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Rutin alleviates ventilator-induced lung injury
by inhibiting NLRP3 inflammasome activation

Shengsong Chen,1,2,3,4,5,6,7,8 Yu Bai,1,2,3,4,5,6,8 Jingen Xia,1,3,4,5,6

Yi Zhang,1,3,4,5,6,* and Qingyuan Zhan1,2,3,4,5,6,9,*

SUMMARY

Whether rutin relieves ventilator-induced lung injury (VILI) remains unclear. Here, we used network phar-
macology, bioinformatics, and molecular docking to predict the therapeutic targets and potential mech-
anisms of rutin in the treatment of VILI. Subsequently, a mouse model of VILI was established to confirm
the effects of rutin onVILI. HE staining showed that rutin alleviatedVILI. TUNEL staining showed that rutin
reduced apoptosis in the lung tissue of mice with VILI, and the same change was observed in the ratio of
Bax/Bcl2. Furthermore, rutin reduced the expression of NLRP3, ASC, Caspase1, IL1b, and IL18 in the lung
tissues of mice with VILI. Mechanistically, rutin suppressed the TLR4/NF-kB-P65 pathway, which pro-
moted the M1 to M2 macrophage transition and alleviated inflammation in mice with VILI. Rutin relieved
NLRP3 inflammasome activation by regulatingM1/M2macrophage polarization and inhibiting the activa-
tion of the TLR4/NF-kB-P65 pathway, resulting in the amelioration of VILI in mice.

INTRODUCTION

Mechanical ventilation (MV) is an essential therapeutic measure to support life in patients with respiratory failure.1,2 Unfortunately, inappro-

priate and prolonged MV can contribute to lung injury known as ventilator-induced lung injury (VILI), multisystem organ failure and death.3

The pathogenesis of VILI is complex and not fully clarified. In addition, there is a lack of effective strategies to prevent VILI. Accordingly,

exploring the etiopathogenesis and preventive measures of VILI is urgently needed.

Ventilator-induced repeated alveolar hyperextension and collapse, which is known as volutrauma, barotrauma, and atelectrauma, may

contribute tomechanical stimulation and biological signal transduction.4–6 This so-calledmechanical-biological conduction is themainmech-

anism of the occurrence and development of VILI. Evidence suggests that MV induces the release of a variety of mediators and activates

signaling pathways, promoting reactive oxygen species production and the immune inflammatory response, ultimately leading to lung

injury.4,5 In recent years, researchers have gained further insight into the biotrauma of VILI, which is defined as the release of inflammatory

mediators, monocyte/macrophage infiltration and recruitment, infiltration of leukocytes and neutrophils, and initiation of local inflammatory

processes and cell apoptosis through upregulated the ratio of Bcl2-associated protein x (Bax)/B-cell lymphoma 2 (Bcl2) in the lung, resulting in

lung injury.1,4,5,7,8 Furthermore, systemic inflammatory responses are also triggered when inflammatory mediators and inflammatory signals

spill over from the alveolar spaces into the systemic circulation during MV, causing distant organ dysfunction and even death.4,5,9 Therefore,

inhibition of the inflammatory response is an important strategy for the prevention of VILI.

Rutin, which is also known as rutoside and vitamin P, is a citrus flavonoid glycoside consisting of the flavonol quercetin and the disaccharide

rutinose.10–12 Rutin has many biological activities and pharmacological effects, including anti-inflammatory, antibacterial, antioxidant, antia-

poptotic, detoxification, lipid-lowering, vasodilation, and antitumor effects.11–13 Clinically, rutin is widely used to reduce blood pressure, pre-

vent cerebral infarction, and treat nephritis and bronchitis.12 Previous studies confirmed that rutin prevents a variety of inflammatory diseases,

such as colitis, nephrotoxicity, and cardiac inflammation.12,14–16 Interestingly, rutin has also been reported to alleviate acute lung injury.17–19

For example, rutin improved endotoxin-induced acute lung injury by inhibiting iNOS and vascular cell adhesionmolecular-1(VCAM-1) expres-

sion.17 Rutin decreased lipopolysaccharide-induced acute lung injury by inhibiting the nuclear factor kappa-B (NF-kB) pathway and AKT

pathway.18,19 VILI is closely related to the inflammatory response. Therefore, we speculated that rutin treatment may alleviate VILI.
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In the present study, network pharmacology was used to identify potential common targets and mechanisms of rutin in the treatment of

VILI. Then, we established amousemodel of VILI to explore the effect of rutin. Our findings may provide a novel basis for the development of

treatments for VILI.

