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oxygenation (Williams et al. 2021). ARDS is commonly 
caused by infections such as respiratory syncytial virus and 
SARS-CoV-2 (Luyt et al. 2020). Certain pathophysiological 
conditions, such as sepsis, traumatic damages and pneumo-
nia, are also risk factors for ARDS (4–5). Currently, there 
are no effective therapeutic treatment for ARDS due to the 
lack of molecular target, although the underlying mecha-
nisms of ARDS progression is an area of intensive research 
(Kaku et al. 2020).

Acute inflammatory damage caused by the infiltration of 
immune cells in the alveoli and microcirculation of the lung 
tissues is a major detrimental factor in ARDS (Saguil and 
Fargo 2020). Activated immune cells can induce inflam-
matory and oxidative damages in vascular endothelium 
and alveolar epithelium, which leads to pulmonary edema, 

Introduction

Acute respiratory distress syndrome (ARDS) a life-threat-
ening pathogenic damages in pulmonary tissues which that 
allows fluid leakage into the lungs (Meyer et al. 2021). 
Unattended progression of ARDS could trigger pulmonary 
edema, which culminates in respiratory failure and poor 
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Abstract
Background  Acute respiratory distress syndrome (ARDS) is a life-threatening condition associated with the inflammatory 
activation of alveolar macrophages. Here, we examined the role of circVAPA in regulating inflammasome activation and 
macrophage inflammatory polarization in an ARDS model.
Methods  circVAPA expression levels were analyzed in macrophages isolated from healthy controls and patients with ARDS. 
In vitro cell models of mouse alveolar macrophages and an in vivo mouse ARDS model were established through Lipopoly-
saccharide (LPS) stimulation. The effects of circVAPA knockdown on macrophage inflammatory polarization, inflamma-
some activation, and pulmonary tissue damage were investigated in both cell and animal models. The interaction between 
circVAPA and downstream factors was verified through a luciferase reporter assay and by silencing circVAPA.
Results  circVAPA upregulation in alveolar macrophages was associated with the inflammation in ARDS patients. circVAPA 
was also upregulated in LPS-stimulated mouse alveolar macrophages (MH-S cells). Additionally, circVAPA knockdown 
attenuated the inflammatory activation of MH-S cells and reduced the expression of pyroptosis-related proteins. circVAPA 
silencing also mitigated the inflammatory effects of LPS-stimulated MH-S cells on lung epithelial cells (MLE-12), and alle-
viated the inflammatory damage in the pulmonary tissue of ARDS mouse model. We further showed that miR-212-3p/Sirt1 
axis mediated the functional role of circVAPA in the inflammatory polarization of MH-S cells.
Conclusion  Our data suggest that circVAPA promotes inflammasome activity and macrophage inflammation by modulating 
miR-212-3p/Sirt1 axis in ARDS. Targeting circVAPA may be employed to suppress the inflammatory activation of alveolar 
macrophages in ARDS.
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impaired lung compliance and gas exchange capacity 
(Saguil and Fargo 2020; Sivapalan et al. 2020). Inflamma-
tory macrophages and neutrophils are two groups of innate 
immune cells playing a paramount role in ARDS related 
pulmonary damages. Neutrophil counts in alveolar tissues 
have been shown to be positively correlated with disease 
severity in ARDS (Yang et al. 2021). The inflammatory acti-
vation of alveolar macrophages not only stimulate the local 
pro-inflammatory microenvironment, but also recruit blood 
macrophages and neutrophils to exacerbate the inflamma-
tory condition (Tao et al. 2023). There is convincing evi-
dence showing that the activation of alveolar macrophages 
triggers the early inflammation and mediate the pathogen-
esis of ARDS (Zhang et al. 2021; Chen et al. 2020; Liu et 
al. 2022). Since functionally plastic macrophages can be 
polarized into M1 inflammatory phenotype or differentiated 
into M2 anti-inflammatory condition (Zeng et al. 2023), 
understanding the mechanism governing macrophage polar-
ization can provide insights into the development of inter-
vention strategy to curb inflammation in ARDS.

Pyroptosis is a pro-inflammatory form of cell death 
event associated with over-activation of macrophages dur-
ing inflammatory responses (Chai et al. 2023). The execu-
tion of pyroptosis depends on inflammasome activity, 
which induces the activation of caspase-1 and Gasdermin 
D (GSDMD). The cleaved GSDMD proteins form pore on 
the cell membrane to release pro-inflammatory cytokines 
including interleukin-1β (IL-1β) and interleukin-18 (IL-
18) (Man et al. 2017; Zhao et al. 2018). During pyroptosis 
activation, NOD-like receptor family pyrin domain con-
taining 3 (NLRP3) protein serves as the scaffold of inflam-
masome to recruits apoptosis-related spot-like proteins for 
caspase-1 activation and GSDMD cleavage (Zheng and Li 
2020; Swanson et al. 2019). Inflammasome activation has 
been implicated in the inflammatory damages in acute lung 
injury and ARDS (McVey et al. 2021; Dolinay et al. 2012). 
However, the mechanisms regulating inflammasome activa-
tion in ARDS-associated macrophages remain unclear.

