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ABSTRACT

Purpose: Although mechanical ventilation is an essential support for acute respiratory distress syndrome (ARDS), ventilation also 
leads to ventilator-induced lung injury (VILI). This study aimed to estimate the effect and mechanism of Annexin A1 peptide (Ac2-26) 
on VILI in ARDS rats. Methods: Thirty-two rats were randomized into the sham (S), mechanical ventilation (V), mechanical ventilation/
Ac2-26 (VA), and mechanical ventilation/Ac2-26/L-NIO (VAL) groups. The S group only received anesthesia, and the other three groups 
received endotoxin and then ventilation for 4 h. Rats in the V, VA and VAL groups received saline, Ac2-26, and A c2-26/N5-(1-iminoethyl)-
l-ornithine (L-NIO), respectively. Results: All indexes deteriorated in the V, VA and VAL groups compared with the S group. Compared 
with V group, the PaO2/FiO2 ratio was increased, but the wet-to-dry weight ratio and protein levels in bronchoalveolar lavage fluid were 
decreased in the VA group. The inflammatory cells and proinflammatory factors were reduced by Ac2-26. The oxidative stress response, 
lung injury and apoptosis were also decreased by Ac2-26 compared to V group. All improvements of Ac2-26 were partly reversed by 
L-NIO. Conclusion: Ac2-26 mitigates VILI in ARDS rats and partly depended on the endothelial nitric oxide synthase pathway.
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Introduction

Acute respiratory distress syndrome (ARDS) is a sudden and serious lung injury in the intensive care unit (ICU), which 
is characterized by deterioration of alveolar-vascular permeability and pulmonary interstitial edema, pulmonary focal lesions 
or systemic inflammation and severe hypoxemia1. The prevalence of mild, moderate and severe ARDS was 30, 46.6, and 
23.4%, respectively, reported in a recent epidemiological analysis2. Moreover, 39% of patients in the ICU received mechanical 
ventilation (MV) support to maintain oxygenation3. However, MV not only provides respiratory support, but also results 
in lung injury, which was named VILI4. Evidence suggests that imbalanced inflammation plays a key role in ARDS and 
VILI1,5. The ventilation for pre-inflammatory lung tissue of ARDS could result in overstretching of the alveoli, activating 
inflammatory cells and releasing proinflammatory factors and further damaging the pre-injured lung6 and resulted to lung 
edema and severe hypoxemia7,8. Therefore, effective control of inflammation is a potential strategy to prevent VILI in ARDS. 

Annexin A1 (AnexA1) is an endogenous glucocorticoid-regulated anti-inflammatory protein and was shown to suppress 
inflammation. Its N-terminal-derived peptide Ac-ANX-A1 (Ac2-26) had been indicated to reduce lung injury via activation 
of formyl peptide receptor and endothelial nitric oxide synthase (eNOS) pathway9,10. Considering the role of eNOS in acute 
lung injury and VILI11,12, and the regulation of Ac2-26 and eNOS13,14, we speculated that the Ac2-26 reduces VILI in ARDS 
rats partly via the eNOS pathway.
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Methods

The approval protocol number of the Animal Research and Care Committee of Harbin Medical University is SYDW2022-095.

Study design

All the procedure of this study was approved by the Animal Research and Care Committee of Harbin Medical University. Thirty-two 
Sprague Dawley rats which were 13 weeks old and had body weights of 300 ± 20 g were randomized into four groups: the sham group 
(S), mechanical ventilation group (V), MV/Ac2-26 group (VA) and MV/Ac2-26/L-NIO group (VAL) (n = 8). All rats received anesthesia 
with 3% pentobarbital sodium (30 mg/kg intraperitoneal injection). After anesthesia and local infiltration of lidocaine, the caudal artery 
and vein were cannulated to analyze the arterial blood gas analysis, blood samples were collected, and saline was injected.

The rats in the S group only received anesthesia and intubation. The rats in the V, VA and VAL groups first received an 
intravenous injection of endotoxin (Sigma-Aldrich, St, Louis, MO, United States of America) to simulate ARDS15. After 30 min 
of injection with endotoxin, the rats were analyzed for arterial blood gas to detect the PaO2/FiO2 ratio. ARDS establishment 
was judged to be successful when the PaO2/FiO2 ratio was less than 3001. Then, these rats received a large tidal volume of 
MV for 4 h to induce VILI. During MV, the tidal volume was set to 30 mL/kg according to previous study16, the respiratory 
rate was set to 50 min, and the inspiratory/expiratory ratio was set to 1:1 without positive end-expiratory pressure (PEEP). 

