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Sevoflurane anesthesia ameliorates 
LPS‑induced acute lung injury (ALI) 
by modulating a novel LncRNA LINC00839/
miR‑223/NLRP3 axis
Zhiling Fu1, Xiuying Wu1, Fushuang Zheng2 and Yan Zhang1* 

Abstract 

Background:  Sevoflurane is considered as a lung-protective factor in acute lung injury (ALI), but the underlying 
molecular mechanism remains largely unknown. The present study identified for the first time that sevoflurane 
ameliorated lipopolysaccharide (LPS)-induced ALI through regulating a novel long non-coding RNA LINC00839, and 
uncovered its regulatory mechanism.

Methods:  LPS-induced ALI models were established in mice or mouse pulmonary microvascular endothelial cells 
(MPVECs), and they were administered with sevoflurane. Real-Time quantitative PCR, western blot and bioinformatics 
analysis were performed to screen the aberrantly expressed long non-coding RNA and the downstream molecules 
in sevoflurane-treated ALI models, and their roles in the protection effect of sevoflurane were verified by functional 
recovery experiments.

Results:  Sevoflurane relieved LPS-induced lung injury, cell pyroptosis and inflammation in vitro and in vivo. 
LINC00839 was significantly suppressed by sevoflurane, and overexpression of LINC00839 abrogated the protective 
effects of sevoflurane on LPS-treated MPVECs. Mechanismly, LINC00839 positively regulated NOD-like receptor pro-
tein 3 (NLRP3) via sequestering miR-223. MiR-223 inhibitor reversed the inhibitory effects of LINC00839 knockdown 
on NLRP3-mediated pyroptosis in LPS-treated MPVECs. Furthermore, both miR-223 ablation and NLRP3 overexpres-
sion abrogated the protective effects of sevoflurane on LPS-treated MPVECs.

Conclusion:  In general, our work illustrates that sevoflurane regulates the LINC00839/miR-223/NLRP3 axis to amelio-
rate LPS-induced ALI, which might provide a novel promising candidate for the prevention of ALI.
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Introduction
Acute lung injury (ALI) is a serious complication of mul-
tiple diseases, with high incidence and mortality in clinic 
[1, 2]. At present, the main strategies for ALI treatment 

are to control the primary disease, and curb the subse-
quent systemic inflammatory response. Actually, there 
is short of good therapeutic drugs, and the treatment of 
ALI poses a formidable challenge due to the complexity 
of the disease. In recent years, new treatment drugs or 
methods have been appearing in clinic, mainly to reduce 
the inflammatory response, correct hypoxia, or promote 
the absorption of lung fluid [3]. However, their in-depth 
mechanism is largely unknown. Therefore, it is of great 
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significance to explore the molecular mechanism of those 
drugs and find the effective therapeutic targets for ALI.

Volatile anesthetics have organ-protective effects in 
a variety of pathological conditions [4]. Sevoflurane is 
an inhaled anesthetic widely used in general anesthe-
sia. For example, evidences showed that sevoflurane can 
maintain cell viability in neuron myocardial tissue [5–7]. 
Recently, sevoflurane has been reported to have a lung-
protective effect in ALI [8–11], but the mechanism has 
not been fully clarified. A study from Wang et  al. [11] 
indicated that sevoflurane alleviates LPS-induced ALI 
through suppressing the nuclear factor kappa-B path-
way-mediated inflammatory response. Another study by 
Wang et al. [10] pointed that sevoflurane can ameliorated 
allergic airway inflammation by inhibiting the expression 
of NOD-like receptor protein 3 (NLRP3). Similarly, they 
only mentioned the inflammation phenotype of ALI in 
previous related studies. As is well-known, hyperinflam-
matory response in lung is one of the mechanisms of ALI 
development, and NLRP3 plays a critical role in the pro-
gression of inflammation [12–14]. Significantly, NLRP3 
inflammasomes not only promotes the release of a variety 
of inflammatory factors, but also induces cell pyroptosis, 
a mode of cell death with inflammatory characteristics 
[15–18]. Nevertheless, it is unclear about the association 
between the protection of sevoflurane on lung tissues 
with NLRP3-mediated pyroptosis.

Long non-coding RNAs (LncRNAs) are a class of RNAs 
that do not encode proteins, with a length of 200 nucleo-
tides at least. The role of LncRNAs in epigenetic regula-
tion has attracted extensive attention in recent 10 years. 
LncRNAs participates in almost all physiological and 
pathological processes by directly or indirectly regulating 
protein expression, including inflammation or pyroptosis 
in ALI [19, 20]. A study by Zhou et al. [21] demonstrated 
depression of LncRNA NEAT1 antagonizes LPS-evoked 
acute injury and inflammatory response. Another study 
by Qiu et al. [22] suggested that LncRNA TUG1 alleviates 
sepsis-induced ALI. Up until now, plenty of LncRNAs 
have been identified and validated in the human genome. 
LINC00839, a novel LncRNA, has been reported as an 
oncogene in several cancers, such as Osteosarcoma [23], 
Neuroblastoma [24], hepatocellular carcinoma [25]. In 
the present study, we firstly revealed its downregulation 
by sevoflurane in ALI models in vivo and in vitro. Its role 
in ALI has not been studied before.

According to the classic LncRNAs-miRNAs-mRNA 
competing endogenous RNA (ceRNA) network mecha-
nisms, LINC00839 might act as a sponge for microRNA 
(miRNA) to elevate the expression of mRNA. Our bioin-
formatics analysis showed that LINC00839 were capable 
of binding to miR-223. Notably, miR-223 is considered a 
key regulator in the body anti-inflammation response [26, 

27]. It can inhibit lung inflammation in ALI by targeting 
NLRP3 [17, 28, 29]. Thereupon, we hypothesized that 
sevoflurane might protect lung tissues through downreg-
ulating LINC00839/miR-223/NLRP3 axis in ALI. In this 
study, we constructed ALI models through LPS induce-
ment in vivo and in vitro, and treated them with sevoflu-
rane to investigate the role of the LINC00839/miR-223/
NLRP3 axis in lung protection of sevoflurane. The pre-
sent work aimed to reveal the potential molecular mech-
anism of sevoflurane on lung protection, and provide a 
promising intervention method for lung injury.

Materials and methods
Animal treatment
Male C57BL/6  J mice (n = 12, aged 6–8  weeks, weigh-
ing 20–25  g), were purchased from Liaoning University 
of traditional Chinese Medicine (Production license: 
SCXK(Liao)2019-0001). All mice were maintained in a 
sterile climate control area with a humidity of 40–60% 
at about 25 °C, in a 12 h light/12 h dark cycle. And they 
were free for sufficient water and food. The procedures 
for care and use of animals were approved by the animal 
experiment ethics committee of Liaoning University of 
Traditional Chinese Medicine.

The treatment methods of LPS and sevoflurane 
referred to previous studies [11, 30]. Mice were randomly 
divided into 4 groups: control group (Con), sevoflurane 
group (Se), LPS group (LPS) and LPS + sevoflurane group 
(LPS + Se). Mice in LPS and LPS + Se were infused with 
3  mg/kg LPS through trachea. 2  h later, 3% sevoflurane 
were infused through trachea to the mice in Se and 
LPS + Se for 4  h. Then the mice were sacrificed after 
2 days.

Cell culture and treatments
Mouse pulmonary microvascular endothelial cells 
(MPVECs) were purchased from ATCC cell resource 
center in China. MPVECs were cultured in the DMEM/
F12 culture medium containing 10% fetal bovine serum 
(Thermo Fisher Scientific, Shanghai, China) and 1% 
double antibiotics (Penicillin–Streptomycin Solution, 
Beyotime, Shanghai, China). Then they were kept in an 
incubator supplied with 5% CO2 at 37 °C.