A growing body of evidence suggests that non-coding 
RNAs such as circular RNAs (circRNAs) and microRNAs 
(miRNAs) modulates the inflammatory activation of mac-
rophages (Xu et al. 2020; Sprenkle et al. 2023). CircVAPA 
is a novel circular RNA which is implicated in lung cancer 
progression (Hua et al. 2022; 2.Liu et al. 2021). However, 
whether circVAPA regulates the inflammatory activation 
of macrophages in ARDS remains to be elucidated. Here, 
we examined the functional role of circVAPA in dictating 
inflammasome activation and macrophage inflammatory 
polarization in ARDS model. circVAPA expression pattern 
was analyzed in macrophages isolated from healthy controls 
and ARDS patients. In vitro cell model of mouse alveolar 
macrophages and in vivo animal model of ARDS were 

established by Lipopolysaccharide (LPS) treatment. The 
effects of circVAPA knockdown on macrophage inflamma-
tory polarization, inflammasome activation, and pulmonary 
tissues damages were investigated in both the cell and ani-
mal models.

Methods

Clinical samples

The bronchoalveolar lavage fluid (BALF) samples were 
collected from age and sex-matched healthy controls and 
ARDS patients (male, age 36–42, n = 10 in each category). 
ARDS patients were diagnosed according to the Berlin 
Definition criteria, which include: Onset within 1 week 
of a known clinical insult or new/worsening respiratory 
symptoms; Bilateral opacities on chest imaging not fully 
explained by effusions, lobar/lung collapse, or nodules; 
Respiratory failure not fully explained by cardiac failure or 
fluid overload; PaO2/FiO2 ratio ≤ 300 mm Hg with PEEP 
or CPAP ≥ 5 cm H2O. BALF samples were collected within 
24 h of ARDS diagnosis during clinically indicated bron-
choscopy procedures. Patients with a history of pre-existing 
lung diseases or other medical conditions that could com-
promise pulmonary function were excluded from the study.

Alveolar macrophages were isolated from fresh BALF 
samples using the antibody-magnetic method with a com-
mercial kit (EasySep™ Direct Human Monocyte Isolation 
Kit, catalog #19669, STEMCELL Technologies, Vancouver, 
Canada) according to the manufacturer’s instructions. The 
isolated alveolar macrophages were immediately processed 
for RNA extraction and flow cytometry analysis. Remaining 
BALF samples were aliquoted and stored at -80 °C for sub-
sequent molecular analysis. The utilization of clinical sam-
ples gained approval from the Medical Ethics Committee of 
Kunming Children’s Hospital (2024-03-011-K01). All the 
enrolled subjected provided singed informed consent.

Enzyme-linked immunoassay (ELISA)

Lung lavage fluid or cell lysates were used for the measure-
ment of inflammatory cytokines, including TNF-α, IL-1β 
and IL-6 by ELISA. The commercial ELISA kits for IL-1β 
(PI301), TNF-α (PT513) and IL-6 (PI326) were purchased 
from Beyotime Biotechnology (Beijing, China) for mouse 
sample analysis. The following kits were used for human 
sample analysis: IL-1β (PI305), TNF-α (PT518) and IL-6 
(PI330) from Beyotime Biotechnology (Beijing, China). 
50 µL sample was utilized to examine the concentrations 
of each cytokine following the producer’s protocols. The 
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absorbance of each sample was detected at 450 nm using 
a microplate reader (Infinite 200 PRO, Tecan, Männedorf 
Switzerland). Quantification was based on the standard 
curve generated from the serially diluted standards.

Reactive oxygen species (ROS) and 
myeloperoxidase (MPO) activity

MPO activity in the cell and BALF samples was deter-
mined using a MPO activity assay kit (KCW20262, Mlbio, 
Shanghai, China) according to the supplier’s protocol. MPO 
activity was recorded at 460 nm absorbance. ROS level was 
determined using a ROS fluorescence assay kit (R0105, 
Jiancheng Bioengineering Institute, Nanjing, China), and 
ROS staining intensity was measured using on the micro-
plate reader (Infinite 200 PRO, Tecan, Männedorf Switzer-
land) at the excitation/absorption wavelength 485/530 nm.

Cell culture

Mouse alveolar macrophage cell line (MH-S) was purchased 
from Coweldgen Scientific (KMCC-001-0546, Shanghai, 
China). Mouse lung epithelial cells (MLE-12) was obtained 
from Kanglang Biotech (KL036M, Shanghai, China). 
Both cell lines were examined to be mycoplasma-free and 
validated by the supplier via STR profiling. Cells were 
cultivated with DMEM high glucose medium (E600005, 
Sangon, Shanghai, China) supplemented with 10% fetal 
bovine serum (26140087, Thermo Fisher Scientific, CA, 
USA), 1 x penicillin/streptomycin solution (PB180120, 
Procell, Wuhan, China) at at 37 ℃ and CO2 (5%). at 37 
℃ and CO2 (5%). Lipopolysaccharide (LPS, HY-D1056, 
MedChemExpress, Shanghai, China) was used to induce 
the cells at 2 µg/mL for 48 h. For co-culture experiments, 
different groups of MH-S cells were co-cultured with MLE-
12 cells in a Transwell system using Polyester Membrane 
Transwell® Permeable Supports (24  mm inserts, 0.8  μm 
pore size, catalog number 3450, Corning Inc., Corning, NY, 
USA) for 48 h.