Based on results of previous studies, the dosage of Ac2-2610 and inhibitor of eNOS17,18 were confirmed at 1 and 10 mg/kg. At initiation 
of MV, the saline, Ac2-26 (1 mg/kg) (Sigma, United States of America) and Ac2-26 (1 mg/kg) combined with N5-(1-iminoethyl)-
l-ornithine (L-NIO) (Santa Cruz) (10 mg/kg)17,18 were injected into the rats in the V, VA and VAL groups immediately. During the 
MV procedure, the anesthesia was maintained with 3% pentobarbital sodium (10 mg/kg) and 0.6 mg/kg rocuronium per hour.

Randomization

Thirty-two number from 1 to 32 were labeled in 32 cards, which were stored in an envelope. The numbers 1 to 8, 9 to 
16, 17 to 24, and 25 to 32 were allocated into S, V, VA and VA/L group, respectively. The rat was randomly selected by a card 
after anesthetized and allocated into S, V, VA or VA/L group according to the number on the card.

Sample collection

The peripheral blood and arterial blood analyses were conducted at baseline, 30 min after injection of endotoxin, and 4 h after 
ventilation. All rats were sacrificed with an overdose of anesthetics after 4 h of ventilation, and the lung tissues and blood were 
collected. The right lung tissue was collected to analyze lung injury, apoptosis, and protein analysis. The left lung was injected with 
saline to collect the bronchoalveolar lavage fluid (BALF). The serum and BALF were centrifuged at 1,000 g at 4 °C for 15 min, and the 
supernatants were stored at -80 °C for further analysis. After the procedure, rats were injected with large doses of anesthetic drugs.

The alveolar-capillary permeability

We performed the arterial blood gas analysis with a Rapidlab 348 system (Bayer Diagnostics, Germany) to calculate 
the PaO2/FiO2 ratio. Moreover, we also detected the protein concentration and lung tissue wet/dry weight ratio. Part of the 
right upper lung tissue of all rats was collected to weigh, and then this lung tissue was dried at 60 °C for 48 h. The weight 
ratio of wet lung tissue to dry lung tissue was calculated. We also tested the protein levels of BALF using the BCA method. 
These data were calculated to evaluate the effect of AnexA1 on pulmonary alveolar-capillary permeability. 

Local and systemic inflammation analysis

To evaluate the effect of AnexA1 on systemic and local inflammation in VILI, we collected peripheral blood samples 
and BALF. The inflammatory factors, including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 
(IL-6) and interleukin-10 (IL-10), in peripheral blood and BALF were detected with enzyme-linked immunosorbent assay 
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(ELISA) kits (Wuhan Boster Bio-Engineering Limited Company, Wuhan, Hubei, China). The intercellular adhesion molecule 
1 (ICAM-1) and interleukin-8 (IL-8) levels in serum were also estimated. Furthermore, after centrifugation, BALF deposits 
were stained with Giemsa by an independent pathologist to count the number of macrophages and neutrophils.

Oxidative stress response

We collected part of the right lung tissues and homogenized them with saline. The homogenate was centrifuged, and the 
homogenized supernatants were collected to analyze the malondialdehyde (MDA) concentration and the myeloperoxidase 
(MPO) and NADPH activities by using specific kits (Nanjing Jiancheng).

Histopathologic lung injury evaluation

We analyzed lung tissue histological injury with hematoxylin and eosin (HE) staining. First, part of the right lung middle lobe 
was collected and fixed with paraformaldehyde. After dehydration and dealcoholization, the lung tissue was embedded in paraffin. 
The lung tissue was cut into 4-μm sections and preserved on a slide. Slides were stained with HE. The severity of lung injury was 
estimated by two independent pathologists who did not participate in this study. The lung histological injury was scored according 
to the following system: 0, minimum damage; 1, mild damage; 2, moderate damage; 3, severe damage; and 4, maximum damage.

