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miRNA-206-3p alleviates
LPS-induced acute lung injury

via inhibiting inflammation

and pyroptosis through modulating
TLR4/NF-kB/NLRP3 pathway

Mengchi Chen'*, Jingfeng Zhang?®, Hongyuan Huang?, Zichen Wang?, Yong Gao® &
Jianghua Liy®%4=

Acute lung injury (ALI) is life-threatening. MicroRNAs (miRNAs) are often abnormally expressed

in inflammatory diseases and are closely associated with ALLI. This study investigates whether
miRNA-206-3p attenuates pyroptosis in ALl and elucidates the underlying molecular mechanisms.
ALI mouse and cell models were established through lipopolysaccharide (LPS) treatment for 24 h.
Subsequently, the models were evaluated based on ultrasonography, the lung tissue wet/dry (W/D)
ratio, pathological section assessment, electron microscopy, and western blotting. Pyroptosis in
RAW264.7 cells was then assessed via electron microscopy, immunofluorescence, and western
blotting. Additionally, the regulatory relationship between miRNA-206-3p and the Toll-like receptor
(TLR)4/nuclear factor (NF)-kB/Nod-like receptor protein-3 (NLRP3) pathway was verified. Finally,
luciferase reporter gene and RNA pull-down assays were used to verify the targeting relationship
between miRNA-206-3p and TLR4. miRNA206-3p levels are significantly decreased in the LPS-
induced ALI model. Overexpression of miRNA-206-3p improves ALI, manifested as improved lung
ultrasound, improved pathological changes of lung tissue, reduced W/D ratio of lung tissue, release
of inflammatory factors in lung tissue, and reduced pyroptosis. Furthermore, overexpression of
miRNA-206-3p contributed to reversing the ALI-promoting effect of LPS by hindering TLR4, myeloid
differentiation primary response 88 (MyD88), NF-kB, and NLRP3 expression. In fact, miRNA-206-3p
binds directly to TLR4. In conclusion, miRNA-206-3p alleviates LPS-induced ALI by inhibiting
inflammation and pyroptosis via TLR4/NF-kB/NLRP3 pathway modulation.
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Since the COVID-19 pandemig, its associated acute lung injury (ALIL all abbreviations are defined in Table 1)
has attracted renewed attention. ALI is a common and critical health issue that is challenging to manage. It is
characterized by the cellular damage, such as alveolar epithelial cells and capillary endothelial cells, and results
from various direct or indirect injury-associated factors. These factors can induce fluid accumulation in the
pulmonary interstitium and alveoli, leading to diffuse pulmonary edema and, subsequently, acute respiratory
insufficiency due to low oxygen levels'. Once ALI becomes critical, it is commonly known as acute respiratory
distress syndrome (ARDS)?. Although ventilator support therapy, fluid management, and nutritional support
are key treatment strategies for ALL their therapeutic effectiveness remains limited>*. The annual in-hospital
mortality rate of newly diagnosed adult ALI/ARDS patients in the United States is as high as 38.5%, while that
of older adults is nearly 60%’. Given the high mortality rate and severe financial burden associated with ALI,
new therapeutic strategies are urgently required.
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Abbreviation | Definition

ALI Acute lung injury

ASC Apoptosis-associated speck-like protein containing a caspase recruitment domain
DAPI 4'6- Diamidino-2-phenylindole

DMEM Dulbecco’s Modified Eagle Medium

ELISA Enzyme-linked immunosorbent assay

FBS Fetal bovine serum

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GFP Green fluorescent protein

GSDMD Gasdermin D

H&E Hematoxylin and eosin

LPS Lipopolysaccharide

NS Normal saline

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

PVDF Polyvinylidene difluoride

RIPA Radioimmunoprecipitation assay
SDS-PAGE Sodium dodecyl-sulfate polyacrylamide gel electrophoresis
SD Standard deviation

SPF Specific pathogen free

TBST Tris-buffered saline and Tween

Table 1. Abbreviations and full names.

A developing body of evidence strongly suggests that inflammation and pyroptosis have a significant effect
on ALI progression®. The term pyroptosis was coined in 2001 to describe the pro-inflammatory programmed cell
death distinct from apoptosis observed in Salmonella-induced macrophages’. However, its definition was revised
in 2015 to include gasdermin-mediated programmed cell death—distinct from apoptosis®. Unlike apoptosis,
which is considered a safe mode of cell death, pyroptosis induces inflammation and is triggered by various fac-
tors, including bacteria, viruses, toxins, and chemotherapeutics’. Importantly, reducing both inflammation and
pyroptosis improves outcomes in ALI'’. Lipopolysaccharide (LPS) —a crucial constituent in the outer membrane
of Gram-negative bacteria—is commonly used to induce ALI in experimental models. Accumulation of white
blood cells in lung tissue, pulmonary edema, and severe lung inflammation are the characteristics of this in vivo
ALI model'. Yang et al. conduct a study which demonstrated that corticosteroids can alleviate inflammation and
lung injury caused by LPS by modulating Nod-like receptor protein-3 (NLRP3) activation'?. Meanwhile, Zhang
et al. reported that metformin can alleviate LPS-induced ALI by increasing sirtuin 1 expression, which inhibits
nuclear factor kB (NF)-kB/NLRP3-mediated pyroptosis'. Therefore, focusing on the activation of inflammatory
processes and potential targets of pyroptosis may provide novel ideas for overcoming ALIL.

Gene regulation is a crucial process encompassing transcription, DNA methylation, and chromatin
modification’®. MicroRNAs (miRNAs) are short non-coding RNA molecules containing 18-23 nucleotides; a
single miRNA can interact with many target genes to direct cellular pathways'®. Numerous studies have identified
the indispensable role of miRNAs in various stages of inflammation, ranging from initiation to expansion and
resolution. This is achieved through a combination of positive and negative feedback mechanisms in inflamma-
tory lung diseases, including ALI/ ARDS'®. For example, miRNAs, such as miRNA-9, miRNA-127, and miRNA-
223, which regulate macrophage polarization, hold the potential for therapeutic intervention in inflammation-
related illnesses!”. However, miRNAs can elicit anti-inflammatory or pro-inflammatory effects, and their targets
and functions are complex and largely unknown. Therefore, understanding the mechanisms of action of miRNAs
could present a novel therapeutic avenue for managing the pathogenesis of inflammatory diseases.

The current study used a public bioinformatics database to predict abnormal miRNA expression associ-
ated with ALI and identify specific miRNAs. miRNA-206-3p, the main target of this study, was found to be
downregulated in LPS-induced ALI mice. Overexpression of miRNA-206-3p plays a significant protective role
in ALI by suppressing the inflammatory processes and pyroptosis. Furthermore, we found that miRNA206-3p
directly targets and binds to TLR4; hence, the TLR4/NF-kB/NLRP3 pathway contributes to the regulatory role of
miRNA-206-3p in ALI This study holds research value and scientific significance for identifying novel molecular
therapeutic targets for ALL

Material and methods

Animals

BABL/c male mice (18-22 g) were procured from Beijing SPF Biotechnology Co., Ltd. The study was performed
in accordance with the ARRIVE guidelines. All the experimental protocols were approved by the Medical Ethics
Committee of the Second Affiliated Hospital of Guangxi Medical University (ethical review number: 202101029).
Animal experimental procedures strictly complied with the UK Animals (Scientific Procedures) Act, 1986 ethical
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requirements for biomedical research. All mice were raised in a specific pathogen-free (SPF) animal house at
22-25 °C, with abundant food, fresh water, and a 12 h light/dark cycle. The BABL/c male mice were randomly
divided into four groups: control, ALI or LPS, LPS + agomir-206-3p, and LPS + agomir-NC.