Transfection

The delivery of pladmis, siRNA and miRNA mimic/inhibitor 
into MH-S cells was conducted using Lipofectamine™2000 
(11668019, Invitrogen, Shanghai, China). Control siRNA, 
CircVAPA siRNA, miR-212-3p mimic, miR-212-3p inhibi-
tor, and miRNA controls were customer-designed and syn-
thesized from Daweike Biotechnology (Shanghai, China). 
100 nM of each molecule was used to perform transfection 

in a 6-well plate containing 5 × 105 cells per well, and the 
cells were subjected to further analysis after 48 h.

Quantitative real-time PCR (qRT-PCR)

Total RNA sample was collected using Trizol extraction 
kit (R0016, Beyotime, Beijing, China), and 500 ng of the 
purified RNA was used to conduct reverse transcription 
by iScript cDNA Synthesis Kit (1708891, Xinjing Bio-
tech, Hangzhou, China) or Taqman™ microRNA reverse 
transcription kit (4366596, Thermo Fisher Scientific, CA, 
USA). Quantitative PCR was performed using SYBR Green 
reagent (B110031-0001, Sangon, Shanghai, China) on the 
QuantStudio qPCR platform (BioRad, CA, USA). Tar-
get gene expression was normalized with GAPDH or U6 
snRNA via 2−ΔΔCt method.

Western blot

Cells were lysed using cellular protein collection reagent 
(P0013C, Beyotime, Beijing, China) on ice for 15 min. The 
protein contents were examined by a BCA Protein assay kit 
(P0009, Beyotime, Beijing, China). 10 µg of protein sample 
was separated by electrophoresis in 10% polyacrylamide 
gel, and separated protein bands were transferred to the 
PVDF membrane (P2005, Beyotime, Beijing, China). After 
blocking, the membranes were probed using the following 
antibodies (Abcam, Cambridge, UK): Sirt1 (ab12193, 1 µg/
mL), GSDMD-N (ab215203, 1  µg/mL), iNOS (ab3523, 
1 µg/mL), CD86 (ab220188, 1 µg/mL), CD80 (ab254579, 
1  µg/mL), NLRP3 (ab263889, 1  µg/mL), caspase 1 p20/
p22 (ab207802, 1 µg/mL), pro-caspase 1 (ab286125, 1 µg/
mL), anti-actin (ab209857, 0.5  µg/mL) for 24  h at 4  °C, 
followed by further labeling with the secondary antibod-
ies (ab131368, 0.33 µg/mL and ab96899, 0.33 µg/mL) for 
1 h at ambient temperature. Signals of protein bands were 
developed using Beyo ECL Star kit (R0024FT, Beyotime, 
Beijing, China). The quantification of protein band intensity 
was performed with Image J software (NIH, Bethesda, MD, 
USA).

CCK-8 cell growth assay

A cell proliferation assay kit (CA1210, Solarbio, Beijing, 
China) was utilized to assess cell growth ability under dif-
ferent experimental conditions. Cells were cultivated at 
2,000 cells/well in a 96-well plate for different durations. 
Afterward 10 µL of CCK-8 solution was applied in each 
well at indicated time point for 3 h at 37oC. Light absor-
bance in each sample was recorded at 450 nm wavelength 
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(administration dose 6 mg/kg). The animal was maintained 
in upright position and rotated vertically to make the LPS 
evenly distributed in the lung tissues. The intervention 
group received tail vein injection of lentivirus: (sh-NC and 
sh-CircVAPA) three days before LPS instillation. 72 h after 
LPS administration, the mice were sacrificed and BALF 
samples and lung tissues were collected for further analysis. 
Macrophages in fresh BALF samples were isolated using 
the EasySep™ Mouse F4/80 Positive Selection Kit (catalog 
#100–0659, STEMCELL Technologies, Vancouver, Can-
ada). The left lung tissue fixed with formalin and dehydrated 
with ethanol, followed by the embedding in paraffin. 5 μm 
tissue sections were deparaffinized and rehydrated, and the 
histological analysis was conducted using an Hematoxylin 
and Eosin (H&E) staining kit (C1015S, Beyotime, Beijing, 
China). The animal procedures in this study were approved 
by the animal use and welfare committee of the Ethical 
Review Committee for Animal Experiments of Kunming 
Medical University (kmmu20240767).