Apoptosis evaluation

We assessed lung tissue apoptosis by TUNEL staining with commercial kits (Roche Diagnostics GmbH, Science, 
Mannheim, Germany). The slide with lung tissue section was immersed into proteinase K solution. Then, the slide was 
rinsed with phosphate-buffered saline (PBS). Afterwards, it was immersed in TUNEL reaction solution. Then, the slide 
was rinsed three times with PBS and washed with H2O2 to inhibit the endogenous peroxidase activity. Finally, the slide was 
immersed in extravidin peroxidase and diaminobenzidine solution. Apoptosis was estimated by an independent pathologist 
by the brownish staining of the nuclei under a microscope. The apoptosis of endothelium and epithelium was identified and 
figured out by the independent pathologist to distinguish the apoptosis endothelium and epithelium from inflammatory cells. 

Western blotting

To observe the expression of various proteins in lung tissues, we collected part of the lung tissue and extracted the protein from 
the lung tissue. The concentrations of proteins were tested with the Bradford assay. We added equivalent protein levels to each the 
polyacrylamide gel well. After electrophoresis, all the proteins were transferred onto polyvinylidene fluoride membranes (PVDF). The 
PVDF membrane containing the target protein was cut and blocked with 5% dry milk for 24 h. The PVDF membrane was washed 
with PBS three times and incubated with endothelin-1, phosphorylated-endothelial nitric oxide synthase (p-eNOS), PKBα, and 
phosphorylated myosin light chain (p-MLC) (pSer18, Sigma Aldrich). The PVDF membrane was incubated with primary antibodies 
for 12 h at 4 °C and washed with PBS three times. Then, the membrane was incubated with horseradish peroxidase-linked secondary 
antibodies (Santa Cruz Biotechnology) for 1 h. Finally, the bands on the PVDF were visualized via enhanced chemiluminescence.

Cell culture

To investigate the possible mechanism of Ac2-26 on VILI in ARDS, we cultured the human alveolar epithelial cell A549 
(American Type Culture Collection, Manassas, CA, United States of America). 

To avoid the influence of apoptotic protein extracted from inflammatory cells on the results of Ac2-26 on the epithelium, 
the human epithelium (A549) was cultured, and received the endotoxin to simulate the ARDS. The A549 cells were obtained 
from the American Type Culture Collection (ATCC, Manassas, CA, United States of America) and cultured in Dulbecco’s 
modified Eagles medium (DMEM) combined with Glutamax (Gibco, Grand Island, NY, United States of America), 10% 
fetal bovine serum (FBS, Gibco), penicillin (100 units/mL) and streptomycin (0.1 mg/mL) (Beyotime, Shanghai, China), 
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under 95% air, 5% CO2 atmosphere at 37 °C condition. Then, the cells were washed three time with serum deprived DMEM 
when the cells were cultured to 80% confluency at a density of 104 cells/cm2. 

All the cells were divided into four groups: sham group (S), endotoxin group (ARDS), endotoxin/Ac2-26 (ARDS/A) 
group, and endotoxin/Ac2-26/L-NIO group (ARDS/A/L). The cells in sham did not receive any treatment. The cells in 
other groups received 15 μg/mL of endotoxin for 4 hours19. The cells in ARDS group, ARDS/A group and ARDS/A/L group 
respectively received the treatment of vehicle, Ac2-26 (0.3 μM), or Ac2-26 (0.3 μM)10 and L-NIO 10 μM20 in medium.

Four hours after stimulation of endotoxin, the cells were washed and changed the fresh medium. After that, the 
cell proliferation and viability were detected with the cell counting kit-8 (CCK-8). Briefly, 100 μL 10% CCK-8 solution 
was added into the 96-well plate for 1 hour. After that, the absorbance of the solution was detected at 450 nm with a 
microplate reader (Quant Bio Tek Instruments, Winooski, Vermont, United States of America). Moreover, the protein 
was extracted from epithelium and effect of Ac2-26 on apoptotic regulated protein Bax, Bcl-2 and cleaved caspase-3 
were detected and evaluated. 

Apoptosis assay

The Annexin V-FITC/PI apoptosis detection kit (BestBio, Shanghai, China) was purchased from the commercial company 
and used to investigate the apoptotic cells with flow cytometry (FACScan, Becton Dickinson, United States of America). 
The epitheliums of four groups were suspended in Annexin-binding buffer and stained with Annexin V-FITC and PI for 
30 min in dark room at room temperature. The adherent and floating cells were measured by flow cytometer (Beckman 
Coulter, United States of America) to distinguish the apoptotic cells (Annexin-V positive and PI-negative) from necrotic 
cells (Annexin-V and PI-positive).