Establishment of animal model

The procedure outlined by Chao Cao was adopted to establish the LPS-induced mouse ALI model'®. The first
control group, received 10 mg/kg normal saline (NS) via intratracheal instillation. The second group, i.e., the
ALI or LPS group, received an intratracheal instillation of 10 mg/kg LPS (Cat No L2880, Sigma, US). The
LPS +agomir-206-3p group was administered a combination of 10 mg/kg LPS and 1 nmol/L agomir-206-3p. The
LPS +agomir-NC group, was administered a combination of 10 mg/kg LPS and 1 nmol/L agomir-NC. Agomir-
206-3p and agomir-NC were synthesized by RiboBiotech (Guangzhou, China). Agomir-206-3p (1 nmol/each)
or agomir-NC (1 nmol/each) was divided into three days of tail intravenous injection until ALI models were
induced as described above.

Pulmonary ultrasonography
After reaching the intervention time, mice in each group were transferred to the ultrasound department for a
lung ultrasound scan to obtain lung ultrasound images.

Wet-to-dry (W/D) ratio of the lungs
When the intervention time endpoint was reached, the mice were humanely sacrificed with an overdose of
sodium pentobarbital anesthesia. Their chests were opened, and the lung were extracted. Subsequently, the
superior right lung was separated and rinsed with saline, surface moisture was absorbed using absorbent paper,
and wet weight was measured. After incubation at 80 °C for 24 h, the dry weight of the sample was determined,
and the W/D weight ratio was calculated.

Histopathological analysis

At the end of the intervention, the right lung was resected in each experimental group, fixed with 10% neutral
formalin solution for 24 h, dehydrated with gradient alcohol, cleared, paraffin-embedded, sliced at 4 mm thick,
and then stained with hematoxylin and eosin. The images were acquired under a pathological microscope.

Quantitative real-time PCR (q-RT PCR)

Total RNA was isolated from the lung tissues or cells using Trizol reagent and chloroform. Reverse transcrip-
tion and qRT-PCR assays for miRNA were performed using corresponding Sangon kits (Sangon Biomedical
Technology Co., Ltd.; Shanghai, China). U6 was designated as the internal reference for normalization. Reverse
transcription and qRT-PCR assays for other common mRNAs were performed using corresponding TAKARA
kits (Takara Biomedical Technology Co., Ltd.; Beijing, China). Gapdh was designated as the internal reference
for normalization. The primer sequences are listed in Table 2.

Enzyme-linked immunosorbent assay (ELISA)

The levels of cytokines in lung tissue homogenates and cell culture supernatants were detected with correspond-
ing ELISA kits [including tumor necrosis factor (TNF)-q, interleukin (IL)-6, IL-1B, and IL-18] from Yuanju
Biotechnology Co., Ltd (Shanghai, China).

Cell culture

RAW264.7 macrophages were acquired from Wuhan Procell Life Science and Technology Co. Ltd. The cells
were incubated in a stable environment at 37 °C with 5% CO, and cultured in fresh Dulbecco’s modified eagle
medium (DMEM) media containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Meilun-
Bio, Dalian, China). RAW264.7 cells were treated with 10 pug/mL LPS for 24 h to construct an in vitro model of
inflammation and pyroptosis.

Lentivirus transfection

The RAW264.7 cells were transfected with miRNA-206-3p using a lentiviral vector obtained from GeneChem
Company (Shanghai, China). Briefly, the cells were cultured in lentivirus-containing medium for 16 h, after which
the media was replaced and incubated for an additional 48 h. Subsequently, the cells were screened using puro-
mycin. The signal emitted by green fluorescent protein (GFP) was visualized using a fluorescence microscope,
and the effectiveness of gene transfection was confirmed using qRT-PCR analysis.

Electron microscopic examination of cellular pyroptosis

RAW?264.7 cells were fixed using an electron microscope fixative (G1102, Servicebio), rinsed with a buffer solu-
tion, treated with 1% osmic acid for fixation, gradually dehydrated with acetone, embedded with an embedding
agent, and finally prepared for imaging. An electron microscope was used to evaluate the organelle structure.

Western blotting

RIPA lysis buffer (RIPA buffer, R0010, Solarbio) and protease inhibitor mixtures were used to prepare lung tis-
sues or cells protein samples. A bicinchoninic acid (BCA) protein assay kit (WB6501, New Cell & Molecular
Biotech) was used to determine protein concentrations. Proteins in each group were resolved by electrophoresis
on 10% or 12.5% sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels, transferred onto
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Gene Species Primer sequence(5'-3') Product length/bp

CCTGTTGTCTCCAGCCACAAAAGAGCA
miRNA-206-3p-RT | Mus musculus 56

CAATATTCCAGGAGACAACAGGCCACACA

F:CGGGCTGGAATGTAAGGAAG 20
miRNA-206-3p Mus musculus

R:CAGCCACAAAAGAGCACAAT 20

GTCGTATCCAGTGCAGGGTCCGAGG
U6-RT Mus musculiss | -y 1T CGCACTGGATACGACAAAAAT 50

F:-GAAGATTTAGCATGGCCCCTGC 22
U6 Mus musculus

R:CAGTGCAGGGTCCGAGGT 18

F:ATGGCATGGCTTACACCACC 20
TLR4 Mus musculus

R:GAGGCCAATTTTGTCTCCACA 21

F:AGCAGACAGTGGCAGTATGGGTTAG 23
MyD88 Mus musculus

R:GGGCAGTAGCAGATAAAGGCATCG 24

FTGAGGCTGAGCGGAGGTGATG 21
NF-xB Mus musculus

R:AGGAGACAGTGGCAGTATGGGTTAG 25

F:GCTGCGATCAACAGGCGAGAC 21
NLRP3 Mus musculus

R:CCATCCACTCTTCTTCAAGGCTGTC 25

F:ACAAGGCACGGGACCTATG 19
Caspase-1 Mus musculus

R:TCCCAGTCAGTCCTGGAAATG 21

F:AGACCTGGAATCAGACAACTTT 22
IL-18 Mus musculus

R:TCAGTCATATCCTCGAACACAG 22

F:CTCGCAGCAGCACATCAACAAG 22
IL-1p Mus musculus

R:CCACGGGAAAGACACAGGTAGC 22

F: AGACAATAGACCCCTCCCC 19
GSDMD Mus musculus

R: TCTGCTGCCGCTTACCTCC 19

F: GGCACAGTCAAGGCTGAGAATG 22
GAPDH Mus musculus

R: ATGGTGGTGAAGACGCCAGTA 21

Table 2. Primer sequences.

polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA; cut prior to hybridization with
antibodies), blocked with a rapid blocking solution, and washed with TBST. Next, the PVDF membranes were
incubated overnight at 4 °C with a primary antibody against TLR4 (Cat No. 66350-1-Ig; 1:1000), NF-«B (Cat No.
T55034F; 1:5000), myeloid differentiation Factor 88 (MyD88) (Cat No. 23230-1-AP; 1:1000), NLRP3 (Cat No.
MA5-23919; 1:2500), Apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC)
(Cat No0.340097; 1:1000), Gasdermin-D (GSDMD) and N-terminal domain (GSDMD-N) (Cat No. ab219800;
1:2500), caspase-1 and cleaved caspase-1 (Cat No. 14-9832-82; 1:2500), Interleukin (IL)-18 (Cat No IPB0723;
1:2000), IL-1p (Cat No. P50520-1R1F; 1:1000), f-Actin (Cat No. GB15001-100; 1:2000) or GAPDH (Cat No.
60004-1-Ig; 1:10,000). The PVDF membranes were then incubated with an HRP-conjugated secondary antibody
at room temperature for 1 h. To visualize and quantify the bands, a chemiluminescence detection system (Tanon
5200, Shanghai, China) and Image J software were used.