MPVECs were first divided into 4 groups, the treat-
ment methods of LPS and sevoflurane referred to previ-
ous studies [31]: Con, cells were given no treatment. Se, 
cells were exposed to 3% sevoflurane for 1  h. LPS, cells 
were subjected to 1 μg/mL LPS treatment. LPS + Se, cells 
were exposed to sevoflurane 3 h after LPS treatment.

Cell transfection
MPVECs (1 × 105 per milliliter) were transfected with 
20  μmol/L pcDNA-LINC00839, siRNA-LINC00839 or 
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pcDNA-NLRP3, 200  nmol/L miR-223 inhibitor or miR-
223 inhibitor, correspondingly. The transfection was 
performed using Lipofectamine 2000 (Invitrogen, CA, 
USA). 24  h after transfection, cells were treated with 
1  μg/mL LPS treatment for another 24  h, and exposed 
to 3% sevoflurane for 1  h. In this section, pcDNA-
LINC00839, pcDNA-NLRP3, siRNA-LINC00839 and 
siRNA-LINC00839 were synthesized in HanBio com-
pany (Shanghai, China). NC mimic, miR-223 inhibitor 
and miR-223 mimic were purchased from Thermo Fisher 
company (Shanghai, China).

Hematoxylin & Eosin(H&E) staining assay
Mice were euthanized, and the left lung tissues were 
made into paraffin sections. Histopathological changes 
were observed by H&E staining assay as previously 
reported [32]. Briefly, the paraffin sections were dewaxed 
with xylene, rewatered with gradient ethanol, and stained 
with hematoxylin and eosin successively. Then they 
were dehydrated and dried, sealed with neutral gum, 
and observed under the microscope (CKX53, Olympus, 
Tokyo, Japan). The histopathological score was assessed 
by double-blind method as previous described [33].

The wet/dry weight ratio
The right lungs were excised and weighed after mice 
were sacrificed. Subsequently, the lungs were placed in 
an 80 °C incubator for 48 h, and weighed again to obtain 
the dry weight. The wet/dry weight ratio was calculated 
to evaluate tissue edema.

The capillary permeability assessment
Lung permeability was assessed by Evans blue staining 
as previously reported [34]. In short, mice were firstly 
administered 2% Evans blue (Solarbio, Beijing, China) 
through the tail vein 1 h before euthanasia. Then, Evans 
blue dye was extracted from the lung by formamide 
(Solarbio, Beijing, China) at 60  °C for 18 h. The absorb-
ance of the supernatant at 620  nm was measured on a 
multimode reader (Synergy LX, BioTek, Vermont, USA) 
and reported as the amount of Evans blue per 100 mg of 
dry tissue.

Immunofluorescence staining
The paraffin sections of mice lung tissues were fixed with 
4% formaldehyde, permeabilized with 0.5% Triton X-100, 
and then incubated with rabbit anti-CD31 antibody 
(#PA5-32321, Invitrogen, CA, USA,1:1000 dilution), and 
then incubated with secondary antibodies labeled with 
Alexa Fluor® Plus 594 (#A32740, Invitrogen, 1:500 dilu-
tion) and TUNEL reaction mixture (Beyotime, Shanghai, 
China). The nucleus was stained with DAPI. The cells 
were observed under fluorescence microscope, and the 

CD31+TUNEL+positive rate was analyzed by Image J 
software.

Real‑time quantitative PCR (RT‑qPCR)
The expression of H19, MEG3, MALAT1, LINC-PINT, 
LINC00346, LINC00665, LINC00839, LINC01503, inter-
leukin (IL-1β, IL-6, IL-18), tumor nuclear factor-α (TNF-
α), caspase-1, NLRP3 were detected by RT-qPCR as 
previously reported [35]. Total RNA in lung tissue or cells 
was extracted and used for reverse transcription PCR. 
Then the product cDNA was used as a template for RT-
qPCR. All the PCR reaction were performing in the 7500 
RT-PCR system (Applied Biosystems, CA, USA). The rel-
ative expression was normalized by 2−ΔΔCt method, and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was taken as the internal reference.

Enzyme linked immunosorbent assay (ELISA)
The collected from mice and cell culture supernatant was 
used for ELISA. The pro-inflammatory cytokines (IL-1β, 
IL-6, IL-18 and TNF-α) levels were measured accord-
ing to the instructions of ELISA kit (Gelatins, Shanghai, 
China). The OD value at 450 nm were detected by multi-
mode reader.

Western blot analysis
The expression of NLRP3 and cleaved caspase-1 were 
detected by western blot analysis as previously reported 
[36]. In short, total protein was extracted and quantified. 
50  μg of protein sample were used for SDS-PAGE elec-
trophoresis, and transferred to polyvinylidene fluoride 
membranes. Then these blots on membranes were cut 
(Thus, there was no blot image of adequate length), and 
incubated successively with the primary antibody(rabbit 
anti-NLRP3 antibody: #PA5-20838, rabbit anti-cleaved 
caspase-1 antibody: #PA5-77886, rabbit anti-GAPDH 
antibody: #PA1-987, Invitrogen, 1:1000 dilution)and a 
secondary antibody (Goat anti-Rabbit IgG, # 32460, Inv-
itrogen, 1:500 dilution) after being blocked. Finally, the 
image processing system (WD-9413A, LIUYI instrument 
plant, Beijing, China) was used to analyze the protein 
expression.

Cell viability evaluation
The cell viability was detected by MTT assay and Trypan 
blue staining assay. MTT assay [32]: MPVECs were incu-
bated in 96 well plate for 24 h. Then, 20μL of pre-config-
ured 5 mg/mL MTT solution (Sangon Biotech, Shanghai, 
China) was added to each well of cells, and incubated 
for 4 h. The absorbance at 490 nm was measured by the 
multimode reader. Trypan blue staining assay [37]: The 
adherent cells were digested with 0.5% trypsin, and made 
into cell suspension. After trypan blue staining, they were 
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observed under microscope. The number of living cells in 
1000 cells was counted, and the cell viability was calcu-
lated. The cell viability = the number of non-stained cells/
the total number of observed cells × 100%.

Dual‑luciferase reporter gene system assay
The targeting sites in LINC00839 and miR-223 were vali-
dated by dual-luciferase reporter gene system assay as 
previously reported [38]. NC mimic or miR-223 mimic 
were co-transfected into HEK 293  T cells with pGL3 
reporter plasmid and Renilla luciferase reporter plasmid 
containing wild-type or mutant promoter sequence of 
LINC00839, respectively. 24 h after transfection, the ratio 
of firefly and Renilla luciferase activity was measured by 
chemiluminescence detector (GloMax 20/20, Promega, 
Madison, Wisconsin, USA).

RNA pull‑down assay
The binding relationship was verified by RNA pull-down 
assay. First, miR-223 was labeled by Biotin probe accord-
ing to the instruction of Pierce™ RNA 3′ End Desthio-
biotinylation Kit (Thermo Fisher Scientific, Shanghai, 
China). Cell lysis was used for standby. After RNA were 
binding to beads, cell lysate was added to the complex, 
and the LINC00839 adsorbed on beads was detected by 
PCR.

PI/Hoechst double staining assay
Pyroptosis in MPVECs was evaluated by PI/Hoechst 
double staining assay as previously reported [39]. Briefly, 
the cytospin specimens of MPVECs were added with 
Hoechst and PI solution respectively, which were incu-
bated on ice for 30  min. The cells were observed under 
fluorescence microscope after washing.

Statistical analysis
Prism 8.0 software (GraphPad software, CA, USA) was 
used for data analysis and graphic drawing. The experi-
mental data were presented as “mean ± standard devia-
tion”. The data between multiple groups were analyzed 
by one-way analysis of variance. The data between two 
groups were compared by t-test. The difference was con-
sidered statistically significant when P < 0.05.