Statistical analysis

The primary outcome was the PaO2/FiO2 ratio after 4 h of ventilation. Our previous study indicated that the PaO2/FiO2 
ratio after 4 h of ventilation was 166 ± 15 mmHg15. A power analysis was performed to detect an increase of 50 mmHg in 
the PaO2/FiO2 ratio with an alpha error of 0.05 and power of 90%. Based on the power analysis, seven rats were required in 
each group. To compensate for the potential missed participants, we enrolled eight rats in each group.

The normally distributed data are presented as the mean ± standard deviation (SD), and the skewed data are presented as 
medians (IQR). The continuous data with normally distributed data were analyzed with two-way repeated analysis of variance 
(ANOVA). The skewed data were analyzed with a nonparametric Friedman test. When differences were noted, Bonferroni 
post hoc analysis was performed to identify the source of the difference. All statistical analyses were performed using 
Statistical Package for the Social Sciences (SPSS) 19.0 for Windows (SPSS, Inc., United States of America). A P value less 
than 0.05 was considered statistically significant.

Results

Ac2-26 improved the alveolo-capillary permeability

The PaO2/FiO2 ratio, total protein concentrations of BALF and lung tissue wet/dry weight ratio were calculated to 
evaluate the effect of Ac2-26 on alveolo-capillary permeability. We found that the PaO2/FiO2 ratio significantly decreased 
after ventilation compared with the one of the S group. The PaO2/FiO2 ratio was increased, and the wet/dry weight 
ratio and protein concentrations were decreased by Ac2-26 compared with those of the V group. The Ac2-26 mediated 
improvement in alveolo-capillary permeability was reversed by the L-NIO treatment in the VAL group compared with 
the VA group (Fig. 1). 
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Ac2-26: Annexin A1 peptide; AnexA1: Annexin A1; VILI: ventilator-induced lung injury; L-NIO: N5-(1-iminoethyl)-l-ornithine; S group: sham group; 
V group: mechanical ventilation group; VA group: mechanical ventilation/Ac2-26 group; VA/L group: mechanical ventilation/Ac2-26/L-NIO group; 

 : S group;  : V group;  : VA group;  : VA/L group).
Figure 1 - The effect of Ac2-26 on alveolo-capillary permeability. AnexA1 significantly increased the PaO2/FiO2 ratio and 
decreased the wet/dry weight ratio and protein concentration in VILI. The Ac2-26-mediated improvements were partly 

reversed by L-NIO. (a) P < 0.05 vs. the S group; (b) P < 0.05 vs. the V group; (c) P < 0.05 vs. the VA group. 

Ac2-26 reduced endothelial cell injury

The expression levels of ET-1 and p-MLC in lung tissues were determined by Western blot analyses. Ac2-26 significantly decreased 
ET-1 and p-MLC expression in the lung tissue compared with those of the V group. The p-eNOS expression in lung tissue were 
increased by the Ac2-26, but the promotion of Ac-2-26 on p-eNOS was reduced by the L-NIO. To explore the possible mechanism 
of Ac2-26 on p-eNOS, we also detected the expression of PKBα in lung tissue. The PKBα was promoted by the Ac2-26 (Fig. 2). 
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ET-1:endothelin-1; p-MLC: phosphorylated myosin light chain; p-eNOS: phosphorylated-endothelial nitric oxide synthase; PKBα: protein kinase B; 
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Figure 2 - The effect of Ac2-26 on endothelium injury induced by LPS and ventilation. After stimulation of LPS, the ET1, p-MLC, 

PKBα and p-eNOS were significantly increased. The Ac2-26 reduced the expression of ET-1 and p-MLC, but promoted the 
expression of PKBα and p-eNOS. (a) P < 0.05 vs. the S group; (b) P < 0.05 vs. the L group; (c) P < 0.05 vs. the LA group. 
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Ac2-26 inhibited local and systemic inflammation

First, we detected the inflammatory cell counts and cytokine concentrations of BALF to estimate the effect of Ac2-26 
on local inflammation.

After 4 h of ventilation, the macrophage and neutrophil counts in BALF were significantly increased in the V and VA 
groups. The concentrations of elastase and proinflammatory factors, including TNF-α, IL-1β and IL-6, in BALF from 
the V and VA groups were significantly increased compared with those of the S group. The inflammatory cell count and 
proinflammatory factors were reduced by Ac2-26 in the VA group compared with the V group. In contrast, the anti-
inflammatory IL-10 was increased by Ac2-26. All the changes in these parameters were reversed by the L-NIO compared 
with those of the VA group (Fig. 3a).