Immunofluorescence

Referring to the immunofluorescence experimental procedure described by Li et.al'’, RAW264.7 cells in different
groups were fixed, permeated, blocked, and then incubated with NLRP3 (Cat No. MA5-23919; 1:200) and IL-18
(Cat No IPB0723; 1:200) primary antibodies at 4 °C overnight. The fluorescent secondary antibodies (GB23302,
GB23303, Servicebio, 1:500) against the corresponding species were then incubated for 1 h and stained with
4',6-diamidino-2-phenylindole (DAPI) for 10 min. After every step, the cells were thoroughly cleaned using
phosphate-buffered saline (PBS) trice. Slides were observed under a fluorescence microscope.

Luciferase reporter assay

Using a public database, we predicted that the TLR4 segment encompasses binding sites for miRNA-206-3p.
Hence, the TLR4-WT and TLR4-MUT vectors were constructed by Guangzhou Ribobio Co., Ltd. Subsequently,
293T cells were co-transfected for 6 h with the reported vectors, miRNA-206-3p mimic and NC mimic, followed
by replacement with a fresh medium for 48 h. The luciferase activity was measured using a Dual- Luciferase
Reporter Assay Kit (Ribobio Co., Ltd. Guangzhou, China).

RNA Pull-down

We designed and synthesized the NC Probe and miRNA-206-3p-W'T Probe with the following sequences: NC
Probe: Biotin, 5-GACUUGAAGCCUAGCCCGAUCG-3’, miR-206-3p-WT Probe Biotin, 5'-CUUACAUUC
CAUAGUGCUGAGA-3'. Normal cultured RAW264.7 cells (2 x 10°) were used to extract cytoplasmic proteins.
Biotin-labeled RNA probes were then incubated with cytoplasmic protein extracts for pull-down assays. The
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composite was then treated with magnetic beads, eluted and denatured. Finally, the samples were silver dyed
and western blotting was performed.

Statistical analysis

Statistical analyses and chart generation were performed using GraphPad Prism 9 and SPSS 23.0 software. Data
were presented as mean values + standard deviation (SD) obtained from three distinct experiments. An inde-
pendent sample #-test was conducted to compare two groups. P < 0.05 were considered statistically significant®.

Results
miRNA206-3p is downregulated in LPS-induced ALl in vitro and in vivo
As described previously's, the animal ALI models were established through tracheal infusion of LPS. Pulmonary
ultrasound is an important bedside tool for detecting lung conditions. The A-line is a normal pulmonary manifes-
tation, while the B-line is a tail artifact indicating edema in the subpleural interstitial*.. In the LPS group, edema
was observed, as indicated by the B-line marking on lung ultrasound, compared to the control group (Fig. 1A,B).
Subsequently, histopathological analysis revealed significant histological damage and apparent inflammatory fea-
tures, including edema, necrosis, and neutrophil infiltration (Fig. 1C,D). Furthermore, the LPS group exhibited a
higher lung injury score and lung W/D ratio than the control group (Fig. 1E,G). The abundance of inflammatory
factors (TNF-a and IL-6) was also significantly elevated in the lung tissue of the LPS group (Fig. 1F), suggesting
that LPS administration successfully established an ALI animal model.

miRNA-206-3p reportedly has a pivotal role in the progression of various human ailments, including cancers,
osteoarthritis, and depression?’. Meanwhile, the essential role of miRNA-206-3p in regulating the inflamma-
tory response has also been described®-**. However, the role of miRNA-206-3p play in ALI remains unknown.

To verify the miRNA-206-3p expression trends in ALI and in vitro inflammatory models, qRT-PCR was
performed across all groups. Compared to the normal group, the miRNA-206-3p expression level in the lung
tissues of the ALI group decreased significantly (Fig. 1H). Because of the lack of alveolar lavage fluid in mice
and the technical limitations of primary cell culture, we selected RAW264.7 cells for in vitro analyses. We found
that miRNA-206-3p expression was also downregulated in LPS-treated RAW264.7 cells (Fig. 1H). Accordingly,
we hypothesized that miRNA-206-3p plays a crucial role in f ALI progression.

Upregulation of miRNA-206-3p attenuates LPS-induced ALI

To investigate whether enhancing the expression of miRNA-206-3p can effectively ameliorate LPS-induced
ALIL 1 nmol/mouse agomiR-206-3p was administered via tail vein injection to the mice before LPS treatment.
At the endpoint of the experiment, the lungs were examined via ultrasonography. The condition of the lungs
in the LPS +agomiR-206-3p group was notably better than that of mice in the LPS +agomiR-206-3p NC group
(Fig. 2A,B).

Lentivirus transfection was used to construct a miRNA-206-3p mimic model of RAW264.7 cells. We con-
structed the model by evaluating the miRNA-206-3p expression using qRT-PCR, which showed that miRNA-
206-3p levels increased in the lung tissues of mice in the LPS + agomiR-206-3p group of mice (Fig. 2C); the same
results were observed in LPS + miRNA-206-3p mimics group of RAW264.7 cells (Fig. 2D).

Furthermore, compared to the LPS +agomir-NC group, pathological analysis indicated that the severity of
lung lesions in the LPS + agomiRNA-206-3p group was relieved (Fig. 2E,F). Similarly, a comparison of the lung
W/D ratios between the two groups confirmed improvement in the W/D ratio (Fig. 1G). Considered together,
these results suggest that miRNA-206-3p attenuates LPS-induced ALI.

Overexpression of MiRNA-206-3p inhibits the inflammatory response and pyroptosis

Given the positive protective effects observed in prior animal trials concerning miRNA-206-3p, we investigated
how augmenting miRNA-206-3p expression affects LPS-induced inflammatory reactions. Initially, pro-inflam-
matory cytokines in the homogenized lung tissue, including TNF-a and IL-6, were significantly elevated in the
LPS group compared to the control group. However, the release of these cytokines was markedly suppressed with
the overexpression of miRNA-206-3p (Fig. 1F). Interestingly, secretion of pyroptosis-related cytokines IL-18 and
IL-1p was significantly elevated when detected in ALI lung homogenate. Meanwhile, their levels decreased with
the increase in miRNA-206-3p expression (Fig. 2G,H).

Pyroptosis is a key pathological feature of ALI*®. LPS-induced RAW264.7 cells showed morphological abnor-
malities and cell swelling under an optical microscope (Fig. 3A). Transmission electron microscopy was used
to observe the ultrastructure of cells and determine whether miRNA-206-3p inhibited the pyroptosis in LPS-
induced RAW264.7 cells. Results show that the RAW264.7 cells in the LPS group exhibited a pyroptotic state with
irregular cell morphology, mitochondrial swelling, multiple cell membrane breakage, and release of cell contents
into the extracellular space (Fig. 3B). At the same time, we also detected the changes of cytokines TNF-a, IL-6,
IL-18, and IL-1P among each group. Compared to the normal group, these cytokines increased significantly in
the LPS groups, but these effects were reversed by overexpressing miRNA-206-3p (Fig. 3C).