Statistics

The results in this study were analyzed using GraphPad 
Prism 6.0. (GraphPad software, NY, USA). Two-group 
comparisons were analyzed by unpaired student’s t tests, 
and multiple condition comparisons were conducted via 
one-way analysis of variance (ANOVA). All experimen-
tal data were expressed as mean and standard deviation. 
P < 0.05 indicates the statistical significance.

Results

High level expression of circVAPA in ARDS patients 
is associated with inflammation and oxidative stress

We initially collected the BALF samples from the healthy 
controls and ARDS patients to analyze the inflammatory 
and oxidative parameters, as well as the expression of cir-
cVAPA in macrophages. As expected, there was a significant 
increase of inflammatory factors (TNF-α, IL-1β and IL-6) in 
the BALF samples of ARDS patients (Fig. 1A). Myeloper-
oxidase (MPO) activity (an indicator of inflammation and 
oxidative stress induced by neutrophils) was also elevated 
in the BALF samples of ARDS patients, as well as the 
ROS level (Fig. 1B C). After purification, more than 90% 
cells were CD14 + monocytes (Figure S1A). Furthermore, 
we found an increase of cellular contents and percentage 
of CD14 + monocytes in BALF samples from the ARDS 
patients compared to the normal counterparts (Figure S1B 
and S1C). Flow cytometry analysis of isolated monocytes 
from BALF samples demonstrated the increased expression 

using the microplate reader (Infinite 200 PRO, Tecan, Män-
nedorf Switzerland).

Flow cytometry analysis

The Annexin-V-fluorescein isothiocyanate (FITC) cell 
apoptosis detection kit (K201-100, BioVision, Palo Alto, 
USA) was used to detect cellular apoptosis. Briefly, the 
Annexin-V-FITC, propidium iodide (PI), hydroxyethyl 
piperazine ethanesulfonic acid (HEPES) buffer was mixed 
at the ratio of 1: 1: 48 to prepare the staining solution. 1 × 106 
cells were incubated in 200 µL staining solution for 15 min, 
and then washed in 1 mL HEPES buffer before flow cytom-
ery analysis. For surface staining of macrophage markers, 
cells were first incubated with Fc-Block (αCD16/32, 1 µg/
mL, Biolegend, CA USA) for 10 min at 4 °C. After washing 
with PBS, the cells were further stained using FITC anti-
mouse CD206 MMR antibody (141703, 2.5 µg/mL), FITC 
anti-human CD206 (MMR) antibody (321103, 2.5 µg/mL), 
FITC anti-human CD86 antibody (374203, 2.5  µg/mL), 
FITC anti-mouse CD86 antibody (105005, 2.5  µg/mL), 
PE anti-human CD14 antibody (301805, 2 µg/mL), and PE 
anti-mouse F4/80 antibody (123109, 2 µg/mL) for 15 min. 
After two wahses with PBS, cell samples were analyzed on 
an LSRII flow cytometer (BD Biosciences, CA, USA).

Dual luciferase reporter assay

Wild-type (WT) fragment of predicted interacting sites 
or the mutated sequences (MUT) was cloned into pGL4-
luciferase plasmid (PGL4-001, Huayueyang Biological, 
Beijing, China). WT or MUT plasmid was transfected into 
cells together with miRNA mimic or miR-NC for 48 h. The 
relative luciferase activities of WT and MUT reporters were 
analyzed using Dual Glo Luciferase Reporter Gene Assay 
Kit (11405ES60, Yeasen Biotech, Shanghai, China).

Animal study

SPF grade C57bl/6 mice (male, 8w-10w old, 30–35  g in 
weight) were reared in a pathogen-free animal facility, with 
12 h dark/light cycle and free access to food and water. Ani-
mals were randomly assigned into 4 experimental groups 
(n = 6 in each group): sham group: mice treated with ster-
ile saline; Model group: mice stimulated with LPS as the 
ARDS model; Model + sh-NC group: model group adminis-
trated with lentivirus carrying control shRNA. Model + sh-
circVAPA group: model group administrated with lentivirus 
carrying circVAPA shRNA. To establish the ARDS model, 
animals were anesthetized by intraperitoneal injection 
of pentobarbital (25  mg/kg). After tracheotomy expo-
sure, LPS was instilled into the lungs through the trachea 
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LPS-stimulated MH-S cells (Fig.  2D). We also examined 
pyroptosis-related proteins and the results showed that, 
circVAPA knockdown can reduce the expression levels of 
NLRP3, cleaved caspase-1, and GSDMD-N caspase-1 (p20 
activated form) in LPS-induced MH-S cells (Fig. 2E). These 
data suggest that circVAPA overexpression contributes to 
LPS-induced inflammatory polarization and pyroptosis in 
MH-S cells.