Results
Sevoflurane reversed LPS‑induced cell pyroptosis 
and ameliorated ALI in vivo
We established a mouse model for LPS-induced ALI as 
previously reported [11]. The mice lung tissues were ini-
tially examined by performing H&E staining assay. H&E 
results in Fig.  1a showed that LPS significantly dam-
aged the alveolar structure: reduced the alveolar cavity 
and widened the alveolar wall septum, and LPS-induced 

super-inflammation in mice lung tissues could be appar-
ently observed. Of note, sevoflurane partially removed 
LPS-induced damages in mice lung tissues and notably 
decreased the lung injury score (Fig.  1a). Consistently, 
LPS increased wet/dry ratio and promoted capillary 
permeability in mice lung tissues, and elevated albu-
min, macrophages and neutrophils in BALF, which were 
all counteracted by sevoflurane (Fig.  1b–f). Immuno-
fluorescence staining results showed that LPS induced 
obvious death in lung endothelial cell, but sevoflurane 
treatment significantly decreased cell death induced by 
LPS (Fig. 1g). Moreover, the promoting effects of LPS on 
the pro-inflammatory cytokines (IL-1β, IL-6, IL-18 and 
TNF-α) in mice lung tissues and BALF were abolished by 
sevoflurane co-treatment (Fig. 1h, i). Cell pyroptosis con-
tributes to the aggravation of LPS-induced ALI, and our 
data supported that LPS increased the levels of NLRP3 
and cleaved caspase-1 to trigger pyroptotic cell death in 
mice lung tissues, which were reversed by sevoflurane 
(Fig.  1j, k). Meanwhile, we found that LPS suppressed 
proliferation-related factors (CDK2, CDK6, cyclinD1) in 
mice lung tissues, and sevoflurane treatment could also 
relief this effect (Fig. 1l). Analysis of those data illustrated 
that sevoflurane ameliorated LPS-induced detrimental 
symptoms in mice lung tissues.

Sevoflurane suppressed LPS‑induced pyroptotic cell death 
in MPVECs in vitro
The MPVECs were subjected to LPS treatment in vitro to 
mimic the realistic conditions of LPS-induced ALI pro-
gression in  vivo. Then, the MTT assay and trypan blue 
staining assay results evidenced that LPS suppressed cell 
viability in MPVECs in a time-dependent manner, and 
the viability of those LPS-treated MPVECs was rescued 
by sevoflurane (Fig.  2a, b). In addition, the RT-qPCR 
and Western Blot analysis evidenced that the expres-
sions of NLRP3 and cleaved caspase-1 were elevated by 
LPS in MPVECs, and the LPS-induced upregulation of 
the pyroptosis signatures were abrogated by sevoflurane 
(Fig.  2c, d). Also, the cells were synergistically stained 
with PI and Hoechst, and the data supported that LPS-
induced increase of the ratio of PI-positive cells were 
abolished by sevoflurane (Fig. 2e). Further data evidenced 
that sevoflurane restrained the generation and secretion 
of IL-1β and IL-18 in the LPS-treated MPVECs and its 
supernatants (Fig. 2f ). Those data convinced us that sevo-
flurane ameliorated LPS-induced pyroptotic cell death in 
MPVECs in vitro.

Sevoflurane suppressed LINC00839 to recover cellular 
functions in LPS‑treated MPVECs
Given that sevoflurane is reported to regulate cellu-
lar functions through various LncRNAs [40–42], we 
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performed RT-qPCR to screen the possible LncRNAs 
that involved in the process of sevoflurane-mediated 
protective effects in LPS-induced ALI. As shown in 
Fig.  3a, the proliferation-associated LncRNAs were 
screened by RT-qPCR, and we noticed that LINC00839 

was significantly downregulated by sevoflurane in ALI 
mice tissues. Further cellular experiments validated that 
sevoflurane also suppressed LINC00839 expressions 
in LPS-treated MPVECs in a dose dependent man-
ner (Fig. 3b). Thus, we selected LINC00839 for further 

Fig. 1  Sevoflurane reversed LPS-induced cell pyroptosis and ameliorated ALI in vivo. a H&E staining of mice lung tissues and the histopathological 
score. b The capillary permeability in mice lung tissue was evaluated by Evans blue staining method. c The wet/dry weight ratio of the lung was 
calculated for evaluation of pulmonary edema. d The albumin concentration in BALF was measured by ELISA. e, f Macrophages and neutrophils 
in BALF was measured by a hemocytometer. g Endothelial cell markers (CD31, red) and TUNEL positive cells (TUNEL, green) were observed by 
immunofluorescence staining. h The pro-inflammatory cytokines (IL-1β, IL-6, IL-18 and TNF-α) in mice lung tissues were measured by RT-qPCR. i The 
pro-inflammatory cytokines in BALF were measured by ELISA. j, k mRNA levels and protein levels of NLRP3 and cleaved caspase-1 were detected by 
RT-qPCR and western blot. Con, control group; Se, group treated with sevoflurane; LPS, group treated with LPS; LPS + Se, group co-treated with LPS 
and sevoflurane. l The proliferation-related factors (CDK2, CDK6, cyclinD1) in mice lung tissues were measured by RT-qPCR. *P < 0.05 compared with 
control group; #P < 0.05 compared with Se group. &P < 0.05 compared with LPS group
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analysis. It was inferred from the public database of 
Genotype Tissue Expression (GTEx) project (http://​
genome.​ucsc.​edu/​gtexB​odyMap.​html) that LINC00839 
is widely distributed in different organs of human, 
including lung tissues (Fig.  3c). Next, LINC00839 
was overexpressed in MPVECs. The data showed that 
upregulation of LINC00839 apparently suppressed cell 
viability in the MPVECs co-treated with sevoflurane 
and LPS (Fig. 3d). The following experiments evidenced 
that overexpression of LINC00839 abolished the sup-
pressing effects of sevoflurane on NLRP3 and cleaved 
caspase-1 expressions in the LPS-treated MPVECs 
(Fig. 3e, f ). Further results also supported that sevoflu-
rane restrained LPS-induced generation/secretion of 
IL-1β and IL-18 in vitro via downregulating LINC00839 
(Fig. 3g). Collectively, summary of the data hinted that 
sevoflurane exerted its anti-pyroptotic effects in LPS-
treated MPVECs through modulating LINC00839.

Silencing of LINC00839 restrained LPS‑induced cell 
pyroptosis in MPVECs
The biological functions of LINC00839 itself on regu-
lating LPS-induced cell pyroptosis and viability in 
MPVECs were further discussed, and LINC00839 was 
silenced in the LPS-treated MPVECs. The results in 
Fig.  4a, b suggested that the inhibiting effects of LPS 
on cell viability in MPVECs were significantly res-
cued by LINC00839 ablation. Also, as determined by 
RT-qPCR and Western Blot analysis, we showed that 
knockdown of LINC00839 decreased the expression 
levels of NLRP3 and cleaved caspase-1 in LPS-treated 
MPVECs (Fig.  4c, d). Furthermore, the promoting 
effects of LPS on IL-1β and IL-18 expressions were 
abolished by silencing LINC00839 (Fig. 4e), suggesting 
that knockdown of LINC00839 restored cell viability 
and restrained cell pyroptosis in LPS-treated MPVECs.