Previous research has established the significant roles of NLRP3, caspase-1, cleaved caspase-1, GSDMD,
GSDMD-N, IL-18, and IL-1p in the development and progression of pyroptosis?’. Thus, we examined their
expression at the transcriptional and translational levels using QRT-PCR, immunofluorescence, and western blot-
ting. The expressions of these pyroptosis-related genes increased significantly in the LPS group alone compared
with controls (Fig. 3D,E). Immunofluorescence analysis revealed similar results for NLRP3 and IL-18 (Fig. 4A).
These findings indicate that upregulating miRNA-206-3p mitigates LPS-induced pyroptosis in RAW?264.7 cells.
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Figure 1. The miRNA-206-3p is downregulated in LPS-induced acute lung injury in mice (LPS: 10 mg/kg,

24 h) and RAW264.7 cells (LPS: 10 pg/mL 24 h). (A, B) Ultrasound images of mouse lungs. (C, D) Histological
analysis of lung tissues from each experimental group. (E) Lung injury score (n=6/group). (F) TNF-a and
IL-6 levels in lung tissue were measured after LPS challenge (n=6/group). (G) Lung wet/dry assay (n=6/
group). (H, I) The miRNA-20 6-3p expression was validated by qRT-PCR in lung tissues of mice (n=6/group)
and RAW264.7 cells (n=3/group) challenged with LPS. Data represent the mean + SD of three independent
experiments. *P<0.05, **P<0.01, **P<0.001, ***P<0.0001.

miRNA-206-3p mitigates LPS-induced ALI via blocking the TLR4/NF-«kB/NLRP3 pathway
The TLR4/MyD88/NF-kB pathway has been identified as a pivotal regulator of the inflammatory process in
inflammation-related diseases?®*. Hence, we further explored the regulatory effect of miRNA206-3p on the
activation of this pathway in LPS-induced ALI models. In vivo, the LPS group exhibited significantly elevated
TLR4, MyD88, and NF-kB expression levels compared to the control group (Fig. 4B-D). In contrast, their
expression decreased in the LPS + agomir-206-3p group. Similarly, the expression levels of TLR4, MyD88, and
NF-«B were higher in LPS-induced RAW264.7 cells; this effect was reversed following miRNA-206-3p mimic
treatment (Fig. 4E-G).

Combined with the NLRP3 results, these findings suggest that the TLR4/MyD88/NF-kB/NLRP3 pathway
was activated and contributed to the development of LPS-induced ALL. Meanwhile, the beneficial effects elicited
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Figure 2. Increased miRNA-206-3p ameliorated LPS-induced ALI in mice (LPS: 10 mg/kg, 24 h) and
RAW264.7 cells (LPS: 10 pg/mL, 24 h). (A, B) Ultrasound images of mouse lungs. (C, D) miRNA-206-3p
expression detected by qRT-PCR after LPS + agomir-206-3p (n=6/group) and LPS + miRNA-206-3p mimics
(n=3/group) treatment. (E, F) Histological evaluation of lung tissues from each experimental group. (G, H)
IL-18 and IL-1p levels in lung tissue were measured after LPS or LPS +agomir-206-3p challenge (n=6/group).
Data represent the mean + SD of three independent experiments. **P <0.01, ***P<0.001.

by miRNA-206-3p overexpression regarding improved lung tissue pathological damage, reduced edema, and
attenuated release of pro-inflammatory cytokines may be achieved by regulating this pathway.

miRNA-206-3p directly binds toTLR4

To characterize the molecular mechanism underlying the effects elicited by miRNA-206-3p, the TargetScan
(http://www.targetscan.org) database was used to identify specific target molecules of miR-206-3p. Based on
the prediction results, TLR4 was considered a strong candidate (Fig. 5A). TLR4 acts as a mediator in microbial
infection, immune responses, and inflammatory reactions and has a key role in ALI development®. Addition-
ally, TLR4 promotes pyroptosis in alveolar macrophages and leads to lung inflammation through an autocrine
mechanism®'. Consequently, we explored the novel role of TLR4. Complementary sequences between miRNA-
206-3p and the 3’-UTR of TLR4 were detected, with two binding sites identified (Fig. 5B). Therefore, we con-
structed vectors carrying the 3’-UTR of TLR4 and miRNA-206-3p mimics, which were co-transfected into 293T
cells. The dual-luciferase reporter system results confirmed the validity of one of the two miRNA206-3p binding
sites on TLR4 (Fig. 5C). RNA pull-down assays confirmed that TLR4 was the direct target gene of miRNA-206-3p
(Fig. 5D,E). Indeed, TLR4 expression was closely related to that of miRNA-206-3p. Moreover, TLR4 expression
was elevated in the LPS-induced groups in vitro and in vivo (Fig. 4B-G). Meanwhile, treatment with agomir-
206-3p or miRNA-206-3p mimics downregulated TLR4 expression. These results indicate that miRNA-206-3p
exerts anti-inflammatory and antipyroptotic effects by directly targeting TLR4.

Discussion

The anti-inflammatory and anti-pyroptotic properties of miRNA-206-3p have received particular attention in
recent years. In our study, the present results verified the abnormal expression of miRNA-206-3p in LPS-induced
ALIL Moreover, the protective effect of miRNA-206-3p overexpression on LPS-induced ALI in mice was con-
firmed through various experiments, such as lung ultrasound, histopathology, and ELISA. Mechanistically,
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Figure 3. Overexpression of miRNA-206-3p inhibits LPS-induced inflammatory response and pyroptosis. (A)
RAW264.7 cells morphology after treatment with 10 ug/mL LPS for 24 h. (B) Transmission electron microscopy
analysis of the ultrastructure of RAW264.7 cells treated with 10 pg/mL LPS for 24 h; red arrow perforated cell
membrane. (C) TNF-q, IL-6, IL-18 and IL-1p levels in RAW264.7 cells were measured after LPS challenge
(n=3/group). (D) mRNA levels of NLRP3, GSDMD, caspase-1, IL-18, and IL-1f3 in RAW264.7 cells challenged
with LPS (n=3/group). (E) Abundance of NLRP3, ASC, caspase-1, cleaved caspase-1, GSDMD, GSDMD-N,
IL-18, and IL-1P proteins in RAW264.7 cells challenged with LPS (n=3/group). Data represent the mean +SD of
three independent experiments. The blots were cut prior to hybridization with antibodies. *P<0.05, **P<0.01,
PP <0.001, ****P<0.0001.

miRNA-206-3p targets TLR4 to regulate the classical TLR4/MyD88/NF-xB/NLRP3 inflammatory pathway and
may have major scientific value as a new therapeutic target for ALI