RESULTS

Potential target analysis of rutin in the treatment of VILI

The PubChem database was first used to search the 2D chemical structure of rutin (Figure 1A). Then, we explored potential targets of rutin in

the treatment of VILI based on the aforementioned network pharmacological target fishing approach (Figure 1A). A total of 1369 VILI targets

from two disease-related databases and a total of 542 rutin targets from four pharmacological databases were screened. A total of 156 com-

mon targets of rutin in the treatment of VILI were obtained by Venn analysis (Figure 1B). To further explore themechanism of rutin in the treat-

ment of VILI at the protein level, we constructed a PPI network model with the 156 common targets. Eighty-five protein spots were screened,

and inflammation- and apoptosis-related proteins, such as Bcl2 and IL1b, accounted for a large proportion (Figure 1C).

Function and pathway enrichment analysis of the rutin-VILI target network

Gene Ontology (GO) analysis was performed to enrich the functions of the rutin-VILI target network, and the top 30 BP, molecular function

(MF), and CC terms are displayed in bubble charts. There were 533 enrichment processes related to BP, which included signal transduction,

inflammatory response, collagen catabolic process, negative regulation of apoptotic process, positive regulation of cell proliferation, leuko-

cyte migration, positive regulation of protein phosphorylation, phospholipase C-activating G-protein coupled receptor signaling pathway,

positive regulation of cell migration, and positive regulation of NF-kB transcription factor activity (Figure 2A). There were 115 enrichment pro-

cesses related to the MF, which included drug binding, transmembrane receptor protein tyrosine kinase activity, kinase activity, nonmem-

brane spanning protein tyrosine kinase activity, 30,50-cyclic-AMP phosphodiesterase activity, protein kinase activity, iron ion binding, receptor

Figure 1. Potential target analysis of rutin in the treatment of VILI

(A) Network pharmacology analysis of rutin in the treatment of ventilator-induced lung injury (VILI).

(B) Venn analysis of common targets of rutin in the treatment of VILI.

(C) PPI analysis of connected network components.
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signaling protein tyrosine kinase activity, protein binding, and chemokine receptor activity (Figure 2B). There were 61 enrichment processes

related to CC, including plasma membrane, lysosome, receptor complex, cytosol, organelle membrane, intracellular membrane-bound

organelle, extracellular matrix, nuclear envelope lumen, mitochondrion, and endoplasmic reticulum (Figure 2C). The size of the nodes indi-

cated how many target genes were associated, and the colors from blue to red reflected the p values from high to low in the bubble graph,

respectively. These results suggested that the inflammatory response and apoptosis played important roles in the rutin-VILI target network.

KEGGenrichment analysis was used to reveal the potential therapeutic mechanismof the rutin-VILI target network, and the top 30 pathways

are displayed in bubble charts. There were 119 KEGG pathways, including the TNF signaling pathway, apoptosis, PI3K-Akt signaling pathway,

NF-kB signaling pathway, NOD-like receptor signaling pathway, Toll-like receptor signaling pathway, mTOR signaling pathway, adipocytokine

signaling pathway, T cell receptor signaling pathway, and B cell receptor signaling pathway (Figure 2D). The size of the nodes indicates how

many target genes are associated, and the colors from green to red reflect the p values from high to low in the bubble graph, respectively.

Previous studies have confirmed that biotrauma is the main cause of VILI.1,4,5,7 The TLR4/NF-kB pathway andmacrophage activation promote

the inflammatory response and contribute to the pathogenesis of VILI.5,20 Furthermore, Rutin decreased lung injury by inhibiting the NF-kB

pathway18. Therefore, we hypothesized that rutin may improve VILI by regulating the TLR4/NF-kB pathway and the inflammatory response.

