
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Figure 5E-G, t-BHP slightly decreased the expression of Nrf2 and increased the expression of HO-1 proteins, which were 
further up-regulated by LPC14:0 treatment.

LPC14:0 Improved Alveolar Epithelial Barrier Function by Activating Nrf2/HO-1 
Signaling Pathway in vitro
We studied the interaction between LPC14:0 and Nrf2 by means of molecular docking. The binding energy of LPC14:0 
to Nrf 2 is −8.7 (kcal/mol). The binding mode of LPC14:0 to the Nrf2 protein is shown in Figure 6A while Figure 6B 

Figure 2 LPC14:0 inhibited LPS-induced oxidative stress and activated Nrf2/HO-1 pathway. (A) ROS levels in lung tissues were detected by DHE. Representative DHE 
fluorescence images of mouse lung tissue (n = 3). Scale bar: 50μm. (B) Quantitative determination of DHE fluorescence intensity. (C) MPO activity in lung tissues of mice. 
(D-E) The levels of MDA and SOD in lung tissues of mice. (F-H) Western blot analysis for Nrf2 and HO-1 protein expression. All experiments were performed three times 
independently, and the results were described as mean ± SD. n = 3, * vs control group, # vs LPS group, #/* p < 0.05, ** p < 0.01, ###/ *** p < 0.001.
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Figure 3 LPC14:0 affected alveolar epithelial barrier function in LPS-induced ALI. (A) Permeability of Evans Blue into mouse lung tissue. (B) Quantitative analysis of Evans 
Blue in mouse lung tissue. (C-E) Western blot analysis of ZO-1 and Occludin proteins expression. All experiments were performed three times independently, and the 
results were described as mean ± SD. n = 3, * vs control group, # vs LPS group, #/* p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 4 LPC14:0 inhibited t-BHP-induced cell damage in MLE-12. (A) CCK-8 cell viability test selected the concentration of t-BHP to stimulate MLE-12 and confirmed that the 
optimal protective concentration of LPC14:0. (B) The cell death was detected by Calcein-AM/PI staining (n = 3). Scale bar: 100μm. (C) The dead cells (PI positive) were counted. All 
experiments were performed three times independently, and the results were described as mean ± SD. n = 3, * vs control group, # vs t-BHP group, ##/ ** p < 0.01, ###/ *** p < 0.001.
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shows that LPC14:0 is able to form hydrogen bonds with VAL-418, VAL-465 and ILE-416 residues in Nrf2 protein. 
These findings indicate that LPC14:0 may interact with Nrf2 to exert antioxidant effects.

Then, we used a specific Nrf2 inhibitor, ML385, to test whether Nrf2/HO-1 is related to the up-regulation of ZO-1 
and Occludin caused by LPC14:0. According to the Western blotting, pretreatment with ML385 significantly inhibited 
the expression of Nrf2 and HO-1 (Figure 6C-E). In the meantime, we found that the up-regulation of ZO-1 and Occludin 

Figure 5 LPC14:0 reduced alveolar epithelial barrier damage caused by t-BHP and activated Nrf2/HO-1 signaling pathway in vitro. (A) Representative immunofluorescent 
staining images of ZO-1 expression in MLE-12. Scales bar: 50μm. (B-D) Western blot analysis in ZO-1 and Occludin protein expression. (E-G) Western blot analysis in Nrf2 
and HO-1 protein expression. All experiments were performed three times independently, and the results were described as mean ± SD. n = 3, * vs control group, # vs 
t-BHP group, #/* p < 0.05, ##/ ** p < 0.01, *** p < 0.001.
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caused by LPC14:0 was abolished by ML385 (Figure 6F-H). These results demonstrated that the Nrf2/HO-1 pathway 
was related to the regulation of TJ proteins by LPC14:0.

Discussion
In this study, we found that LPC14:0 also improved ALI by enhancing tight junction protein expression and enhancing 
barrier function in addition to its anti-inflammatory and antioxidant effects. We further demonstrated that LPC14:0 
alleviated acute lung injury by activating Nrf2/HO-1 pathway to enhance expression of TJ proteins.

Figure 6 LPC14:0 improved alveolar epithelial barrier function by activating Nrf2/HO-1 pathway. (A) The 3D binding model of LPC14:0 and Nrf2 through molecular 
docking. (B) Local binding between LPC14:0 and Nrf2: three residues (VAL-418,VAL-465 and ILE-416) are involved in the hydrogen bond interaction. (C-E) Western blot 
analysis in Nrf-2 and HO-1 protein expression. (F-H) Western blot analysis in ZO-1 and Occludin protein expression. All experiments were performed three times 
independently, and the results were described as mean ± SD. n = 3, * vs control group, # vs t-BHP group, ^ vs t-BHP+LPC14:0 group, #/*/^ p < 0.05, ##/ **/^^ p < 0.01.
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Although the pathophysiological mechanism of ALI is complex and not completely clear, it has been found that 
oxidative stress and barrier dysfunction play major roles in the pathogenesis of ALI. It is reported that LPCs had anti- 
inflammatory roles in the development of vascular inflammation and atherosclerosis by increasing extracellular super
oxide dismutase expression.33 In experimental murine pneumonia models, LPC reduced the bacterial burdens in the lungs 
and increased the animal survival rate by regulating the production of pro-inflammatory and anti-inflammatory 
cytokines.34 In the study, we established a mouse model of ALI by intratracheal instillation of LPS, which induced 
the occurrence of excessive oxidative stress and inflammation response.35,36 LPC14:0 treatment reversed the above 
pathological changes, such as the increased production of SOD, the decreased production of IL-1β, TNF-α and other 
inflammatory factors in BALF, which is consistent with previous studies.