MiRNAs can control inflammatory and immune responses by selectively targeting specific molecules that
play crucial roles in key processes related to ALI*2. For example, Li et al. suggested that plasma extracellular
vesicles carrying miRNA-210-3p specifically target ATG7 to effectively regulate the activation of inflammatory
and autophagic mechanisms in a sepsis-induced ALI model®. Similarly, Qiao et al. discovered the protective role
of miRNA-145-5p in rats with ALI through active suppression of E26 transformation-specific proto-oncogene
2 (ETS2) expression and deactivation of the transforming growth factor 1 (TGF-1)/Smad signaling pathway™*.
Meanwhile, Khan et al. found that the lungs of an LPS-induced ALI models showed a significant increase in
miRNA-34a expression. Overexpression of miRNA-34a worsened the lung injury phenotype, favored the pro-
inflammatory M1 phenotype and inhibited M2 polarization. They also found that regulation of Kruppel-like
factor 4 and macrophage polarization contributed to these effects. These findings suggest that targeting these fac-
tors could be an ideal therapeutic intervention for ALI/ARDS?. Several studies have reported that miRNAs may
have great potential diagnostic and therapeutic value as biomarkers for certain diseases*®*” Multiple experimental
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Figure 4. The miRNA-206-3p alleviates inflammation and pyroptosis by regulating the TLR4/MyD88/ NF-«xB
pathway. (A) Expression of pyroptosis markers (NLRP3 and IL-18) measured by immunofluorescence. (B-D)
qRT-PCR and western blotting analysis of TLR4, MyD88, and NF-«kB expression in LPS-induced mice (n=6/
group). (E- G) qRT-PCR and western blotting analysis of TLR4, MyD88, and NF-«B expression in LPS-induced
RAW264.7 cells (n=3/group). Data represent the mean +SD of three independent experiments. The blots were
cut prior to hybridization with antibodies. *P<0.05, **P <0.01, ***P <0.001, ***P<0.0001.

models have consistently shown that miRNAs are expressed in a dysregulated manner during LPS-induced ALI
and have significant roles in several pathophysiological processes, including inflammation, apoptosis, autophagy,
and pyroptosis®*~*. In the present study, confirming with qRT-PCR, we found that miRNA-206-3p was signifi-
cantly dysregulated in ALI mice compared to the normal group.

miRNA-206-3p has been extensively studied due to its close association with tumorigenesis and tumor devel-
opment. However, there is ongoing discourse regarding its impact on cancer formation, including its potential as
a cancer promoter or inhibitor*. Additionally, the aberrant expression of miRNA-206-3p has recently garnered
significant attention in research on inflammatory disease. Liang et al. identified miRNA206 as a potential bio-
marker for sepsis severity with a positive correlation detected between sepsis severity and serum miRNA-206
levels*2. Dong et al. reported a protective role for miRNA-206 against myocardial inflammatory injuries induced
by targeting the USP33, which may be a reliable therapeutic target*’. Meanwhile, Zhou et al. found that the effects
of miRNA-206-3p on connexin, ultimately improving lung permeability in sepsis-induced ALI**.Some widely
used medications, including remifentanil, protect the heart against the damage caused by myocardial ischemia/
reperfusion (I/R) by modulating the miRNA-206-3p*°.

Herein, we found that enhanced expression of miRNA-206-3p improved LPS-induced ALL as demonstrated
by improved pulmonary ultrasound images and histopathological changes, as well as the reduction of the W/D
ratio and inflammatory cytokines levels in the murine model. TNF-a and IL-6 are considered reliable and
objective indicators of ARDS/ALI. The absence of TNF-a in the local lung tissue substantially decreases lung
tissue injury following hemorrhage priming for ALI*’. Moreover, a study investigating human metapneumovirus
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infection in children, it was found that assessing the severity and prognosis of infection may be facilitated by

examining IL-6 and TNF-a expression levels*®.

Increasing evidence has shown that macrophages are closely associated with cell pyroptosis and that block-
ing macrophage pyroptosis may reduce inflammatory responses***. As a type of phagocytic cell in the innate
immune system, macrophages are renowned for their ability to engulf and eliminate foreign invaders efficiently.
The crucial and central role macrophages play in maintaining tissue equilibrium and responding to pathogenic
stimuli is widely acknowledged in the field of immunology. During inflammation, immune cells produce a wide
range of reactive oxygen and nitrogen species as a defense mechanism. However, an excessive response can induce
cell damage and potentially lead to cell death®. Kang et al. identified typical cell perforation pyrogenic charac-
teristics in LPS-stimulated RAW264.7 cells, indicating the successful development of LPS-induced pyroptosis
model in vitro®*. Similarly, in the current study, following with LPS treatment, RAW264.7 cells exhibited typical
features of pyroptosis, including cell swelling and membrane perforation. Considering that miRNAs have been
broadly reported as participating in pyroptosis regulation, we propose that the abnormal expression of miRNA-
206-3p may also be associated with the regulation of pyroptosis.

NLRP3, triggers caspase-1 activation in inflammation-activated macrophages, activating caspase-1 to cleaved-
caspase-1, leading to the cleavage of GSDMD and the production of GSDMD-N fragments®’. Subsequently,
GSDMD-N molecules assemble into the plasma membrane to form pores, which enhance membrane perme-
ability. This leads to the release of mature IL-18 and IL-1f, as well as the initiation of pyroptosis®. Therefore, we
verified the expression of NLRP3 and IL-18 by using immunofluorescence and assessed the expression levels of
NLRP3, GSDMD, caspase-1, IL-18, and IL-1p through qRT-PCR and western blotting. As expected, mRNA and
protein levels of pyroptosis-related molecules were significantly altered. Additionally, we found that miRNA-
206-3p overexpression effectively reduced the secretion of pro-inflammatory factors, namely TNF-q, IL-6, IL-18,
and IL-1P in RAW264.7 cells. Hence, miRNA-206-3p improves ALI by blocking inflammation and pyroptosis.
However, the network by which miRNA-206-3p regulated the inflammatory response and macrophage pyrop-

tosis remained unclear.

In inflammatory diseases, the activation of the TLR4/MyD88/NF-«xB pathway mediates inflammatory
responses, while loss of TLR4 may confer a benefit in LPS-associated ALI*>*. Notably, miRNA-206-3p also affects
the expression of TLR4. For example, Zhang et al. found that remifentanil protected myocardial I/R injury by
modulating the TLR4/NF-«B signaling pathway. Simultaneously, they found that the defense mechanism involved
miRNA-206-3p, which plays a significant role in downregulating the expression of TLR4*. Therefore, in the cur-
rent study, we sought to ascertain the potential protective function of miRNA-206-3p against LPS-induced ALI

Scientific Reports|  (2024) 14:11860 |

https://doi.org/10.1038/s41598-024-62733-5

nature portfolio



www.nature.com/scientificreports/

TLR4 T T > miRNA-206-3p Acute lug injury

E NLRP3 '

—> ASC HED- NN @@ ® caspase-1
6 4 x

*

NLRP3 inflammasome @ z
o® complex L § ‘ Pyroptosis
[ ’
L1g @ rea»e
IL-18 caspase-1
°® -
[ _)e ~ v
Rrolli8 ©  cleaved caspase-1

0 Pro-IL-1B

v
NF-kB complex

@ p65/c-Rel S
Activation Cytokines
7

of immune

response genes ° . °

DCED e

Figure 6. Scheme summarizing the protective effects of miRNA-206-3p on LPS-induced acute lung injury
by inhibiting TLR4/NF-kB/NLRP3 activation. LPS can induce NF-kB activation through TLR4/MyD88
signaling. Once the pathway is activated and IkB is degraded, NF-«B translocates to the nucleus and induces
the transcription of target genes, including NLRP3, GSDMD, and ASC; Produced NLRP3 assembles with

ASC and pro-caspase-1 forming multimeric inflammasome complex that results in the cleavage of pro-
caspase-1 to caspase-1. Subsequently, the release of inflammatory factors, including TNF-a, IL-6, IL-18, and
IL-1B, is activated, regulating inflammatory responses. However, miRNA-206-3p attenuates the release of pro-
inflammatory cytokines and cell pyroptosis by inhibiting TLR4/NF-kB/NLRP3 activation.

by specifically targeting TLR4. Indeed, the present results showed that miRNA-206-3p directly binds to TLR4
by targeting the 3’-UTR in vitro.