Molecular docking analysis

Molecular docking analyses were performed to screen the binding affinity of rutin. A threshold value of�5.0 kcal/mol for binding energy was

used to determine the binding stability between the receptor and ligand.21,22 A lower binding energy indicates amore stable binding confor-

mation between the receptor and ligand.21,22 Seven core targets, including TLR4/MD2, P65, Caspase1, NLRP3, ASC, IL1b, and IL18, were

screened to determine the binding energy of key components of rutin (Figures 3A–3G). The binding energies of key components of rutin

with seven core targets are shown in Table 1. These results indicated that the effect of rutin on VILI may be related to NLRP3 inflammasome

activation and the TLR4/NF-kB pathway.

Rutin alleviated VILI in mice

We constructed a mouse model of VILI to confirm whether rutin could alleviate VILI in our study (Figure 4A). HE staining was used to evaluate

the severity of lung injury. Compared to the control group, mice in the VILI group had more alveolar collapse and thicker alveolar walls and

Figure 2. Functional and pathway enrichment analysis of the rutin-VILI target network

(A) GO biological process (BP) enrichment analysis.

(B) GO molecular function (MF) enrichment analysis.

(C) GO cellular component (CC) enrichment analysis.

(D) KEGG enrichment analysis.
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septa; however, rutin pretreatment relieved VILI in mice compared to the VILI group (p < 0.05, Figures 4B and 4C). To further determine

whether rutin improved VILI, TUNEL staining, immunohistochemistry (IHC), and western blotting were used to assess apoptosis in the

lung tissues of mice with VILI. As expected, compared to the VILI group, mice in the VILI + rutin group had lower levels of apoptosis, as shown

by TUNEL staining (p < 0.05, Figures 4D and 4E). Bcl2 is one of the anti-apoptotic Bcl-2 family members and Bax is one of pro-apoptotic Bax-

like subfamily members, the ratio of Bax/Bcl2 is acted as the severity of cell apoptosis.23 Consistently, rutin pretreatment reduced the ratio of

Bax/Bcl2 in the lung tissues of mice with VILI, which was higher in the VILI group (p < 0.05, Figures 4F–4I). In addition, BALF was collected,

protein concentration and WBC in BALF were measured. The results showed that mice in the VILI group had higher protein concentration

and cell count than that in the control group and VILI+Rutin group (p < 0.05, Figures 4J and 4K).

Rutin alleviated NLRP3 inflammasome activation in the lung tissue of mice with VILI

Our previous studies showed that inflammation plays an important role in the occurrence and development of VILI.24–27 The network phar-

macology results showed that NLRP3 inflammasome activation played an important role in the rutin-VILI target network. We further detected

whether rutin reduced NLRP3 inflammasome activation in the lung tissues of mice with VILI. IHC staining, western blotting and RT-PCR were

used to detect the expression of inflammatory mediators (Figure 5A). The results showed that the expression of NLRP3 and ASC andCleaved-

caspase1 in the VILI groupwere higher than those in the control group and VILI+ rutin group (p < 0.05, Figures 5B–5F). A similar trend was also

observed in the expression of IL1b and IL18, as shown by RT-PCR and ELISA (p < 0.05, Figures 5G and 5H).

Rutin regulated macrophage polarization in the lung tissue of mice with VILI

Previous studies have shown that rutin modulates macrophage polarization in lung tissues, inhibiting inflammatory responses.28–30 Our pre-

vious study showed that macrophage polarization promoted ventilator-induced lung fibrosis.27 Therefore, we hypothesized that rutin regu-

lated macrophage polarization in the lung tissue of mice with VILI. If was used to evaluate the expression of iNOS and CD206 protein in mice

with VILI, which are markers of M1 and M2 macrophages, respectively (Figure 6A). The results showed that compared to the control group,

mice in the VILI group had higher levels of iNOS and lower levels of CD206; compared to the VILI group, the VILI + rutin group had lower levels

of iNOS and higher levels of CD206 in lung tissues (p < 0.05, Figures 6B and 6C). This result suggested that rutin promoted the M1 to M2

macrophage switch in the lung tissues of mice with VILI.

Figure 3. Molecular docking analysis

(A) Molecular docking result of TLR4/MD2.

(B) Molecular docking result of P65.

(C) Molecular docking result of Caspase1.

(D) Molecular docking result of NLRP3.

(E) Molecular docking result of ASC.

(F) Molecular docking result of IL1b.