Fig. 2  Sevoflurane suppressed LPS-induced pyroptotic cell death in MPVECs in vitro. The MPVECs were subjected to LPS treatment, and then 
intervened with sevoflurane. a, b The cell viability was detected by the MTT assay (a) and trypan blue staining assay (b). c The mRNA levels of NLRP3 
and caspase-1 were detected by RT-qPCR analysis. d The protein levels of NLRP3 and cleaved caspase-1 were detected by western blot analysis. e 
The pyroptotic cells were detected by PI/Hoechst double staining assay. (f ) The pro-inflammatory cytokines (IL-1β, and IL-18) in MPVECS and cell 
supernatant were measured by RT-qPCR and ELISA. Con, control group; Se, group treated with sevoflurane; LPS, group treated with LPS; LPS + Se, 
group co-treated with LPS and sevoflurane. *P < 0.05 compared with control group; #P < 0.05 compared with Se group. &P < 0.05 compared with LPS 
group

http://genome.ucsc.edu/gtexBodyMap.html
http://genome.ucsc.edu/gtexBodyMap.html
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LINC00839 regulated NLRP3/cleaved caspase‑1 pathway 
through miR‑223
Given that the regulatory effects between LINC00839 

and NLRP3 have been described, the classic ceRNA 
network mechanisms encouraged us to hypothesize 
that there might exist miRNAs that linked LINC00839 

Fig. 3  Sevoflurane suppressed LINC00839 to recover cellular functions in LPS-treated MPVECs. a The proliferation-associated LncRNAs in ALI 
model mice treated with or without sevoflurane were screened by RT-qPCR, and analyzed by heat map. b The LINC00839 expressions were 
detected in MPVECs treated with different concentration of sevoflurane, L-Se: 1% of sevoflurane, M-Se:3% of sevoflurane, L-Se:5% of sevoflurane. 
c The distribution of LINC00839 in the organization were inferred from the public database of GTEx project, and the expression in lung tissue was 
marked with a red box. MPVECs were treated with overexpression of LINC00839 on the basis of the treatment of LPS and sevoflurane: d The cell 
viability was determined by MTT assay and trypan blue staining assay. e The mRNA levels of NLRP3 and caspase-1 were detected by RT-qPCR 
analysis. f The protein levels of NLRP3 and cleaved caspase-1 were detected by western blot analysis. g The levels of IL-1β, and IL-18 in MPVECS and 
cell supernatant were measured by RT-qPCR and ELISA. Con, control group; LPS, group treated with LPS; LPS + Se, group co-treated with LPS and 
sevoflurane. LPS + Se + OE-LINC, group treated with overexpression of LINC00839 on the basis of the treatment of LPS and sevoflurane. *P < 0.05 
compared with control group; #P < 0.05 compared with LPS group. &P < 0.05 compared with LPS + Se group
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and NLRP3 in the present study. Through the StarBase 
website (https://​starb​ase.​sysu.​edu.​cn/​agoCl​ipRNA.​
php?​source=​mRNA), we predicted that the sequences 
located in the chr10:42989583–42989604[+] 
of LINC00839 were capable of binding to miR-
223(Fig.  5a), which is verified as a pivotal upstream 
regulator for NLRP3 by targeting its 3’ untranslated 
regions [17, 28, 29]. The targeting sites in LINC00839 
and miR-223 were validated by performing the dual-
luciferase reporter gene system assay, which found that 
miR-223 mimic especially suppressed luciferase activi-
ties in the MPVECs co-transfecting with wild-type 
LINC00839, instead of the LINC00839 vectors with 

mutated binding sequences (Fig.  5b). Further RNA 
pull-down assay verified that LINC00839-probes were 
able to pull down miR-223 (Fig. 5c). Next, according to 
the published data that miR-223 targeted 3’ untrans-
lated region of NLRP3 for its degradation [17, 28, 29], 
we evidenced that LINC00839 positively regulated 
NLRP3 in a miR-223-depednent manner. Specifically, 
the suppressing effects of LINC00839 knockdown 
on NLRP3 expressions in LPS-treated MPVECs were 
reversed by knockdown of miR-223 (Fig. 5d, e). Taken 
together those data, we summarized that silencing of 
LINC00839 abolished LPS-induced NLRP3 upregula-
tion by releasing miR-223.

Fig. 4  Silencing of LINC00839 restrained LPS-induced cell pyroptosis in MPVECs. LINC00839 was silenced in the LPS-treated MPVECs. a, b The cell 
viability was determined by MTT assay (a) and trypan blue staining assay (b). c The mRNA levels of NLRP3 and caspase-1 were detected by RT-qPCR 
analysis. d The protein levels of NLRP3 and cleaved caspase-1 were detected by western blot analysis. e The levels of IL-1β, and IL-18 in MPVECS and 
cell supernatant were measured by RT-qPCR and ELISA. Con, control group; KD-LINC, group with LINC00839 knockdown; LPS, group treated with 
LPS; LPS + KD-LINC, group with knockdown of LINC00839 on the basis of LPS treatment. *P < 0.05 compared with control group; #P < 0.05 compared 
with KD-LINC group. &P < 0.05 compared with LPS group

https://starbase.sysu.edu.cn/agoClipRNA.php?source=mRNA
https://starbase.sysu.edu.cn/agoClipRNA.php?source=mRNA
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Sevoflurane attenuated LPS‑induced cell death 
and inflammation in MPVECs via the miR‑223/NLRP3 axis
Finally, we investigated whether sevoflurane amelio-
rated LPS-induced cytotoxicity in MPVECS through 
modulating the miR-223/NLRP3 axis. Therefore, miR-
223 was silenced, whereas NLRP3 was overexpressed in 
MPVECs. The results showed that both miR-223 abla-
tion and NLRP3 overexpression abrogated the protective 
effects of sevoflurane on LPS-treated MPVECs regarding 

to cell viability (Fig. 6a, b). Further results supported that 
sevoflurane decreased the ratio of PI-positive pyrop-
totic cells in the MPVECs treated with LPS, which were 
reversed by miR-223 ablation and NLRP3 overexpression 
(Fig. 6c). Consistently, silencing of miR-223 and upregu-
lation of NLRP3 were capable of increasing IL-1β and 
IL-18 expression levels to abolish the anti-inflammatory 
effects of sevoflurane on LPS-treated MPVECs (Fig. 6d). 
Thus, we drawn the conclusions from those data that 

Fig. 5  LINC00839 regulated NLRP3/cleaved caspase-1 pathway through miR-223. a The target relationship between LINC00839 and miR-223 was 
predicted on the starbase website. b The targeting sites in LINC00839 and miR-223 were validated by dual-luciferase reporter gene system assay. 
c The binding relationship was verified by RNA pull-down assay. LINC00839 and miR-223 were silenced in MPVECS: d The mRNA expression of 
NLRP3 and caspase-1 was measured by RT-qPCR. e The protein levels of NLRP3 and cleaved caspase-1 were detected by western blot analysis. Wt, 
wild-type; mut, mutant. Con, control group; KD-LINC, group with LINC00839 knockdown; KD-LINC + KD-miR, group with knockdown of LINC00839 
and miR-223. *P < 0.05 compared with control group; #P < 0.05 compared with KD-LINC group
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sevoflurane exerted its protective effects on LPS-induced 
cytotoxicity in MPVECs via modulating the miR-223/
NLRP3 axis.

Discussion
Our present work revealed the detailed molecular 
mechanism of sevoflurane in ALI. We hypothesized that 
sevoflurane might protect lung tissues through down-
regulating LINC00839/miR-223/NLRP3 axis. Firstly, we 
verified sevoflurane ameliorated LPS-induced detrimen-
tal symptoms of ALI in vivo and LPS-induced pyroptotic 
cell death in vitro. Subsequently, we identified that sevo-
flurane downregulated LINC00839 to ameliorate LPS-
induced ALI. Finally, we validated that LINC00839 acts 
as a ceRNA to upregulate NLRP3 mRNA via sequestering 
miR-223, and the LINC00839/miR-233 axis was the regu-
latory target of sevoflurane in ALI (Fig. 7).

ALI or its now unified term, acute respiratory distress 
syndrome (ARDS), has been a major cause of death in 
intensive care unit [43, 44]. Despite the tremendous 
efforts of the medical community, the mortality rate 
of ARDS is still high [45, 46]. It is necessary to further 
investigate the new targets of ARDS, in order to bet-
ter improve the management of ARDS. Previous studies 
have shown that sevoflurane can provide lung protect 
effect in LPS-induced ALI by inhibiting inflammation 
[11, 31, 47].Of note, a clinical study by Jabaudon et  al. 
[48] verified that sevoflurane improves oxygenation, and 

alleviates epithelial injury and inflammation in patients 
with ARDS. This study provides the first clinical evidence 
of sevoflurane’s protective effect on lung tissue. However, 
the molecular mechanism of sevoflurane in lung protec-
tion is largely unknown. LncRNAs participates in almost 
all physiological and pathological processes. LINC00839, 
a novel LncRNA, is originally regarded as a cancer-pro-
moting gene [23, 25, 49]. It’s the first study to confirm the 
involvement of LINC00839 in the ALI induced by LPS.