However, there are certain limitations in this study. First of all, although other studies have demonstrated the
abnormal expression of miRNA-206-3p in sepsis patients®, this study did not collect large, multi-center clinical
samples for specific verification. Second, miRNA-206-3p has also been found to be related to apoptosis®” and
autophagy®®; although pyroptosis is closely related to apoptosis, this study did not explore the exploration of the
relationship between these programmed death modes.

In conclusion, our results demonstrated a noteworthy decrease in the expression level of miRNA-206-3p
in ALI mice. Moreover, miRNA-206-3p overexpression protects against ALI by suppressing inflammation and
pyroptosis. This proactive mechanism involves modulating the TLR4/NF-kB/NLRP3 pathway by directly target-
ing TLR4 (Fig. 6). Hence, the results of this study demonstrated a previously undisclosed function of miRNA-
206-3p in the development of ALI, shedding light on its pathological significance. In the future, an in-depth
study of multiple cellular programmed death pathway mechanisms or encapsulation of miRNA and siRNA into
nanomaterials may be exploited for new therapeutics. These novel findings can potentially contribute to the
development of innovative therapeutic approaches for ALL

Data availability

Online generated or analysed during this study are included in the article, the experimental data section to sup-
port the findings is included in a Supplementary information file, and additional experimental data available
from the corresponding author on reasonable request.

Received: 15 November 2023; Accepted: 21 May 2024
Published online: 24 May 2024

References
1. Butt, Y., Kurdowska, A. & Allen, T. C. Acute lung injury: A clinical and molecular review. Arch. Pathol. Lab. Med. 140(4), 345-350.
https://doi.org/10.5858/arpa.2015-0519-RA (2016).
2. Raghavendran, K. & Napolitano, L. M. Definition of ALI/ARDS. Crit. Care Clin. 27(3), 429-437. https://doi.org/10.1016/j.ccc.
2011.05.006 (2011).
3. Sweeney, R. M., Griffiths, M. & McAuley, D. Treatment of acute lung injury: Current and emerging pharmacological therapies.
Semin. Respir. Crit. Care Med. 34(4), 487-498. https://doi.org/10.1055/s-0033-1351119 (2013).

Scientific Reports |

(2024) 14:11860 | https://doi.org/10.1038/s41598-024-62733-5 nature portfolio


https://doi.org/10.5858/arpa.2015-0519-RA
https://doi.org/10.1016/j.ccc.2011.05.006
https://doi.org/10.1016/j.ccc.2011.05.006
https://doi.org/10.1055/s-0033-1351119

www.nature.com/scientificreports/

4. Gonzalez, H., Horie, S. & Laffey, J. G. Emerging cellular and pharmacologic therapies for acute respiratory distress syndrome.
Curr. Opin. Crit. Care 27(1), 20-28. https://doi.org/10.1097/mcc.0000000000000784 (2021).

5. Rubenfeld, G. D. et al. Incidence and outcomes of acute lung injury. N. Engl. ]. Med. 353(16), 1685-1693. https://doi.org/10.1056/
NEJMoa050333 (2005).

6. Liu, B. et al. Inflammatory caspases drive pyroptosis in acute lung injury. Front. Pharmacol. 12, 631256. https://doi.org/10.3389/
fphar.2021.631256 (2021).

7. D’Souza, C. A. & Heitman, J. Dismantling the Cryptococcus coat. Trends Microbiol. 9(3), 112-113. https://doi.org/10.1016/s0966-
842x(00)01945-4 (2001).

8. Shi, J. et al. Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature 526(7575), 660-665. https://
doi.org/10.1038/nature15514 (2015).

9. Tang, R. et al. Ferroptosis, necroptosis, and pyroptosis in anticancer immunity. J. Hematol. Oncol. 13(1), 110. https://doi.org/10.
1186/513045-020-00946-7 (2020).

10. Feng, Y. et al. Pyroptosis in inflammation-related respiratory disease. J. Physiol. Biochem. 78(4), 721-737. https://doi.org/10.1007/
$13105-022-00909-1 (2022).

11. Chen, H., Bai, C. & Wang, X. The value of the lipopolysaccharide-induced acute lung injury model in respiratory medicine. Expert
Rev. Respir. Med. 4(6), 773-783. https://doi.org/10.1586/ers.10.71 (2010).

12. Yang, J. W. et al. Corticosteroids alleviate lipopolysaccharide-induced inflammation and lung injury via inhibiting NLRP3-inflam-
masome activation. J. Cell. Mol. Med. 24(21), 12716-12725. https://doi.org/10.1111/jcmm.15849 (2020).

13. Zhang, Y. et al. Metformin alleviates LPS-induced acute lung injury by regulating the SIRT1/NF-kB/NLRP3 pathway and inhibiting
endothelial cell pyroptosis. Front. Pharmacol. 13, 801337. https://doi.org/10.3389/fphar.2022.801337 (2022).

14. Holoch, D. & Moazed, D. RNA-mediated epigenetic regulation of gene expression. Nat. Rev. Genet. 16(2), 71-84. https://doi.org/
10.1038/nrg3863 (2015).

15. Diener, C., Keller, A. & Meese, E. Emerging concepts of miRNA therapeutics: From cells to clinic. Trends Genet. 38(6), 613-626.
https://doi.org/10.1016/j.tig.2022.02.006 (2022).

16. Medzhitov, R. & Horng, T. Transcriptional control of the inflammatory response. Nat. Rev. Immunol. 9(10), 692-703. https://doi.
0rg/10.1038/nri2634 (2009).

17. Essandoh, K., Li, Y., Huo, J. & Fan, G. C. MiRNA-mediated macrophage polarization and its potential role in the regulation of
inflammatory response. Shock 46(2), 122-31. https://doi.org/10.1097/shk.0000000000000604 (2016).

18. Cao, C. et al. Ulinastatin protects against LPS-induced acute lung injury by Attenuating TLR4/NF-«B pathway activation and
reducing inflammatory mediators. Shock 50(5), 595-605. https://doi.org/10.1097/shk.0000000000001104 (2018).

19. Li, Q. et al. Hypoxia-induced HIF-1a expression promotes neurogenic bladder fibrosis via EMT and pyroptosis. Cells 11(23), 3836.
https://doi.org/10.3390/cells11233836 (2022).

20. Wei, X. et al. MicroRNA-377-3p released by mesenchymal stem cell exosomes ameliorates lipopolysaccharide-induced acute lung
injury by targeting RPTOR to induce autophagy. Cell Death Dis. 11(8), 657. https://doi.org/10.1038/s41419-020-02857-4 (2020).

21. Lichtenstein, D. A. et al. A-lines and B-lines: Lung ultrasound as a bedside tool for predicting pulmonary artery occlusion pressure
in the critically ill. Chest 136(4), 1014-1020. https://doi.org/10.1378/chest.09-0001 (2009).

22. Qi, W. & Guan, W. A comprehensive review on the importance of miRNA-206 in animal model and human diseases. Curr. Neu-
ropharmacol. https://doi.org/10.2174/1570159x21666230407124146 (2023).

23. Sobus, A. et al. Safety and feasibility of lin- cells administration to ALS patients: A novel view on humoral factors and miRNA
profiles. Int. J. Mol. Sci. 19(5), 1312. https://doi.org/10.3390/ijms19051312 (2018).

24. Wu, W. et al. MicroRNA-206 is involved in the pathogenesis of ulcerative colitis via regulation of adenosine A3 receptor. Oncotarget
8(1), 705-721. https://doi.org/10.18632/oncotarget.13525 (2017).