Silencing circVAPA in MH-S cells suppresses the 
inflammatory damages to lung epithelial cells 
(MLE-12)

We next investigated whether silencing circVAPA in MH-S 
cells could protect against the inflammatory damages in 
lung epithelial cells (MLE-12). MLE-12 cells were co-
cultured with control MH-S cells, LPS-stimulated MH-S 
cells, LPS-stimulated MH-S cells with si-NC transfection or 
LPS-stimulated MH-S cells with si-circVAPA transfection 
of 48 h. Silencing circVAPA in LPS-stimulated MH-S cells 
reduced the production of inflammatory cytokines (Fig. 3A) 
and the ROS level (Fig. 3B) in the co-culture cell medium. 
CCK-8 cell growth assay showed that the co-culture with 
LPS-stimulated MH-S cells significantly impaired cell 

of M1 marker (CD86) and the decreased level of M2 marker 
(CD206) (Fig. 1D). qRT-PCR assay revealed an upregula-
tion of circVAPA in the macrophage samples from ARDS 
patients (Fig.  1E). Together, these data suggest that cir-
cVAPA might be implicated in the inflammatory activation 
of macrophages in the BALF samples of ARDS patients.

Silencing circVAPA attenuates LPS-induced 
inflammatory polarization and pyroptosis in 
mouse alveolar macrophage cells (MH-S)

To verify the role of circVAPA in the inflammatory differ-
entiation of alveolar macrophages, mouse alveolar macro-
phage cells (MH-S) with the transfection of control siRNA 
(si-NC) or circVAPA targeting siRNA (si-circVAPA) were 
stimulated with LPS. LPS induction heavily increased cir-
cVAPA expression, which was dampened upon the trans-
fection of si-circVAPA (Fig.  2A). ELISA analysis results 
revealed that silencing circVAPA suppressed the production 
of inflammatory cytokines (Fig.  2B) and oxidative stress 
(Fig.  2C) in LPS-stimulated MH-S cells. Besides, West-
ern blot detection of multiple M1 inflammatory markers 
of macrophages demonstrated that circVAPA knockdown 
inhibited the upregulations of iNOS, CD86 and CD80 in 

Fig. 1  High level expression of circVAPA in ARDS patients is asso-
ciated with inflammation and oxidative stress
 ELISA analysis of inflammatory factors (TNF-α, IL-1β and IL-6) in 
the BALF samples of ARDS patients and healthy controls (n = 10 in 
each group). (B) Myeloperoxidase (MPO) activity and (C) ROS level 
measurement in the BALF samples of ARDS patients and healthy con-

trols. (D) Flow cytometry analysis of the expression of M1 marker 
(CD86) and M2 marker (CD206) in macrophages from BALF sam-
ples. (E) qRT-PCR detection of circVAPA expression in the macro-
phage samples from ARDS patients and healthy controls. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001
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Fig. 2  Silencing circVAPA attenuates LPS-induced inflammatory 
polarization and pyroptosis in mouse alveolar macrophage cells 
(MH-S)
 Mouse alveolar macrophage cells (MH-S) with the transfection of 
control siRNA (si-NC) or circVAPA targeting siRNA (si-circVAPA) 
were stimulated by LPS. (A) qRT-PCR analysis of circVAPA expres-

sion. (B) ELISA analysis inflammatory cytokines (TNF-α, IL-1β 
and IL-6). (C) ROS level measurement. (D) Western blot detection 
of M1 inflammatory markers (iNOS, CD86 and CD80). (E) Western 
blot detection of pyroptosis-related proteins (NLRP3, cleaved cas-
pase-1, and GSDMD-N). n = 3. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001
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might interact with miR-212-3p, and Sirtuin 1 (Sirt1) mRNA 
3’ untranslated region (UTR) harbors potential binding sites 
to miR-212-3p (Fig. 4A). To confirm the molecular inter-
actions, we cloned the wildtype (WT) binding sequences 
or the mutated sequences (MUT) of each pair into a lucif-
erase reporter vector. The analysis of luciferase activity 
in MH-S cells showed that, the presence of miR-212-3p 
mimic could largely abrogated the activity of WT reporter, 
but miR-212-3p mimic did not significantly affect the activ-
ity of MUT reporter (Fig. 4B), indicating the interaction of 
molecular pairs through predicted WT interaction sites. To 
further validate the regulatory pattern of circVAPA, miR-
212-3p and Sirt1, MH-S cells were transfected with si-NC, 
si-circVAPA, si-circVAPA + miRNA inhibitor control (inh-
NC) or si-circVAPA + miRNA inhibitor. qRT-PCR analysis 

proliferation of MLE-12 cells, while silencing circVAPA in 
MH-S cells partially rescued cell growth of MLE-12 cells 
(Fig. 3C). The co-culture with LPS-stimulated MH-S cells 
also increased the apoptotic events in MLE-12 cells, which 
was reduced upon the silencing of circVAPA in MH-S cells 
(Fig.  3D). These data indicate that silencing circVAPA in 
MH-S cells suppresses the inflammatory damages to lung 
epithelial cells (MLE-12).

circVAPA targets mir-212-3p and Sirt1 axis in MH-S 
cells

We next sought to find the mechanism by which circVAPA 
regulates the inflammatory polarization in MH-S cells. Tar-
getScan online resource analysis revealed that circVAPA 