In this study, we confirmed that LINC00839, acts as 
the upstream of the miR-223/NLRP3 axis to play its role 
in ALI. It is another brand-new discovery. The target-
ing interaction between miR-223 and NLRP3 in inflam-
matory diseases has been reported by numerous studies 
[26, 50–52]. One study by Zhang et  al. [53] found that 
LncRNA MEG3 acts as an endogenous sponge to inhibit 
the function of miR-223 and increase NLRP3 expression. 
A study by Ji et  al. [17] suggested LncRNA OIP5-AS1 
exacerbates LPS-induced ALI also through miR-223/
NLRP3 axis. Another study by Yan et  al. [29] showed 
that miR-223 over expression reduces NLRP3 mediated 
inflammation in ALI model. All these studies demon-
strated the miR-223/NLRP3 axis mediates inflammation 
and pyroptosis in ALI. Differently, the present finding 
revealed its upstream regulatory molecule of sevoflurane 
in ALI.

Pyroptosis, also known as inflammatory necrosis, is 
characterized by the activation of a strong inflammatory 

Fig. 6  Sevoflurane attenuated LPS-induced cell death and inflammation in MPVECs via the miR-223/NLRP3 axis. The MPVECs were treated with 
overexpression of NLRP3 or knockdown of miR-223 on the basis of LPS and sevoflurane treatment. a, b The cell viability was detected by the MTT 
assay (a) and trypan blue staining assay (b). c The pyroptotic cells were detected by PI/Hoechst double staining assay. d The levels of IL-1β, and 
IL-18 in MPVECS and cell supernatant were measured by RT-qPCR and ELISA. LPS, group treated with LPS; LPS + Se, group co-treated with LPS and 
sevoflurane. LPS + Se + OE-NLRP3, group with overexpression of NLRP3 on the basis of LPS and sevoflurane treatment. LPS + Se + KD-miR, group 
with knockdown of miR-223 on the basis of LPS and sevoflurane treatment. *P < 0.05 compared with LPS group; #P < 0.05 compared with LPS + Se 
group
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response [16, 17]. As a result, pyroptosis is considered to 
be a key player in the progression of ALI [54, 55]. Acti-
vation of NLRP3 inflammasome plays a critical role in 
inflammation and pyroptosis during ALI [56]. After 
NLRP3 inflammasome activation, caspase-1 is cleaved 
and activated, thereby promoting the maturation and 
release of pro-inflammatory cytokines, such as IL-1β and 
IL-18 [57, 58], as displayed in Fig. 7. As it progresses, the 
inflammation is constantly amplified and the cells appear 
pyronecrotic necrosis, finally aggravating the lung tissue 
injury [18]. The present study verified that sevoflurane 
could reverse LPS-induced inflammation and pyroptosis 
through LINC00839/miR-223/NLRP3 axis.

Notably, the term ALI, which was formerly signified 
as a mild form of ARDS, has been clinically replaced by 
ARDS since the Berlin consensus conference. In the pre-
sent study, we mainly used the LPS-induced ALI model 
to test the molecular mechanism, so the term ALI was 
still adopted for description here. Therefore, our results 
provided more evidences for the benefit of sevoflurane in 
the prevention of ARDS.

Conclusions
Taken together, our results show that sevoflurane ame-
liorates inflammation and pyroptosis in LPS-induced 
ALI via the novel LINC00839/miR-223/NLRP3 axis. 
The finding improves the understanding of sevoflurane’s 

lung-protective effect in ARDS, and might provide a 
potential target for the prevention of ARDS.

Abbreviations
ALI: Acute lung injury; LPS: Lipopolysaccharide; MPVECs: Mouse pulmonary 
microvascular endothelial cells; LncRNA: Long non-coding RNA; ceRNA: 
Competing endogenous RNA; BALF: Bronchoalveolar lavage fluid; RT-qPCR: 
Real-Time quantitative PCR; IL-1β: Interleukin-1β; IL-6: Interleukin-6; IL-18: 
Interleukin-18; TNF-α: Tumor nuclear factor-α; H&E: Hematoxylin & Eosin; ELISA: 
Enzyme linked immunosorbent assay; NLRP3: NOD-like receptor protein 3; 
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; ARDS: Acute respira-
tory distress syndrome.

Acknowledgements
Not applicable.

Author contributions
All authors contributed equally to the work from research design to submis-
sion of papers. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article and the supplementary original blots.

Declarations

Ethics approval and consent to participate
The experimental protocol was approved by the animal experiment ethics 
committee of Liaoning University of Traditional Chinese Medicine, and all the 

Fig. 7  Sevoflurane ameliorates LPS-induced ALI by modulating the LncRNA LINC00839/miR-223/NLRP3 axis. Sevoflurane diminishes LPS-induced 
upregulation of LINC00839/NLRP3, leads to inactivation of caspase-1 and reduction of pro-inflammatory factor (IL-1β and IL-18), and suppresses 
pyroptosis and inflammation, thereby ameliorating LPS-induced ALI



Page 12 of 13Fu et al. BMC Pulmonary Medicine          (2022) 22:159 

operations are in compliance with the National Institutes of Health Guidelines 
for the Care and Use of Laboratory Animals and ARRIVE Guidelines.

Consent for publication
Not applicable.

Competing interests
The authors report no competing interests.

Author details
1 Department of Anesthesiology, Shengjing Hospital of China Medical Univer-
sity, No. 36 Sanhao Street, Shenyang 110004, Liaoning, China. 2 Department 
of Thoracic Surgery, Shengjing Hospital of China Medical University, No. 36 
Sanhao Street, Shenyang 110004, Liaoning, China. 

Received: 14 January 2022   Accepted: 19 April 2022

References
	1.	 Li C, Liu JH, Su J, Lin WJ, Zhao JQ, Zhang ZH, et al. LncRNA XIST 

knockdown alleviates LPS-induced acute lung injury by inactivation 
of XIST/miR-132–3p/MAPK14 pathway: XIST promotes ALI via miR-
132–3p/MAPK14 axis. Mol Cell Biochem. 2021. https://​doi.​org/​10.​1007/​
s11010-​021-​04234-x.

	2.	 Liao H, Zhang S, Qiao J. Silencing of long non-coding RNA MEG3 
alleviates lipopolysaccharide-induced acute lung injury by acting as a 
molecular sponge of microRNA-7b to modulate NLRP3. Aging (Albany 
NY). 2020;12(20):20198–211. https://​doi.​org/​10.​1863/​aging.​103752.

	3.	 Teng X, Liao J, Zhao L, Dong W, Xue H, Bai L, et al. Whole transcriptome 
analysis of the differential RNA profiles and associated competing endog-
enous RNA networks in LPS-induced acute lung injury (ALI). PLoS ONE. 
2021;16(5): e0251359. https://​doi.​org/​10.​1371/​journ​al.​pone.​02513​59.

	4.	 Oshima Y, Otsuki A, Endo R, Nakasone M, Harada T, Takahashi S, et al. The 
effects of volatile anesthetics on lung ischemia-reperfusion injury: basic 
to clinical studies. J Surg Res. 2021;260:325–44. https://​doi.​org/​10.​1016/j.​
jss.​2020.​11.​042.

	5.	 Qiao SG, Sun Y, Sun B, Wang A, Qiu J, Hong L, et al. Sevoflurane postcondi-
tioning protects against myocardial ischemia/reperfusion injury by 
restoring autophagic flux via an NO-dependent mechanism. Acta Phar-
macol Sin. 2019;40(1):35–45. https://​doi.​org/​10.​1038/​s41401-​018-​0066-y.