25. Yu, R. et al. Long-chain non-coding RNA UCAL1 inhibits renal tubular epithelial cell apoptosis by targeting microRNA-206 in
diabetic nephropathy. Arch. Physiol. Biochem. 128(1), 231-239. https://doi.org/10.1080/13813455.2019.1673431 (2022).

26. Wei, T., Zhang, C. & Song, Y. Molecular mechanisms and roles of pyroptosis in acute lung injury. Chin. Med. J. 135(20), 2417-2426.
https://doi.org/10.1097/cm9.0000000000002425 (2022).

27. Kovacs, S. B. & Miao, E. A. Gasdermins: Effectors of pyroptosis. Trends Cell Biol. 27(9), 673-684. https://doi.org/10.1016/j.tcb.
2017.05.005 (2017).

28. Wu, L. et al. Silencing TLR4/MyD88/NF-kB signaling pathway alleviated inflammation of corneal epithelial cells infected by ISE.
Inflammation 44(2), 633-644. https://doi.org/10.1007/s10753-020-01363-1 (2021).

29. Liu, G. et al. TLR4-MyD88 signaling pathway is responsible for acute lung inflammation induced by reclaimed water. J. Hazard.
Mater. 396, 122586. https://doi.org/10.1016/j.jhazmat.2020.122586 (2020).

30. Ye, R. & Liu, Z. ACE2 exhibits protective effects against LPS-induced acute lung injury in mice by inhibiting the LPS-TLR4 pathway.
Exp. Mol. Pathol. 113, 104350. https://doi.org/10.1016/j.yexmp.2019.104350 (2020).

31. He, X. et al. TLR4-upregulated IL-1f and IL-1RI promote alveolar macrophage pyroptosis and lung inflammation through an
autocrine mechanism. Sci. Rep. 6, 31663. https://doi.org/10.1038/srep31663 (2016).

32. Lu, Q. et al. MicroRNAs: Important regulatory molecules in acute lung injury/acute respiratory distress syndrome. Int. J. Mol. Sci.
23(10), 5545. https://doi.org/10.3390/ijms23105545 (2022).

33. Li, G. et al. Plasma extracellular vesicle delivery of miR-210-3p by targeting ATG7 to promote sepsis-induced acute lung injury by
regulating autophagy and activating inflammation. Exp. Mol. Med. 53(7), 1180-1191. https://doi.org/10.1038/s12276-021-00651-6
(2021).

34. Qiao, L. et al. microRNA-145-5p attenuates acute lung injury via targeting ETS2. Kaohsiung J. Med. Sci. 38(6), 565-573. https://
doi.org/10.1002/kjm2.12556 (2022).

35. Khan, M. J. et al. Inhibition of miRNA-34a promotes M2 macrophage polarization and improves LPS-induced lung injury by
targeting K1f4. Genes 11(9), 966. https://doi.org/10.3390/genes11090966 (2020).

36. Xiong, C., Huang, X, Chen, S. & Li, Y. Role of extracellular microRNAs in sepsis-induced acute lung injury. J. Immunol. Res. 2023,
5509652. https://doi.org/10.1155/2023/5509652 (2023).

37. Abdelaleem, O. O. et al. Serum miR-34a-5p and miR-199a-3p as new biomarkers of neonatal sepsis. PLoS ONE 17(1), e0262339.
https://doi.org/10.1371/journal.pone.0262339 (2022).

38. Yang, Y. & Li, L. Depleting microRNA-146a-3p attenuates lipopolysaccharide-induced acute lung injury via up-regulating SIRT1
and mediating NF-kB pathway. J. Drug Target. 29(4), 420-429. https://doi.org/10.1080/1061186x.2020.1850738 (2021).

39. Luo, Q. et al. MicroRNA-486-5p promotes acute lung injury via inducing inflammation and apoptosis by targeting OTUD7B.
Inflammation 43(3), 975-984. https://doi.org/10.1007/s10753-020-01183-3 (2020).

40. Huang, Y. D. et al. Kindlin-2 mediates lipopolysaccharide-induced acute lung injury partially via pyroptosis in mice. Inflammation
45(3), 1199-1208. https://doi.org/10.1007/s10753-021-01613-w (2022).

41. Bahari Khasraghi, L. et al. MicroRNA-206 in human cancer: Mechanistic and clinical perspectives. Cell. Signal. 101, 110525. https://
doi.org/10.1016/j.cellsig.2022.110525 (2023).

42. Liang, G. et al. The correlations between the serum expression of miR-206 and the severity and prognosis of sepsis. Ann. Palliat.
Med. 9(5), 3222-3234. https://doi.org/10.21037/apm-20-1391 (2020).

43. Dong, W. et al. miR-206 alleviates LPS-induced inflammatory injury in cardiomyocytes via directly targeting USP33 to inhibit the
JAK2/STAT3 signaling pathway. Mol. Cell. Biochem. 479, 929-940. https://doi.org/10.1007/s11010-023-04754-8 (2023).

Scientific Reports|  (2024) 14:11860 | https://doi.org/10.1038/s41598-024-62733-5 nature portfolio


https://doi.org/10.1097/mcc.0000000000000784
https://doi.org/10.1056/NEJMoa050333
https://doi.org/10.1056/NEJMoa050333
https://doi.org/10.3389/fphar.2021.631256
https://doi.org/10.3389/fphar.2021.631256
https://doi.org/10.1016/s0966-842x(00)01945-4
https://doi.org/10.1016/s0966-842x(00)01945-4
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/nature15514
https://doi.org/10.1186/s13045-020-00946-7
https://doi.org/10.1186/s13045-020-00946-7
https://doi.org/10.1007/s13105-022-00909-1
https://doi.org/10.1007/s13105-022-00909-1
https://doi.org/10.1586/ers.10.71
https://doi.org/10.1111/jcmm.15849
https://doi.org/10.3389/fphar.2022.801337
https://doi.org/10.1038/nrg3863
https://doi.org/10.1038/nrg3863
https://doi.org/10.1016/j.tig.2022.02.006
https://doi.org/10.1038/nri2634
https://doi.org/10.1038/nri2634
https://doi.org/10.1097/shk.0000000000000604
https://doi.org/10.1097/shk.0000000000001104
https://doi.org/10.3390/cells11233836
https://doi.org/10.1038/s41419-020-02857-4
https://doi.org/10.1378/chest.09-0001
https://doi.org/10.2174/1570159x21666230407124146
https://doi.org/10.3390/ijms19051312
https://doi.org/10.18632/oncotarget.13525
https://doi.org/10.1080/13813455.2019.1673431
https://doi.org/10.1097/cm9.0000000000002425
https://doi.org/10.1016/j.tcb.2017.05.005
https://doi.org/10.1016/j.tcb.2017.05.005
https://doi.org/10.1007/s10753-020-01363-1
https://doi.org/10.1016/j.jhazmat.2020.122586
https://doi.org/10.1016/j.yexmp.2019.104350
https://doi.org/10.1038/srep31663
https://doi.org/10.3390/ijms23105545
https://doi.org/10.1038/s12276-021-00651-6
https://doi.org/10.1002/kjm2.12556
https://doi.org/10.1002/kjm2.12556
https://doi.org/10.3390/genes11090966
https://doi.org/10.1155/2023/5509652
https://doi.org/10.1371/journal.pone.0262339
https://doi.org/10.1080/1061186x.2020.1850738
https://doi.org/10.1007/s10753-020-01183-3
https://doi.org/10.1007/s10753-021-01613-w
https://doi.org/10.1016/j.cellsig.2022.110525
https://doi.org/10.1016/j.cellsig.2022.110525
https://doi.org/10.21037/apm-20-1391
https://doi.org/10.1007/s11010-023-04754-8

www.nature.com/scientificreports/

44. Zhou, ], Fu, Y, Liu, K., Hou, L. & Zhang, W. miR-206 regulates alveolar type II epithelial cell Cx43 expression in sepsis-induced
acute lung injury. Exp. Ther. Med. 18(1), 296-304. https://doi.org/10.3892/etm.2019.7551 (2019).