Fig. 3  Silencing circVAPA in MH-S cells suppresses the inflamma-
tory damages to lung epithelial cells (MLE-12)
 MLE-12 cells were co-cultured in Transwell cassette with control 
MH-S cells, LPS-stimulated MH-S cells, LPS-stimulated MH-S 
cells with si-NC transfection or LPS-stimulated MH-S cells with si-
circVAPA transfection of 48 h. (A) ELISA analysis of inflammatory 

cytokines in the cell culture medium. (B) ROS level measurement in 
the co-culture cell medium. (C) CCK-8 cell growth assay in MLE-
12 cells after the co-culture with different groups of MH-S cells. (D) 
Flow cytometry analysis of apoptotic events in MLE-12 cells after 
the co-culture with different groups of MH-S cells. n = 3. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001
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(Fig.  4D). Together, these findings suggest that circVAPA 
modulates miR-212-3p and Sirt1 axis in MH-S cells.

miR-212-3p/Sirt1 axis mediates the role of circVAPA 
in MH-S cells

To confirm that miR-212-3p/Sirt1 axis is circVAPA down-
stream effector involved in the inflammatory regulation of 

showed that LPS stimulation promoted the expression of 
circVAPA and Sirt1, while miR-212-3p was suppressed. si-
circVAPA application partially restored miR-212-3p expres-
sion level and suppressed Sirt1 level in LPS stimulated 
cells. The effect of si-circVAPA on Sirt1 and miR-212-3 
expression was largely abrogated by miR-212-3p inhibi-
tor (Fig. 4C). Western blot analysis of Sirt1 protein levels 
showed consistent results with the data in qRT-PCR analysis 

Fig. 4  circVAPA targets miR-212-3p and Sirt1 axis in MH-S cells
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in the pulmonary tissues of ARDS model by suppressing 
macrophage activation.

Discussion

In this study, we showed that the upregulation of circVAPA 
in alveolar macrophages was associated with the inflamma-
tion in ARDS patients. circVAPA was also upregulated in 
LPS-stimulated mouse alveolar macrophages (MH-S cells). 
Silencing circVAPA attenuated the inflammatory activation 
of MH-S cells and dampened the expression of pyroptosis-
related proteins. Knocking down circVAPA mitigated the 
inflammatory effects of LPS-stimulated MH-S cells on lung 
epithelial cells (MLE-12), and alleviated the inflammatory 
damages in the mouse model of ARDS. We further showed 
that miR-212-3p/Sirt1 axis mediated the functional role of 
circVAPA in the inflammatory polarization of MH-S cells. 
Our findings indicate that circVAPA promotes inflamma-
some activity and macrophage inflammatory polarization 
by modulating miR-212-3p/Sirt1 axis in ARDS. Targeting 
circVAPA may be employed to inhibit the inflammatory 
activation of alveolar macrophages in ARDS.

circVAPA is a novel circRNA which has been implicated 
in lung cancer development and progression (Hua et al. 
2022, 2.Liu et al. 2021). Our data suggest that circVAPA 
is involved in inflammatory regulation by affecting the 
expression and activity of inflammasome. Although little 
is know about the role of circVAPA in pathophysiological 
conditions with acute inflammation, there is evidence that 
circVAPA overexpression in psoriatic lesional tissues pro-
motes inflammation in keratinocytes (Chen et al. 2023a, b). 
Nevertheless, the downstream mediators of circVAPA are 
known to modulate inflammatory responses. For example, 
a previous study reported that miR-212-3p suppresses LPS-
stimulated inflammatory activation in mouse macrophages 
(Chen et al. 2017). A recent study also demonstrated that 
miR-212-3p mitigates neuroinflammation in the rat model 
of Alzheimer’s disease by regulating inflammasome-related 
pathway (Nong et al. 2022). Further, there is convincing 
evidence supporting the immunomodulatory role of Sirt1 by 
regulating inflammasome activity (Li et al. 2017; Park et al. 
2020; Chen et al. 2023a, b; Xia et al. 2021). Sirt1 was also 
found to dampen inflammasome activation and ameliorate 
inflammatory damages of lung tissues in the murine sepsis 
model (Gao et al. 2015). Therefore, these findings and our 
data imply that circVAPA overexpression promotes mac-
rophage activation by regulating inflammasome activity in 
ARDS through miR-212-3p/Sirt1 axis.

Macrophages are resident innate immune cells in alve-
oli, which engulf foreign particle or antigens and eliminate 
excessive surfactant secreted by alveolar cells to maintain 

macrophages, MH-S cells transfected with si-NC, si-cir-
cVAPA, si-circVAPA + miRNA inhibitor control (inh-NC) 
or si-circVAPA + miRNA inhibitor were stimulated with 
LPS. ELISA analysis showed that the suppressive effect 
of si-circVAPA on LPS-induced inflammatory cytokines 
was largely abolished by miR-212-3p inhibitor (Fig.  5A). 
Similar results were observed in the detection of cellular 
ROS levels (Fig. 5B). si-circVAPA transfection reduced the 
expression of M1 markers (iNOS, CD86, CD80) and sup-
pressed the protein levels of pyroptosis-related proteins in 
LPS-stimualted cells, an effect which was attenuated upon 
the co-transfection of miR-212-3p inhibitor (Fig. 5C and D).