(G) Molecular docking result of IL18.
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Rutin regulated TLR4/NF-kB pathways in the lung tissue of mice with VILI

An abundant amount of evidence suggested that the TLR4/NF-kB-P65 pathway was linked to macrophage polarization in inflammatory dis-

eases.31–33 KEGG enrichment analysis showed that the NF-kB pathway and Toll-like receptor pathway were associated with the rutin-VILI

target network. Consequently, we investigated whether rutin regulated macrophage polarization in VILI by inhibiting the TLR4/NF-kB-P65

pathway. IHC staining, western blotting, and RT-PCR were used to detect the protein expression of TLR4, MD2, p-P65, and P65 (Figure 7A).

The results showed that the expression of TLR4 and MD2 in the VILI group was significantly higher than that in the control group and VILI +

rutin group (p < 0.05, Figures 7B–7F). The same trend was observed in the expression of p-P65 and P65 and the ratio of p-P65/P65 expression

(p < 0.05, Figures 7B–7F). These results suggested that rutin may regulate macrophage polarization via the TLR4/NF-kB-P65 pathway in the

lung tissue of mice with VILI.

DISCUSSION

VILI occurs due to inappropriate and prolonged MV, which can increase the incidence and mortality of critically ill patients.3 Rutin is a glyco-

side of the bioflavonoid quercetin with various protective effects, including anti-inflammatory, antiapoptotic, antioxidant, antitumor, and car-

diovascular protective effects.11–13 In the present study, we observed that rutin alleviatedNLRP3 inflammasome activation in the lung tissue of

mice, promoted M1 to M2 macrophage switching and inhibited the TLR4/NF-kB-P65 pathway, resulting in the alleviation of VILI in mice.

MV causes macrophage polarization imbalance and the release of a variety of inflammatory mediators, initiating an inflammatory

cascade response and leading to lung injury, distant organ dysfunction, and even death.1,4,5,7 For example, MV activates the NLRP3 inflam-

masome, and then NLRP3 interacts with procaspase-1 through ASC to activate caspase-1, contributing to the production of the proinflam-

matory cytokines IL1b and IL18 and eventually causing VILI.34,35 Rutin has been reported to have anti-inflammatory effects on many dis-

eases, including lung injury.10,17,18 However, whether rutin can fight VILI remains unclear. Therefore, in our study, we first predicted the

common target genes of rutin in the treatment of VILI through network pharmacology and bioinformatics analysis. The results showed

that 156 common target genes and 85 interaction protein spots were identified, including Bcl2 and IL1b. Subsequently, GO and KEGG

analyses revealed that NOD-like receptor-related inflammation and apoptosis were related to the rutin-VILI target network. NLRP3, cas-

pase1, ASC, IL1b, and IL18 were next screened by molecular docking analysis. According to the prediction results, we constructed a mouse

model of VILI to confirm the effects of rutin. As we predicted, rutin alleviated NLRP3 inflammasome activation and apoptosis levels in the

lung tissue of mice with VILI, resulting in the amelioration of lung injury. Our results were consistent with previous reports that inhibiting

NLRP3 inflammasome activation attenuated lung damage.34,35

Emerging evidence suggests that M1/M2macrophage polarization is the beginning of the inflammatory response.4,20 MV induces biolog-

ical signal transduction and activates alveolar macrophages.4–6 Alveolar macrophages are the primary sources of inflammatory cytokines in

response to MV and contribute to the pathogenesis of VILI. The NLRP3 inflammasome is then activated in alveolar macrophages, which then

release IL1b and IL18, contributing to VILI.36,37 Our previous study also showed that macrophage polarization promoted ventilator-induced

lung fibrosis.27 In this study, we observed that rutin alleviated NLRP3 inflammasome activation to alleviate lung injury. Next, we used IF stain-

ing to confirm that rutin promoted M1 to M2 macrophage polarization. Our data are consistent with previous results showing that rutin in-

hibited inflammatory responses and protected pulmonary tissue by promoting M1 to M2 macrophage polarization.28–30 In short, our results

demonstrated that rutin may mitigate inflammation by regulating macrophage polarization.