45. Zhang, D. et al. Remifentanil protects heart from myocardial ischaemia/reperfusion (I/R) injury via miR-206-3p/TLR4/NF-«xB
signalling axis. . Pharm. Pharmacol. 74(2), 282-291. https://doi.org/10.1093/jpp/rgab151 (2022).

46. Liu, Z. et al. Association between inflammatory biomarkers and acute respiratory distress syndrome or acute lung injury risk: A
systematic review and meta-analysis. Wiener klinische Wochenschrift 134(1-2), 24-38. https://doi.org/10.1007/s00508-021-01971-3
(2022).

47. Lomas-Neira, J., Perl, M., Venet, F, Chung, C. S. & Ayala, A. The role and source of tumor necrosis factor-a in hemorrhage-induced
priming for septic lung injury. Shock 37(6), 611-20. https://doi.org/10.1097/SHK.0b013e318254fa6a (2012).

48. Xiang, W. Q,, Li, L., Wang, B. H., Ali, A. F. & Li, W. Profiles and predictive value of cytokines in children with human metapneu-
movirus pneumonia. Virol. J. 19(1), 214. https://doi.org/10.1186/s12985-022-01949-1 (2022).

49. Zhang, L. et al. Inhibition of synovial macrophage pyroptosis alleviates synovitis and fibrosis in knee osteoarthritis. Mediat.
Inflamm. 2019, 2165918. https://doi.org/10.1155/2019/2165918 (2019).

50. Luo, X. et al. The protective effect of quercetin on macrophage pyroptosis via TLR2/Myd88/NF-kB and ROS/AMPK pathway. Life
Sci. 291, 120064. https://doi.org/10.1016/j.1fs.2021.120064 (2022).

51. Robinson, N. et al. Programmed necrotic cell death of macrophages: Focus on pyroptosis, necroptosis, and parthanatos. Redox
Biol. 26, 101239. https://doi.org/10.1016/j.redox.2019.101239 (2019).

52. Kang, J. Y. et al. Melatonin attenuates LPS-induced pyroptosis in acute lung injury by inhibiting NLRP3-GSDMD pathway via
activating Nrf2/HO-1 signaling axis. Int. Immunopharmacol. 109, 108782. https://doi.org/10.1016/j.intimp.2022.108782 (2022).

53. He, Y., Hara, H. & Nuiiez, G. Mechanism and regulation of NLRP3 inflammasome activation. Trends Biochem. Sci. 41(12), 1012—
1021. https://doi.org/10.1016/j.tibs.2016.09.002 (2016).

54. Karmakar, M. et al. N-GSDMD trafficking to neutrophil organelles facilitates IL-1p release independently of plasma membrane
pores and pyroptosis. Nat. Commun. 11(1), 2212. https://doi.org/10.1038/s41467-020-16043-9 (2020).

55. Chen, S. N. et al. Deletion of TLR4 attenuates lipopolysaccharide-induced acute liver injury by inhibiting inflammation and
apoptosis. Acta Pharmacol. Sin. 42(10), 1610-1619. https://doi.org/10.1038/s41401-020-00597-x (2021).

56. Li, Y. L. et al. Jinzhen Oral Liquid alleviates lipopolysaccharide-induced acute lung injury through modulating TLR4/MyD88/
NF-«B pathway. Phytomedicine 114, 154744. https://doi.org/10.1016/j.phymed.2023.154744 (2023).

57. Sun, Y. et al. miRNA-206 regulates human pulmonary microvascular endothelial cell apoptosis via targeting in chronic obstructive
pulmonary disease. J. Cell Biochem. 120(4), 6223-6236. https://doi.org/10.1002/jcb.27910 (2019).

58. Jing, H. et al. Propofol protects cardiomyocytes from hypoxia/reoxygenation injury via regulating MALAT1/miR-206/ATG3 axis.
J. Biochem. Mol. Toxicol. 35(10), e22880. https://doi.org/10.1002/jbt.22880 (2021).

Acknowledgements
We would like to thank Editage (https://www.editage.cn/) for English language editing. Meanwhile, we thank
BioRender (https://biorender.com/) for providing the platform authoring mechanic diagram.

Author contributions

Mengchi Chen and Jingfeng Zhang was responsible for the main conceive of the study, experimental operation
and the draft of the manuscript. Hongyuan Huang and Zichen Wang helped to design the study and performed
the statistical analysis. Yong Gao assisted in the development of the ultrasound examination and helped revise
this article. Jianghua Liu made overall planning for this study and put forward constructive suggestions. All
authors have read and approved the final manuscript.

Funding
National Natural Science Foundation of China Youth Science Fund Project (Grant number: 82001827).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-62733-5.

Correspondence and requests for materials should be addressed to J.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:11860 | https://doi.org/10.1038/s41598-024-62733-5 nature portfolio


https://doi.org/10.3892/etm.2019.7551
https://doi.org/10.1093/jpp/rgab151
https://doi.org/10.1007/s00508-021-01971-3
https://doi.org/10.1097/SHK.0b013e318254fa6a
https://doi.org/10.1186/s12985-022-01949-1
https://doi.org/10.1155/2019/2165918
https://doi.org/10.1016/j.lfs.2021.120064
https://doi.org/10.1016/j.redox.2019.101239
https://doi.org/10.1016/j.intimp.2022.108782
https://doi.org/10.1016/j.tibs.2016.09.002
https://doi.org/10.1038/s41467-020-16043-9
https://doi.org/10.1038/s41401-020-00597-x
https://doi.org/10.1016/j.phymed.2023.154744
https://doi.org/10.1002/jcb.27910
https://doi.org/10.1002/jbt.22880
https://www.editage.cn/
https://biorender.com/
https://doi.org/10.1038/s41598-024-62733-5
https://doi.org/10.1038/s41598-024-62733-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	miRNA-206-3p alleviates LPS-induced acute lung injury via inhibiting inflammation and pyroptosis through modulating TLR4NF-κBNLRP3 pathway
	Material and methods
	Animals
	Establishment of animal model
	Pulmonary ultrasonography
	Wet-to-dry (WD) ratio of the lungs
	Histopathological analysis
	Quantitative real-time PCR (q-RT PCR)
	Enzyme-linked immunosorbent assay (ELISA)
	Cell culture
	Lentivirus transfection
	Electron microscopic examination of cellular pyroptosis
	Western blotting
	Immunofluorescence
	Luciferase reporter assay
	RNA Pull-down
	Statistical analysis

	Results
	miRNA206-3p is downregulated in LPS-induced ALI in vitro and in vivo
	Upregulation of miRNA-206-3p attenuates LPS-induced ALI
	Overexpression of miRNA-206-3p inhibits the inflammatory response and pyroptosis
	miRNA-206-3p mitigates LPS-induced ALI via blocking the TLR4NF-κBNLRP3 pathway
	miRNA-206-3p directly binds toTLR4

	Discussion
	References
	Acknowledgements