Targeting circVAPA alleviates inflammatory 
damages in the pulmonary tissues of ARDS mouse 
model

The ARDS model was established by pulmonary instilla-
tion of LPS through the trachea. The animals were assigned 
into 4 groups: sham group: mice treated with sterile saline; 
Model group: mice stimulated with LPS as the ARDS 
model; Model + sh-NC group: model group administrated 
with lentivirus carrying control shRNA. Model + sh-cir-
cVAPA group: model group administrated with lentivi-
rus carrying circVAPA shRNA. qRT-PCR analysis in the 
BALF samples showed that circVAPA and Sirt1 levels were 
elevated in the Model group, and miR-212-3p level was 
decreased. Knocking down circVAPA partially reversed 
these changes (Fig. 6A). The analysis of inflammatory cyto-
kines, MPO activities, and ROS levels in the BALF samples 
also demonstrated the protective effect of circVAPA silenc-
ing in the Model group (Fig. 6B and D). We also isolated 
F4/80 + macrophages from the BALF samples, which 
yielded a purity of more than 90% F4/80 + cells (Figure 
S2A). There was an increase of cellular contents and per-
centage of F4/80 + macrophages in BALF samples from the 
model group, which was suppressed by circVAPA knock-
down (Figure S2B and S2C). The analysis of M1 (CD86) 
and M2 (CD206) marker in purified F4/80 + macrophages 
showed that silencing circVAPA reduced the expression 
levels of CD86 and increased CD206 levels in the Model 
group (Fig. 6E). Further, H&E staining in the pulmonary tis-
sues revealed that circVAPA silencing could alleviate LPS-
induced tissue damages, including disrupted lumen, alveolar 
congestion, alveolar wall thickening and edema (Fig. 6F). 
Consistently, circVAPA silencing significantly reduced the 
wet/dry ratio of the lung tissues (Fig.  6G) and decreased 
the protein levels in the BALF samples of the model group 
(Fig.  6H), indicting that circVAPA knockdown mitigates 
pulmonary edema and ameliorates alveolar barrier perme-
ability in the model group. Collectively, these results imply 
that silencing circVAPA attenuates inflammatory damages 
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Fig. 5  miR-212-3p/Sirt1 axis mediates the role of circVAPA in 
MH-S cells
 MH-S cells transfected with si-NC, si-circVAPA, si-cir-
cVAPA + miRNA inhibitor control (inh-NC) or si-circVAPA + miRNA 
inhibitor were stimulated with LPS. (A) ELISA analysis of inflam-

matory cytokines. (B) Detection of cellular ROS levels. (C) West-
ern blot analysis of M1 markers (iNOS, CD86, CD80). (D) Western 
blot detection of pyroptosis-related proteins (NLRP3, cleaved cas-
pase-1, and GSDMD-N). n = 3. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001
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proliferation and induce apoptosis in lung epithelial cells. 
circVAPA knockdown alleviated the inflammatory activa-
tion and damaging effect of LPS-stimulated macrophages. 
Thus, the in vitro finding may explain the protective effect 
of circVAPA knockdown against LPS induced pulmonary 
tissue damages in the mouse model.

It is worth mentioning that clinical evidence showed 
the connection between alveolar macrophage activation 
status and the outcomes in ARDS patients (Morrell et al. 
2019). M1-related pro-inflammatory gene sets such as Janus 
kinase/signal transducer and activator of transcription 5 

the homoeostasis in alveolar microenvironment (Martin et 
al. 2021). After the onset of ARDS, macrophages are stimu-
lated to secrete pro-inflammatory cytokines for mounting 
immunity against pathogens (Tao et al. 2023; Fan and Fan 
2018). Paradoxically, the activation of macrophages and 
immune cell infiltration lead to damages in alveolar cell 
structure and result in cell death. During the progression of 
ARDS, the anti-inflammatory polarization of macrophages 
are required to resolve inflammation and facilitate alveolar 
structure regeneration (Dang et al. 2022). We also demon-
strated that LPS-activated macrophages can suppress the 

Fig. 6  Targeting circVAPA alleviates inflammatory damages in the 
pulmonary tissues of ARDS mouse model
 ARDS model was established by pulmonary instillation of LPS 
through the trachea in mice. Animals were assigned into 4 groups: 
sham group: mice treated with sterile saline; Model group: mice 
stimulated with LPS as the ARDS model; Model + sh-NC group: 
model group administrated with lentivirus carrying control shRNA. 
Model + sh-circVAPA group: model group administrated with lentivi-
rus carrying circVAPA shRNA. (A) qRT-PCR analysis of circVAPA, 