	6.	 Shi CX, Jin J, Wang XQ, Song T, Li GH, Li KZ, et al. Sevoflurane attenuates 
brain damage through inhibiting autophagy and apoptosis in cerebral 
ischemia-reperfusion rats. Mol Med Rep. 2020;21(1):123–30. https://​doi.​
org/​10.​3892/​mmr.​2019.​10832.

	7.	 Yu F, Tong LJ, Cai DS. Sevoflurane inhibits neuronal apoptosis and expres-
sions of HIF-1 and HSP70 in brain tissues of rats with cerebral ischemia/
reperfusion injury. Eur Rev Med Pharmacol Sci. 2020;24(9):5082–90. 
https://​doi.​org/​10.​26355/​eurrev_​202005_​21201.

	8.	 Kellner P, Müller M, Piegeler T, Eugster P, Booy C, Schläpfer M, et al. Sevo-
flurane abolishes oxygenation impairment in a long-term rat model of 
acute lung injury. Anesth Analg. 2017;124(1):194–203. https://​doi.​org/​10.​
1213/​ane.​00000​00000​001530.

	9.	 Wang L, Ye Y, Su HB, Yang JP. The anesthetic agent sevoflurane attenuates 
pulmonary acute lung injury by modulating apoptotic pathways. Braz 
J Med Biol Res. 2017;50(3): e5747. https://​doi.​org/​10.​1590/​1414-​431x2​
01657​47.

	10.	 Wang L, Zha B, Shen Q, Zou H, Cheng C, Wu H, et al. Sevoflurane inhibits 
the Th2 response and NLRP3 expression in murine allergic airway inflam-
mation. J Immunol Res. 2018;2018:902–1037. https://​doi.​org/​10.​1155/​
2018/​90210​37.

	11.	 Wang Y, Zhang X, Tian J, Liu G, Li X, Shen D. Sevoflurane alleviates LPS-
induced acute lung injury via the microRNA-27a-3p/TLR4/MyD88/NF-κB 
signaling pathway. Int J Mol Med. 2019;44(2):479–90. https://​doi.​org/​10.​
3892/​ijmm.​2019.​4217.

	12.	 Chen J, Wang S, Fu R, Zhou M, Zhang T, Pan W, et al. RIP3 depend-
ent NLRP3 inflammasome activation is implicated in acute lung 
injury in mice. J Transl Med. 2018;16(1):233. https://​doi.​org/​10.​1186/​
s12967-​018-​1606-4.

	13.	 Kim RY, Pinkerton JW, Essilfie AT, Robertson AAB, Baines KJ, Brown 
AC, et al. Role for NLRP3 inflammasome-mediated, IL-1β-dependent 
responses in severe, steroid-resistant asthma. Am J Respir Crit Care Med. 
2017;196(3):283–97. https://​doi.​org/​10.​1164/​rccm.​201609-​1830OC.

	14.	 Li Y, Li H, Liu S, Pan P, Su X, Tan H, et al. Pirfenidone ameliorates lipopol-
ysaccharide-induced pulmonary inflammation and fibrosis by blocking 
NLRP3 inflammasome activation. Mol Immunol. 2018;99:134–44. https://​
doi.​org/​10.​1016/j.​molimm.​2018.​05.​003.

	15.	 Hou L, Yang Z, Wang Z, Zhang X, Zhao Y, Yang H, et al. NLRP3/ASC-
mediated alveolar macrophage pyroptosis enhances HMGB1 secretion 
in acute lung injury induced by cardiopulmonary bypass. Lab Investig. 
2018;98(8):1052–64. https://​doi.​org/​10.​1038/​s41374-​018-​0073-0.

	16.	 Huang H, Wang J, Liu Z, Gao F. The angiotensin-converting enzyme 2/
angiotensin (1–7)/mas axis protects against pyroptosis in LPS-induced 
lung injury by inhibiting NLRP3 activation. Arch Biochem Biophys. 
2020;693:108562. https://​doi.​org/​10.​1016/j.​abb.​2020.​108562.

	17.	 Ji J, Ye W, Sun G. LncRNA OIP5-AS1 knockdown or miR-223 overexpres-
sion can alleviate LPS-induced ALI/ARDS by interfering with miR-223/
NLRP3-mediated pyroptosis. J Gene Med. 2021;24:e3385. https://​doi.​org/​
10.​1002/​jgm.​3385.

	18.	 Ning L, Wei W, Wenyang J, Rui X, Qing G. Cytosolic DNA-STING-NLRP3 axis 
is involved in murine acute lung injury induced by lipopolysaccharide. 
Clin Transl Med. 2020;10(7): e228. https://​doi.​org/​10.​1002/​ctm2.​228.

	19.	 Jiang N, Meng X, Mi H, Chi Y, Li S, Jin Z, et al. Circulating lncRNA 
XLOC_009167 serves as a diagnostic biomarker to predict lung cancer. 
Clin Chim Acta. 2018;486:26–33. https://​doi.​org/​10.​1016/j.​cca.​2018.​07.​
026.

	20.	 Kong X, Duan Y, Sang Y, Li Y, Zhang H, Liang Y, et al. LncRNA-CDC6 pro-
motes breast cancer progression and function as ceRNA to target CDC6 
by sponging microRNA-215. J Cell Physiol. 2019;234(6):9105–17. https://​
doi.​org/​10.​1002/​jcp.​27587.

	21.	 Zhou H, Wang X, Zhang B. Depression of lncRNA NEAT1 antagonizes 
LPS-evoked acute injury and inflammatory response in alveolar epithelial 
cells via HMGB1-RAGE signaling. Mediat Inflamm. 2020. https://​doi.​org/​
10.​1155/​2020/​80194​67.

	22.	 Qiu N, Xu X, He Y. LncRNA TUG1 alleviates sepsis-induced acute lung 
injury by targeting miR-34b-5p/GAB1. BMC Pulm Med. 2020;20(1):49. 
https://​doi.​org/​10.​1186/​s12890-​020-​1084-3.

	23.	 Zhang Y, Guo H, Ma L, Chen X, Chen G. Long noncoding RNA LINC00839 
promotes the malignant progression of osteosarcoma by competitively 
binding to MicroRNA-454–3p and consequently increasing c-Met expres-
sion. Cancer Manag Res. 2020;12:8975–87. https://​doi.​org/​10.​2147/​cmar.​
S2697​74.

	24.	 Yang L, Pei L, Yi J. LINC00839 regulates proliferation, migration, invasion, 
apoptosis and glycolysis in neuroblastoma cells through miR-338–3p/
GLUT1 axis. Neuropsychiatr Dis Treat. 2021;17:2027–40. https://​doi.​org/​10.​
2147/​ndt.​S3094​67.

	25.	 Zhou X, Chang Y, Zhu L, Shen C, Qian J, Chang R. LINC00839/miR-144-3p/
WTAP (WT1 Associated Protein) axis is involved in regulating hepatocellu-
lar carcinoma progression. Bioengineered. 2021. https://​doi.​org/​10.​1080/​
21655​979.​2021.​19905​78.

	26.	 Long FQ, Kou CX, Li K, Wu J, Wang QQ. MiR-223-3p inhibits rTp17-induced 
inflammasome activation and pyroptosis by targeting NLRP3. J Cell Mol 
Med. 2020;24(24):14405–14. https://​doi.​org/​10.​1111/​jcmm.​16061.

	27.	 Zhang D, Lee H, Wang X, Groot M, Sharma L, Dela Cruz CS, et al. A 
potential role of microvesicle-containing miR-223/142 in lung inflam-
mation. Thorax. 2019;74(9):865–74. https://​doi.​org/​10.​1136/​thora​
xjnl-​2018-​212994.

	28.	 Feng Z, Qi S, Zhang Y, Qi Z, Yan L, Zhou J, et al. Ly6G+ neutrophil-derived 
miR-223 inhibits the NLRP3 inflammasome in mitochondrial DAMP-
induced acute lung injury. Cell Death Dis. 2017;8(11): e3170. https://​doi.​
org/​10.​1038/​cddis.​2017.​549.