Second, we detected the cytokines in the serum to observe the effect of Ac2-26 on systemic inflammation. Like the results 
of BALF, the TNF-α, IL-1β and IL-6 levels in serum were significantly upregulated after ventilation, and this upregulation was 
decreased by Ac2-26. The serum IL-10 was also increased by Ac2-26 compared to that in the V group. The Ac2-26 mediated 
regulation of serum cytokines was reduced by L-NIO (Fig. 3b).
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TNF-α: tumor necrosis factor-α; IL-1β: interleukin-1β; IL-6: interleukin-6; IL-10: interleukin-10; BALF: bronchoalveolar lavage fluid; ELISA: enzyme-
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group: mechanical ventilation group; VA group: mechanical ventilation/Ac2-26 group; VA/L group: mechanical ventilation/Ac2-26/L-NIO group;  
: S group;  : V group;  : VA group;  : VA/L group.

Figure 3 - The effect of Ac2-26 on inflammation in VILI. The levels of TNF-α, IL-1β, IL-6 and IL-10 in serum and BALF were 
determined by ELISAs. The TNF-α, IL-1β, IL-6 and IL-10 in BALF and serum were significantly up-regulated in rats received 
LPS and ventilation. Compared with V group, the TNF-α, IL-1β, IL-6 were significantly reduced by Ac2-26, but the IL-10 was 
increased by Ac2-26. The regulation of Ac2-26 was partly reversed by L-NIO. Data are representative images or expressed as 

the mean ± standard deviation. (a) P < 0.05 vs. the S group; (b) P < 0.05 vs. the V group; (c) P < 0.05 vs. the VA group. 

Ac2-26 ameliorated oxidative stress in lung tissue

The levels of MDA, activities of MPO and NADPH were significantly increased in the V and VA groups compared with 
the S group. The concentrations of MDA, and activities of MPO and NADPH were significantly reduced in the VA group 
compared with the V group. The inhibition of Ac2-26 on the oxidative stress response was reversed by L-NIO compared 
with that of the VA group (Fig. 4).
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Figure 4 - The effect of Ac2-26 on the oxidative stress response in VILI. The MDA levels and MPO and NADPH activities 
in lung tissues were investigated. Ac2-26 significantly reduced the level of MDA and activity of MPO and NADPH, but 

L-NIO reversed this effect. (a) P < 0.05 vs. the S group; (b) P < 0.05 vs. the V group; (c) P < 0.05 vs. the VA group. 

Effect of Ac2-26 on cell proliferation and viability

Compared with S group, the viability of epithelium received the LPS stimulation significantly deteriorated. Compared 
with L group, the viability of epithelium in LA group was significantly improved, but the protection of Ac2-26 on epithelium 
was reversed by the L-NIO (Fig. 5a).
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Figure 5 - The effect of Ac2-26 on lung histological injury and apoptosis in VILI. (a) The lung tissue injury was evaluated 
with hematoxylin and eosin staining. Ac2-26 significantly reduced lung histological injury, but L-NIO reduced this effect. 
(b) Apoptosis of endothelium and epithelium was estimated by TUNEL staining with independent pathologist. Apoptosis 

was alleviated by Ac2-26, but this effect was reversed by L-NIO. The cells directed by the arrow were identified 
the apoptotic cells. (a) P < 0.05 vs. the S group; (b) P < 0.05 vs. the V group; (c) P < 0.05 vs. the VA group.

Ac2-26 reduced the histological injury

Compared with the S group, the V and VA groups showed typical lung histological damage, including interstitial edema, 
alveolar collapse, alveolar breakage, and an increase in the alveolar wall, even hemorrhage, in rats. The lung injury score 
was significantly reduced by Ac2-26 compared with that of the V group. The effects of Ac2 on lung injury were reduced by 
L-NIO compared to that of the VA group (Fig. 6a).