It has been recognized that alveolar epithelial, the first line of defense in ALI, plays an important role in the survival 
of patients with ALI.1 Damage to the epithelial barrier facilitates the secretion of chemokines, adhesion molecules, and 
also impairs the transport of fluid, sodium and chlorine, which maintain a dry airspace by alveolar epithelium. Previous 
studies have shown the importance of alveolar epithelial cells.31,37 In this study, we found that LPC14:0 treatment 
markedly reduced lung wet-to-dry ratio and Evans blue index in LPS-induced mice. Our results indicated that 
LPC14:0 had a protective effect against epithelial damage, which is consistent with the studies in vitro. Additional, 
LPC14:0 treatment recovered the expression of TJ proteins, such as ZO-1 and Occludin.

TJs are important intercellular junctions that construct epithelial barrier and maintain epithelial polarity.38 The study 
of alveolar epithelial barrier function is helpful to explore a new method for the treatment of lung injury. In the present 
study, we found that the expression of ZO-1 and Occludin was reduced by t-BHP exposure in MLE-12, which was 
blocked by LPC14:0 pretreatment. These results suggested that the protective effect of LPC14:0 on ALI was partly 
mediated by TJs. Many studies have found that activating Nrf2/HO-1 signaling plays a crucial role in protecting barrier 
integrity,35,39 thereby inhibiting inflammatory damage. In inflammatory bowel disease, activation of the Nrf2 pathway 
enhances TJ proteins expression, protects the integrity of the intestinal barrier, and suppresses inflammatory bowel 
disease.39 Furthermore, the activation of Nrf2-mediated antioxidant stress pathways protects against LPS-induced blood- 
brain barrier damage.10 HO-1, the downstream of Nrf2, has been found to play a key role in clearing ROS and regulating 
ROS production, and also reduces the degradation of TJ proteins. Up-regulating HO-1 in LPS-induced ALI can reduce 
deterioration of TJ proteins.40 To investigate whether LPC14:0 protects barrier integrity by activating Nrf2/HO-1 
signaling, we stimulated MLE-12 cells with ML385, the Nrf2-specific inhibitor, for one hour before LPC14:0 treatment 
and found it could eliminate the effects of LPC14:0 in vitro. The results suggested that LPC14:0 reduced the deterioration 
of TJ proteins via the Nrf2/HO-1 pathway.

With the development of lipidomics research, increasing evidence proves that lower LPC in plasma correlates with 
increased mortality risk and poor prognosis.19,41 LPCs have been studied increasingly in a variety of diseases, such as 
vascular inflammation, cancer, and infectious.42 One study revealed that LPC bound to both G protein-coupled receptor 
132 (G2A/GPR132) and G protein-coupled receptor 4 on the cell surface,43 affecting the activation of immune cells. 
Besides, it has been reported that LPC could induce the activation of the PKA-PI3K-p38 MAPK pathway to promote 
phagosome maturation, thus effectively controlling the growth of Mycobacterium tuberculosis.44 LPC also induce 
apoptosis of mouse ovarian granulosa cells and mouse Leydig cells.45,46 LPC14:0, a class of LPCs, was involved in 
cell signaling through a variety of mechanisms as a bioactive lipid mediator. LPC14:0 plays a protective role against 
LPS-induced ALI by inhibiting activation of the NLRP3 inflammasome in our previous study.18 In present study, we 
investigated the effects of LPC14:0 on oxidative stress, inflammation, and TJs in vivo during LPS-stimulated ALI. We 
first found that LPC14:0 protected LPS-induced ALI by promoting TJ proteins expression in alveolar epithelial cell 
through the Nrf2/HO-1 pathway in vitro. This result suggested LPC14:0 might be a potential substance for the treatment 
of ALI.

Our study still has some limitations and shortcomings. For example, many potential upstream or bypass mechanisms 
regulate the effect of TJs under different situations. We only verified the relationship between Nrf2/HO-1 signaling pathway 
and TJ protein, but some studies have found that Nrf2/HO-1 alleviated epithelial barrier dysfunction by inhibiting 
ferroptosis,47 others have found that Nrf2/HO-1 inhibited pyroptosis and improved ALI.48,49 There are many types of 
programmed cell death, such as apoptosis, autophagy, pyroptosis, and ferroptosis,50 which need to be explored in the TJ 
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completely. In addition, the upstream of Nrf2, such as p-AKT and Sirt1, may also be studied further in the future. So, the deep 
relationship between the Nrf2/HO-1 pathway and TJ remains to be sufficiently explored. Furthermore, cell research can not 
completely replace in vivo research. LPC14:0 reducing lung epithelial cell injury by Nrf2/HO-1 pathway needs to be further 
discussed by using knockout mice and different cell lines. In terms of statistics, various statistical methods may have statistical 
bias, and we have little data in the present study, in this context, we need more data to support our results in the future.

Conclusion
The study demonstrated that LPC14:0 treatment played a protective role in LPS-induced ALI through anti-inflammatory 
and antioxidant effects. At the same time, LPC14:0 alleviated the tight junction protein breakage on lung epithelia by 
activating the Nrf2/HO-1 signaling pathway to improve ALI (Figure 7). In conclusion, we focused on the role of 
LPC14:0 treatment in alveolar epithelial barrier dysfunction with the involvement of the Nrf2/HO-1 pathway. At the 
same time, we speculated that LPC14:0 could be used as a new therapeutic agent to alleviate ALI in the future.
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