Sirt1 and miR-212-3p levels in the BALF samples. (B) ELISA analysis 
of inflammatory cytokines in the BALF samples. (C) MPO activities 
detection in the BALF samples. (D) ROS level measurement in the 
BALF samples. (E) Flow cytometry analysis of M1 (CD86) and M2 
(CD206) marker expression in macrophages isolated from the BALF 
samples. (F) H&E staining in the pulmonary tissues. (G) Summary of 
wet/dry ratios of lung tissues. (H) Quantification of protein concentra-
tions in the BALF samples. n = 6 animals in each group. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001
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Additionally, in our study, circVAPA was knocked down 
in the mouse model three days before LPS administration. 
While this approach allowed us to examine the preventive 
effects of circVAPA inhibition, it does not directly mimic 
a therapeutic intervention after the onset of lung injury. 
Future studies using infection-induced ARDS models and 
evaluating the therapeutic effects of circVAPA knockdown 
after the establishment of lung injury would be valuable to 
further validate the clinical relevance of our findings.

Conclusion

To sum up, our findings suggest that circVAPA upregulation 
contributes to the inflammatory activation of alveolar mac-
rophages in ARDS. circVAPA promotes the inflammasome 
activity in macrophages through modulating miR-212-3p/
Sirt1 axis. circVAPA may serve as a therapeutic target to 
suppress the inflammatory damages mediated by alveolar 
macrophages in ARDS.

(A)	TargetScan online resource analysis the interaction 
sequences between circVAPA/miR-212-3p and Sirt1 
mRNA 3’ untranslated region (UTR)/miR-212-3p. (B) 
Luciferase reporter assay using the WT reporters and 
MUT reporters. MH-S cells were transfected with 
si-NC, si-circVAPA, si-circVAPA + miRNA inhibitor 
control (inh-NC) or si-circVAPA + miRNA inhibitor. 
(C) qRT-PCR analysis of circVAPA and Sirt1, while 
miR-212-3p in each experimental group. (D) Western 
blot analysis of Sirt1 protein levels in each experimen-
tal group. n = 3. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001.
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were enriched in macrophages isolated in alive subjects on 
day 1 of admission. However, by Day 8 the same gene sets 
were enriched in macrophages collected from dead subjects 
(Morrell et al. 2019). These findings suggest that persistent 
inflammation mediated by alveolar macrophages is a risk 
factor of mortality in ARDS patient. Metabolic reprogram-
ming has been proposed as a strategy to re-polarize M1 
macrophages into anti-inflammatory M2 phenotype (Guo et 
al. 2021). Since circVAPA was found to regulate glucose 
metabolism in cancer cells (Zhang et al. 2020), and Sirt1 
also functions as an important regulator of mitochondrial 
metabolism including the TCA cycle and oxidative phos-
phorylation (Chuang et al. 2019; Tang 2016; Elesela et 
al. 2020), future works are warranted to further decipher 
whether targeting circVAPA and Sirt1 could induce meta-
bolic rewiring in macrophages.

A key limitation of this study is that we did not investi-
gate the specific mechanisms leading to circVAPA upregula-
tion in alveolar macrophages during ARDS. Recent studies 
have provided some insights into potential mechanisms of 
circVAPA regulation in inflammatory conditions. Huang 
et al. demonstrated that circVAPA modulates macrophage 
pyroptosis in sepsis-induced acute lung injury through the 
miR-212-3p/Sirt1/Nrf2/NLRP3 axis (Huang et al. 2024). 
This suggests that inflammatory stimuli associated with sep-
sis and acute lung injury may trigger circVAPA expression 
through activation of these pathways. Additionally, Chen 
et al. showed that circVAPA contributes to inflammation 
in keratinocytes via the miR-125b-5p/sirt6 axis in psoria-
sis indicating that circVAPA regulation may involve mul-
tiple miRNA-mediated mechanisms in different cell types 
and inflammatory conditions. In the context of ARDS and 
LPS stimulation, several possibilities warrant further inves-
tigation regrading circVAPA upregulation. First, LPS may 
directly activate transcription factors that promote circVAPA 
expression. Moreover, the pro-inflammatory cytokines pro-
duced in response to LPS or during ARDS progression 
could induce circVAPA as part of a positive feedback loop. 
Given the role of oxidative stress in ARDS pathogenesis, 
ROS-sensitive transcription factors might contribute to cir-
cVAPA upregulation. Future studies should aim to elucidate 
these potential mechanisms through analysis of the putative 
transcription factor binding sites in the circVAPA genomic 
locus and validate the regulators of circVAPA through 
experimental manipulation.

It should be noted that the intra-tracheal LPS administra-
tion used to induce acute lung injury in the mouse model 
represents a sterile inflammatory condition, which differs 
from the infectious etiology that commonly triggers ARDS 
in clinical settings. Therefore, this model may not fully 
recapitulate the complex pathophysiology of human ARDS, 
which is predominantly caused by infections or sepsis. 
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