Ac2-26 inhibited the apoptosis

After 4 h of MV, we observed many apoptosis-positive endothelium and epithelium in rats from the V and VA groups 
compared with those from the S group. Compared with V group, rats in the VA group showed significant reductions in apoptotic 
cells after treatment with Ac2-26. The effect of Ac2-26 on apoptosis was reversed by the eNOS inhibitor L-NIO (Fig. 6b).
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Effect of Ac2-26 on apoptosis of epithelium 

The results of this study indicated that significant apoptosis of epithelium was induced by the endotoxin. The apoptosis of 
epithelium was inhibited by the Ac2-26 and reversed by L-NIO. The apoptosis and necrosis of epithelium were significantly 
increased in endotoxin treated group (P<0.05). Compared with ARDS group, the apoptosis and necrosis were decreased by 
Ac2-26 (P < 0.001), and these effects were partly reduced by the L-NIO–Necrosis: 2.42 ± 0.16 vs. 7.90 ± 2.18 vs. 5.15 ± 1.01 
vs. 6.02 ± 1.27; Apoptosis: 6.36 ± 1.15 vs. 17.24 ± 1.66 vs. 13.63 ± 1.54 vs. 15.12 ± 1.18 (Fig. 6c).

We also investigated the effect of Ac2-26 on apoptotic protein in epithelium. The pro-apoptotic protein Bax and apoptotic 
executive protein cleaved caspase-3 were inhibited, but the anti-apoptotic Bcl-2 was enhanced by the Ac2-26. The effect of 
Ac2-26 on apoptotic protein was reversed by the L-NIO (Fig. 5b). 
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Figure 6 - The effect of Ac2-26 on cell proliferation and apoptosis regulated protein in lung tissue and the effect of Ac2-26 
on apoptosis of epithelium. (a) Compared with S group, the proliferation of epithelium was significantly decreased after 
LPS stimulation. Compared with V group, the proliferation of epithelium was improved by the Ac2-26. The protection 

of Ac2-26 was partly reduced by the L-NIO. (b) The pro-apoptotic protein Bax and cleaved caspase-3 were down-regulated, 
but the anti-apoptotic protein Bcl-2 was up-regulated by the Ac2-26. The regulation of Ac2-26 was attenuated by the L-NIO. 

(a) P < 0.05 vs. the S group; (b) P < 0.05 vs. the L group; (c) P < 0.05 vs. the LA group. (c) The apoptosis of epithelium was 
detected by the flow cytometer. After stimulation of LPS, the about 18% epithelium was identified apoptosis. Compared 

with L group, the apoptosis was partly decreased by Ac2-26, but this effect was reversed by the L-NIO (domain of 
left-up is incidence of necrosis, the right-up domain is early apoptosis, and the right-down domain is late apoptosis).

Discussion

The results of this study suggested that Ac2-26 can alleviate VILI in ARDS rats. Ac2-26 significantly improved alveolo-
capillary permeability and endothelial function, decreased local and systemic inflammation, reduced the oxidative stress 
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response and inhibited VILI-induced apoptosis in the ARDS rat model. The protection of Ac2-26 on VILI in ARDS 
was partly inhibited by the L-NIO. Considering the clinical application of Ac2-26 on lung disease, we speculated that 
Ac2-26 may be another new therapeutic treatment for patients with ARDS that require MV support.

Approximately 5-10% of hospitalized patients were diagnosed with ARDS, and nearly 75% of these patients needed MV 
support2. Despite the application of lung protective strategies, the ARDS-related mortality remained high (27 to 45%)1. As an 
active peptide of AnexA1, Ac2-26 had been indicated to reduce lung injury because of anti-inflammation9,10. Considering 
the key role of inflammation in VILI and ARDS1,5, we hypothesized that Ac2-26 can reduce the VILI in ARDS. In this study, 
we injected endotoxin and ventilated the rats to mimic the VILI in ARDS15,16. 

After 4 h of ventilation, we found that Ac2-26 ameliorated lung tissue histological injury, reduced the apoptosis, and 
improved the alveolar-capillary permeability. During the pathology of ARDS and VILI, activation of NF-κB in endothelial 
and epithelial cells releases chemoattractants and inflammatory factors, including TNF-α, IL-1β, and IL-6, which damage 
the lung tissue. Under the effect of the chemoattractants, macrophages and neutrophils in peripheral blood are recruited 
and infiltrate into the injured lung tissue and then release more cytokines into the lung tissue or peripheral blood, further 
resulting in systemic inflammatory response syndrome6,8. 