	29.	 Yan Y, Lu K, Ye T, Zhang Z. MicroRNA-223 attenuates LPS-induced inflam-
mation in an acute lung injury model via the NLRP3 inflammasome and 
TLR4/NF-κB signaling pathway via RHOB. Int J Mol Med. 2019;43(3):1467–
77. https://​doi.​org/​10.​3892/​ijmm.​2019.​4075.

	30.	 Tang QF, Fang ZY, Shi CH. The protective effect and mechanism of 
sevoflurane on LPS-induced acute lung injury in mice. Am J Transl Res. 
2017;9(4):1732–42.

	31.	 Yuan J, Zhang Y. Sevoflurane reduces inflammatory factor expression, 
increases viability and inhibits apoptosis of lung cells in acute lung injury 

https://doi.org/10.1007/s11010-021-04234-x
https://doi.org/10.1007/s11010-021-04234-x
https://doi.org/10.1863/aging.103752
https://doi.org/10.1371/journal.pone.0251359
https://doi.org/10.1016/j.jss.2020.11.042
https://doi.org/10.1016/j.jss.2020.11.042
https://doi.org/10.1038/s41401-018-0066-y
https://doi.org/10.3892/mmr.2019.10832
https://doi.org/10.3892/mmr.2019.10832
https://doi.org/10.26355/eurrev_202005_21201
https://doi.org/10.1213/ane.0000000000001530
https://doi.org/10.1213/ane.0000000000001530
https://doi.org/10.1590/1414-431x20165747
https://doi.org/10.1590/1414-431x20165747
https://doi.org/10.1155/2018/9021037
https://doi.org/10.1155/2018/9021037
https://doi.org/10.3892/ijmm.2019.4217
https://doi.org/10.3892/ijmm.2019.4217
https://doi.org/10.1186/s12967-018-1606-4
https://doi.org/10.1186/s12967-018-1606-4
https://doi.org/10.1164/rccm.201609-1830OC
https://doi.org/10.1016/j.molimm.2018.05.003
https://doi.org/10.1016/j.molimm.2018.05.003
https://doi.org/10.1038/s41374-018-0073-0
https://doi.org/10.1016/j.abb.2020.108562
https://doi.org/10.1002/jgm.3385
https://doi.org/10.1002/jgm.3385
https://doi.org/10.1002/ctm2.228
https://doi.org/10.1016/j.cca.2018.07.026
https://doi.org/10.1016/j.cca.2018.07.026
https://doi.org/10.1002/jcp.27587
https://doi.org/10.1002/jcp.27587
https://doi.org/10.1155/2020/8019467
https://doi.org/10.1155/2020/8019467
https://doi.org/10.1186/s12890-020-1084-3
https://doi.org/10.2147/cmar.S269774
https://doi.org/10.2147/cmar.S269774
https://doi.org/10.2147/ndt.S309467
https://doi.org/10.2147/ndt.S309467
https://doi.org/10.1080/21655979.2021.1990578
https://doi.org/10.1080/21655979.2021.1990578
https://doi.org/10.1111/jcmm.16061
https://doi.org/10.1136/thoraxjnl-2018-212994
https://doi.org/10.1136/thoraxjnl-2018-212994
https://doi.org/10.1038/cddis.2017.549
https://doi.org/10.1038/cddis.2017.549
https://doi.org/10.3892/ijmm.2019.4075


Page 13 of 13Fu et al. BMC Pulmonary Medicine          (2022) 22:159 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

by microRNA-34a-3p upregulation and STAT1 downregulation. Chem Biol 
Interact. 2020;322:109027. https://​doi.​org/​10.​1016/j.​cbi.​2020.​109027.

	32.	 Yang H, Lv H, Li H, Ci X, Peng L. Oridonin protects LPS-induced acute lung 
injury by modulating Nrf2-mediated oxidative stress and Nrf2-independ-
ent NLRP3 and NF-κB pathways. Cell Commun Signal. 2019;17(1):62. 
https://​doi.​org/​10.​1186/​s12964-​019-​0366-y.

	33.	 Barreto TR, Costola-de-Souza C, Margatho RO, Queiroz-Hazarbassanov N, 
Rodrigues SC, Felício LF, et al. Repeated Domperidone treatment modu-
lates pulmonary cytokines in LPS-induced acute lung injury in mice. Int 
Immunopharmacol. 2018;56:43–50. https://​doi.​org/​10.​1016/j.​intimp.​2018.​
01.​009.

	34.	 Sahu B, Narota A, Naura AS. Pharmacological inhibition of poly (ADP-
ribose) polymerase by olaparib, prevents acute lung injury associated 
cognitive deficits potentially through suppression of inflammatory 
response. Eur J Pharmacol. 2020;877:173091. https://​doi.​org/​10.​1016/j.​
ejphar.​2020.​173091.

	35.	 Li T, Wu YN, Wang H, Ma JY, Zhai SS, Duan J. Dapk1 improves inflamma-
tion, oxidative stress and autophagy in LPS-induced acute lung injury 
via p38MAPK/NF-κB signaling pathway. Mol Immunol. 2020;120:13–22. 
https://​doi.​org/​10.​1016/j.​molimm.​2020.​01.​014.

	36.	 Liu Z, Yang B. CTRP6(C1q/Tumor Necrosis Factor (TNF)-related protein-6) 
alleviated the sevoflurane induced injury of mice central nervous system 
by promoting the expression of p-Akt (phosphorylated Akt). Bioengi-
neered. 2021;12(1):5716–26. https://​doi.​org/​10.​1080/​21655​979.​2021.​
19678​38.

	37.	 Wang J, Du A, Wang H, Li Y. MiR-599 regulates LPS-mediated apoptosis 
and inflammatory responses through the JAK2/STAT3 signalling pathway 
via targeting ROCK1 in human umbilical vein endothelial cells. Clin Exp 
Pharmacol Physiol. 2020;47(8):1420–8. https://​doi.​org/​10.​1111/​1440-​
1681.​13316.

	38.	 Li T, Xiao G, Tan S, Shi X, Yin L, Tan C, et al. HSF1 attenuates LPS-induced 
acute lung injury in mice by suppressing macrophage infiltration. Oxid 
Med Cell Longev. 2020;2020:1936580. https://​doi.​org/​10.​1155/​2020/​
19365​80.

	39.	 Zhou Q, Zhang L. MicroRNA-183-5p protects human derived cell 
line SH-SY5Y cells from mepivacaine-induced injury. Bioengineered. 
2021;12(1):3177–87. https://​doi.​org/​10.​1080/​21655​979.​2021.​19463​58.

	40.	 Hou Q, Li S, Zhang B, Chu H, Ni C, Fei X, et al. LncRNA riken attenuated 
sevoflurane-induced neuroinflammation by regulating the MicroRNA-
101a/MKP-1/JNK pathway. Neurotox Res. 2021. https://​doi.​org/​10.​1007/​
s12640-​021-​00443-w.

	41.	 Wei X, Xu S, Chen L. LncRNA Neat1/miR-298-5p/Srpk1 contributes to 
sevoflurane-induced neurotoxicity. Neurochem Res. 2021;46(12):3356–64. 
https://​doi.​org/​10.​1007/​s11064-​021-​03436-5.

	42.	 Xu W, Zhao Y, Ai Y. Overexpression of lncRNA Gm43050 alleviates apop-
tosis and inflammation response induced by sevoflurane treatment by 
regulating miR-640/ZFP91. Am J Transl Res. 2020;12(8):4337–46.

	43.	 Li Y, Huang J, Foley NM, Xu Y, Li YP, Pan J, et al. B7H3 ameliorates LPS-
induced acute lung injury via attenuation of neutrophil migration and 
infiltration. Sci Rep. 2016. https://​doi.​org/​10.​1038/​srep3​1284.

	44.	 Rajasekaran S, Pattarayan D, Rajaguru P, Sudhakar Gandhi PS, Thimmu-
lappa RK. MicroRNA regulation of acute lung injury and acute respiratory 
distress syndrome. J Cell Physiol. 2016;231(10):2097–106. https://​doi.​org/​
10.​1002/​jcp.​25316.