We further explored how rutin regulated macrophage polarization to reduce pulmonary NLRP3 inflammasome-related damage in mice

with VILI. KEGG enrichment analysis was used to predict the therapeutic mechanism of the rutin-VILI target network, and the NF-kB signaling

pathway, NOD-like receptor signaling pathway, and Toll-like receptor signaling pathway were identified. Moreover, molecular docking anal-

ysis showed that TLR4/MD2 and NF-kB-P65 may affect the binding energy of key components of rutin. The TLR4/NF-kB pathway has been

reported to be activated when macrophages transform into the M1 type in mice with VILI.5,20,38

Rutin decreased lung injury by inhibiting the NF-kB pathway.18 Therefore, we hypothesized that rutin could ameliorate VILI by regulating

the TLR4/NF-kB pathway.We further investigated this hypothesis in amouse VILImodel. The trendwas the same: rutin inhibited the TLR4/NF-

kB-P65 pathway, reducing NLRP3 inflammasome-related lung injury. However, whether rutin attenuates VILI by directly inhibiting the TLR4/

NF-kB-P65 pathway to inhibit alveolar macrophage polarization and decrease NLRP3 inflammasome activation is still needed to explore.

More studies are needed to further confirm the underlying mechanism.

Table 1. Binding energy of key components of rutin with core target

Ligand Receptor Gene Affinity (kcal/mol)

5280505 2z64 TLR4/MD2 �8.915

5280505 1my5 P65 �7.705

5280505 6vie CASPASE1 �8.384

5280505 3qf2 NLPR3 �7.199

5280505 2n1f ASC �8.095

5280505 8i1b IL1B �8.097

5280505 2VXT IL18 �11.17
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Pulmonary fibrosis is another form of damage caused byMV that may increasemortality and poor quality of life in long-term survival.39 Our

previous studies observed that M2 macrophage polarization and TLR4/NF-kB-P65 pathway were related to MV-induced pulmonary

fibrosis.6,27

Liu and his colleagues reported that NLRP3 inflammasome activation caused VILI and accelerated the progression of pulmonary fibrosis.40

Verma found that a combination of podophyllotoxin and rutin alleviated radiation-induced pneumonitis and fibrosis through modulation of

lung inflammation in mice.41 Therefore, we speculate that rutin may improveMV-induced pulmonary fibrosis. Recently, researcher provided a

review of the evidence of NLRP3 activation in pulmonary fibrosis and of NLRP3 inhibition in different animal models of fibrosis, and highlights

the recent.42

Direct and indirect NLRP3 inhibitors, such as rutin, may be novel therapeutic approaches for MV-induced pulmonary fibrosis in future.

In conclusion, rutin reduced NLRP3 inflammasome activation by regulating M1/M2 macrophage polarization and inhibiting the activation

of the TLR4/NF-kB-P65 pathway, resulting in the mitigation of VILI in mice. Our findings may provide new insight into rutin in the treatment of

VILI by targeting its regulation.

Figure 4. Rutin alleviated VILI in mice

(A) Flow chart showing rutin-mediated alleviation of VILI in mice.

(B) Hematoxylin and eosin (HE) staining of lung tissues in each group (original magnification 3 1 and 3 10). Arrows represent lung damage in HE staining.

(C) Quantification of the lung injury score in each group.

(D) TUNEL staining of apoptotic cells in each group (original magnification 3 40).

(E) Quantification of apoptotic cells in each group.

(F) Immunohistochemical (IHC) staining of Bax and Bcl2 in each group (original magnification 3 40).

(G) Quantification of the ratio of Bax/Bcl2 in each group.

(H) Western blot analysis of Bax and Bcl2 expression in each group.

(I) Quantification of the expression of Bax and Bcl2. (J) Protein concentration of BALF.

(K) WBC count of BALF. *p < 0.05 vs. Control group, #p < 0.05 vs. VILI+Rutin group, & p < 0.05 vs. Rutin group.
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Limitations of the study

Our study found that rutin improved VILI through inhibiting NLRP3 inflammasome activation in vivo. However, whether rutin could decrease

mechanical stretch induced cellular injury in vitro is still unclear. In addition, whether rutin directly contributes to protective effect on pulmo-

nary epithelial cell in VILI remains unclear. More studies are needed to uncover the action mechanism of rutin in VILI. The pathogenesis of

Figure 5. Rutin alleviated NLRP3 inflammasome activation in the lung tissue of mice with VILI

(A) Flow chart of rutin-mediated alleviation of NLRP3 inflammasome activation in mice with VILI.

(B) IHC staining of NLRP3, ASC, Caspase1, IL1b, and IL18 in each group (original magnification 3 40).

(C) Quantification of positive staining for NLRP3, ASC, Caspase1, IL1b, and IL18 in each group.