In this study, Ac2-26 significantly reduced the pro-inflammatory factors and chemoattractants. Moreover, Ac2-26 
also reduced the infiltration of macrophages and neutrophils and decreased the levels of elastase, TNF-α, IL-1β, and IL-6 
but increased the anti-inflammatory cytokine IL-10 in BALF. TNF-α and IL-1β play pivotal roles in VILI and ARDS21. 
During ARDS and VILI, the cytokines TNF-α, IL-1β and IL-6 directly injure the lung endothelial and epithelial cells and 
aggravate lung inflammation. The effect of Ac2-26 on local inflammation may be due to the inhibition of NF-κB22 and 
the decreased secretion of ICAM-1 and IL-8, which can promote the migration of macrophages and neutrophils of the 
peripheral blood into the lung tissue23,24. Furthermore, Ac2-26 reduced inflammation via promotion of IL-10, which can 
inhibit aggravation of TNF-α, IL-1β, and IL-6 in lung injury25.

Inflammation induced by both LPS and ventilation can damage endothelium and express high levels of ET-126, and the 
ET-1 can enhance the iNOS expression in endothelium27. The iNOS not only produced the reactive oxidative species (ROS), 
but also promoted the production of inflammatory cytokines. Contrast to iNOS, the eNOS had been indicated to protect 
the endothelium injury and reduce the lung injury11. Moreover, injured endothelium would result in the myosin light chain 
(MLC) phosphorylation, which disrupt the endothelial barrier and enhance the lung edema during the process of acute 
lung injury28 and further contributing to the lung edema29. In this study, the Ac2-26 treatment significantly decreased the 
levels of ET-1 and phosphorylated MLC in the lung tissue, but reinforced the expression of p-eNOS. These results indicated 
that Ac2-26 significantly ameliorated the endothelium injury in VILI. 

In addition to inflammation, the oxidative stress response also plays an important role30,31 in VILI. Activated neutrophils 
convert oxygen into hydrogen peroxide and superoxide anions through NADPH oxidase32,33. MDA, which is the final 
product of this response, directly indicates the severity of the oxidative stress response34. In this study, we found that 
Ac2-26 significantly reduced the MDA level, and this result suggested that Ac2-26 inhibited the oxidative stress response. 
Also, we found Ac2-26 decreased the activity of NADPH and MPO, which is a marker of neutrophils, and the severity of 
the oxidative stress response35. Therefore, we speculated that anti-oxidative effect of Ac2-26 mainly due to the MPO and 
NADPH pathway36.

During VILI in ARDS, proinflammatory factors, such as TNF-α and ROS release from the injured endothelium and 
epithelium both resulted to apoptosis by activating the intrinsic and extrinsic apoptosis pathways. In this study, we found 
that Ac2-26 significantly inhibited apoptosis of endothelium and epithelium, and the anti-apoptotic effect of Ac2-26 maybe 
with the inhibition of Ac2-26 on TNF-α and oxidative stress. 

In vivo part of this study, we did not detect the apoptotic regulated protein, because the protein sample was mixed from 
lung constituent tissue and inflammatory cells, as we known that the Ac2-26 promoted the apoptosis on inflammatory cells. 
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Therefore, we cultured and activated the epithelium with LPS, and we found that Ac2-26 significantly improved the viability 
and decreased the apoptosis of epithelium. 

This study indicated that the protection of Ac2-26 on VILI not only depended on inhibition on inflammatory cells, but 
also attributed to directly protection on the epithelium. We also found that Ac2-26 inhibited the pro-apoptotic protein Bax 
and apoptosis executor cleaved-caspase 3, but enhanced the anti-apoptotic protein Bcl-2 in epithelium. Bax is an important 
pro-apoptotic protein, whereas Bcl-2 is an anti-apoptotic protein that can prevent Bax activation. An increase or decrease 
in apoptosis has been shown to primarily depend on the ratio of Bax to Bcl-237. Under pro-apoptotic signaling, caspase-3 is 
activated (i.e., cleaved) and cuts DNA to mediate cellular apoptosis. The results showed that Ac2-26 significantly decreased 
the pro-apoptotic protein Bax and the apoptotic-executor cleaved caspase-3, but increased the expression of the anti-
apoptotic protein Bcl-2. 

There were investigations applied the special device such as Flexcell Strain Unit to simulate the lung injury induced 
by ventilator using epithelium. However, we cannot simulate this epithelial injury in vitro part because shortage of this 
equipment. In our future study, we will perform the cell model to investigate the mechanism of Ac2-26 on VILI using 
similar equipment. Moreover, in this study, we did not observe the effect of Ac2-26 on endothelial cells, because of 
shortage of funding. 

Conclusion 

Ac2-26 mitigates VILI in ARDS rats and partly depended on the endothelial nitric oxide synthase pathway.
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