	45.	 Spadaro S, Park M, Turrini C, Tunstall T, Thwaites R, Mauri T, et al. 
Biomarkers for Acute Respiratory Distress syndrome and prospects for 
personalised medicine. J Inflamm (Lond). 2019. https://​doi.​org/​10.​1186/​
s12950-​018-​0202-y.

	46.	 Huang X, Xiu H, Zhang S, Zhang G. The role of macrophages in the 
pathogenesis of ALI/ARDS. Mediat Inflamm. 2018;2018:1264913. https://​
doi.​org/​10.​1155/​2018/​12649​13.

	47.	 Du G, Wang S, Li Z, Liu J. Sevoflurane posttreatment attenuates lung 
injury induced by oleic acid in dogs. Anesth Analg. 2017;124(5):1555–63. 
https://​doi.​org/​10.​1213/​ane.​00000​00000​002034.

	48.	 Jabaudon M, Boucher P, Imhoff E, Chabanne R, Faure JS, Roszyk L, 
et al. Sevoflurane for sedation in acute respiratory distress syndrome. 
A randomized controlled pilot study. Am J Respir Crit Care Med. 
2017;195(6):792–800. https://​doi.​org/​10.​1164/​rccm.​201604-​0686OC.

	49.	 Chen Q, Shen H, Zhu X, Liu Y, Yang H, Chen H, et al. A nuclear lncRNA 
Linc00839 as a Myc target to promote breast cancer chemoresistance via 

PI3K/AKT signaling pathway. Cancer Sci. 2020;111(9):3279–91. https://​doi.​
org/​10.​1111/​cas.​14555.

	50.	 Neudecker V, Haneklaus M, Jensen O, Khailova L, Masterson JC, Tye H, 
et al. Myeloid-derived miR-223 regulates intestinal inflammation via 
repression of the NLRP3 inflammasome. J Exp Med. 2017;214(6):1737–52. 
https://​doi.​org/​10.​1084/​jem.​20160​462.

	51.	 Sha R, Zhang B, Han X, Peng J, Zheng C, Zhang F, et al. Electroacupunc-
ture alleviates ischemic brain injury by inhibiting the miR-223/NLRP3 
pathway. Med Sci Monit. 2019;25:4723–33. https://​doi.​org/​10.​12659/​
msm.​917213.

	52.	 Wu X, Pan S, Luo W, Shen Z, Meng X, Xiao M, et al. Roseburia intestinalis-
derived flagellin ameliorates colitis by targeting miR-223-3p-mediated 
activation of NLRP3 inflammasome and pyroptosis. Mol Med Rep. 
2020;22(4):2695–704. https://​doi.​org/​10.​3892/​mmr.​2020.​11351.

	53.	 Zhang Y, Liu X, Bai X, Lin Y, Li Z, Fu J, et al. Melatonin prevents endothelial 
cell pyroptosis via regulation of long noncoding RNA MEG3/miR-223/
NLRP3 axis. J Pineal Res. 2018. https://​doi.​org/​10.​1111/​jpi.​12449.

	54.	 Fan EKY, Fan J. Regulation of alveolar macrophage death in acute 
lung inflammation. Respir Res. 2018;19(1):50. https://​doi.​org/​10.​1186/​
s12931-​018-​0756-5.

	55.	 Liu B, He R, Zhang L, Hao B, Jiang W, Wang W, et al. Inflammatory caspases 
drive pyroptosis in acute lung injury. Front Pharmacol. 2021;12:631256. 
https://​doi.​org/​10.​3389/​fphar.​2021.​631256.

	56.	 Li D, Ren W, Jiang Z, Zhu L. Regulation of the NLRP3 inflammasome and 
macrophage pyroptosis by the p38 MAPK signaling pathway in a mouse 
model of acute lung injury. Mol Med Rep. 2018;18(5):4399–409. https://​
doi.​org/​10.​3892/​mmr.​2018.​9427.

	57.	 Wallach D, Kang TB, Dillon CP, Green DR. Programmed necrosis in 
inflammation: toward identification of the effector molecules. Science. 
2016;352(6281):aaf2154. https://​doi.​org/​10.​1126/​scien​ce.​aaf21​54.

	58.	 Ding J, Wang K, Liu W, She Y, Sun Q, Shi J, et al. Pore-forming activ-
ity and structural autoinhibition of the gasdermin family. Nature. 
2016;535(7610):111–6. https://​doi.​org/​10.​1038/​natur​e18590.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.cbi.2020.109027
https://doi.org/10.1186/s12964-019-0366-y
https://doi.org/10.1016/j.intimp.2018.01.009
https://doi.org/10.1016/j.intimp.2018.01.009
https://doi.org/10.1016/j.ejphar.2020.173091
https://doi.org/10.1016/j.ejphar.2020.173091
https://doi.org/10.1016/j.molimm.2020.01.014
https://doi.org/10.1080/21655979.2021.1967838
https://doi.org/10.1080/21655979.2021.1967838
https://doi.org/10.1111/1440-1681.13316
https://doi.org/10.1111/1440-1681.13316
https://doi.org/10.1155/2020/1936580
https://doi.org/10.1155/2020/1936580
https://doi.org/10.1080/21655979.2021.1946358
https://doi.org/10.1007/s12640-021-00443-w
https://doi.org/10.1007/s12640-021-00443-w
https://doi.org/10.1007/s11064-021-03436-5
https://doi.org/10.1038/srep31284
https://doi.org/10.1002/jcp.25316
https://doi.org/10.1002/jcp.25316
https://doi.org/10.1186/s12950-018-0202-y
https://doi.org/10.1186/s12950-018-0202-y
https://doi.org/10.1155/2018/1264913
https://doi.org/10.1155/2018/1264913
https://doi.org/10.1213/ane.0000000000002034
https://doi.org/10.1164/rccm.201604-0686OC
https://doi.org/10.1111/cas.14555
https://doi.org/10.1111/cas.14555
https://doi.org/10.1084/jem.20160462
https://doi.org/10.12659/msm.917213
https://doi.org/10.12659/msm.917213
https://doi.org/10.3892/mmr.2020.11351
https://doi.org/10.1111/jpi.12449
https://doi.org/10.1186/s12931-018-0756-5
https://doi.org/10.1186/s12931-018-0756-5
https://doi.org/10.3389/fphar.2021.631256
https://doi.org/10.3892/mmr.2018.9427
https://doi.org/10.3892/mmr.2018.9427
https://doi.org/10.1126/science.aaf2154
https://doi.org/10.1038/nature18590

	Sevoflurane anesthesia ameliorates LPS-induced acute lung injury (ALI) by modulating a novel LncRNA LINC00839miR-223NLRP3 axis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Animal treatment
	Cell culture and treatments
	Cell transfection
	Hematoxylin & Eosin(H&E) staining assay
	The wetdry weight ratio
	The capillary permeability assessment
	Immunofluorescence staining
	Real-time quantitative PCR (RT-qPCR)
	Enzyme linked immunosorbent assay (ELISA)
	Western blot analysis
	Cell viability evaluation
	Dual-luciferase reporter gene system assay
	RNA pull-down assay
	PIHoechst double staining assay
	Statistical analysis

	Results
	Sevoflurane reversed LPS-induced cell pyroptosis and ameliorated ALI in vivo
	Sevoflurane suppressed LPS-induced pyroptotic cell death in MPVECs in vitro
	Sevoflurane suppressed LINC00839 to recover cellular functions in LPS-treated MPVECs
	Silencing of LINC00839 restrained LPS-induced cell pyroptosis in MPVECs
	LINC00839 regulated NLRP3cleaved caspase-1 pathway through miR-223
	Sevoflurane attenuated LPS-induced cell death and inflammation in MPVECs via the miR-223NLRP3 axis

	Discussion
	Conclusions
	Acknowledgements
	References