(D) Western blot analysis of NLRP3, ASC and Cleave-caspase1 expression in each group.

(E) Quantification of the expression of NLRP3 and ASC and Cleave-caspase1.

(F and G) RT-PCR analysis of NLRP3, ASC, Caspase1, IL1b, and IL18.

(H) ELSIA analysis of IL1b and IL18. *p < 0.05 vs. Control group, #p < 0.05 vs. VILI+Rutin group, & p < 0.05 vs. Rutin group.
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mouse differs from that of humans. How long the patient may develop VILI after MV need further explore in future. VILI-related clinical studies

should be conducted as soon as possible.
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B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS
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B Gene Ontology and KEGG pathway analysis

B Molecular docking
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B TUNEL staining
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Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.107866.

Figure 6. Rutin regulated macrophage polarization in the lung tissue of mice with VILI

(A) Flow chart of rutin-mediated regulation of macrophage polarization in mice with VILI.

(B) Immunofluorescence staining of iNOS and CD206 in each group (original magnification 310 and 3 40).

(C) Quantification of the ratio of CD206/iNOS in each group. *p < 0.05 vs. Control group, #p < 0.05 vs. VILI+Rutin group, & p < 0.05 vs. Rutin group.
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Figure 7. Rutin regulated the TLR4/NF-kB pathway in the lung tissue of mice with VILI

(A) Flow chart of rutin-mediated regulation of the TLR4/NF-kB pathway in mice with VILI.

(B) IHC staining of TLR4, MD2, p-P65, and P65 in each group (original magnification 340).

(C) Quantification of positive staining for TLR4 and MD2 and the ratio of p-P65/P65 in each group.

(D) Western analysis of for TLR4, MD2, p-P65, and P65 protein expression in each group.

(E) Quantification of the expression of TLR4 and MD2 and the ratio of p-P65/P65.

(F) RT-PCR analysis of TLR4, MD2, and P65. *p < 0.05 vs. Control group, #p < 0.05 vs. VILI+Rutin group, & p < 0.05 vs. Rutin group.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Male C57BL/6 mice (aged 8–10 weeks, weight 22 G 2 g) were purchased from Beijing Sipeifu Biotechnology Co., Ltd., China. All mice were

conventionally housed at 22G 2�Cunder a 12 h light–dark cycle with free access to water and food. All animal experiments were performed in

compliance with the policies of the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and were approved

by the Experimental Animal Ethics Committee of China-Japan Friendship Hospital.

Mouse model of VILI and rutin treatment

The mouse VILI model was established according to our previous studies.24,25 Briefly, the experimental mice were anesthetized with 1% so-

dium pentobarbital (100 mg/kg), and a tracheotomy was performed. A 22G trocar (BD Biosciences, United States) was inserted, and the tra-

chea was ligated to prevent air leakage. Continuous mechanical ventilation was performed for 4 h using a small animal ventilator (Harvard

Apparatus, United States). Sodium pentobarbital and rocuronium benzenesulfonic acid (0.6 mg/kg) were used to maintain anesthesia and

muscle relaxation, respectively. Mice in the control group were intubated but not ventilated. The mice were sacrificed 6 h after ventilation,

and the lungs were perfused and isolated for subsequent analyses. Bronchoalveolar lavage fluid (BALF) were collected for further analysis.

Forty mice were randomly divided into four groups of 10 mice each, including the control group, VILI group, VILI + rutin group and rutin

group. The experimental procedures are described in below figure.Mice in the control groupwere given 500 mL of PBS by intraperitoneal (i.p.)

injection for three days and then were intubated without ventilation for 4 h. Mice in the VILI groupwere given 500 mL of PBS by i.p. injection for

three days and then underwentmechanical ventilation for 4 h.Mice in the VILI + rutin groupwere given 500 mL of rutin (0.5mM) by i.p. injection

for three days and then underwentmechanical ventilation for 4 h.Mice in the rutin groupwere given 500 mL of rutin (0.5mM) by i.p. injection for

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

Confocal laser scanning microscopy Leica https://www.leica-microsystems.com.cn/

PubChem This paper https://pubchem.ncbi.nlm.nih.gov/

TCMSP database This paper http://tcmspw.com

Swiss Target Prediction database This paper http://www.swisstargetprediction.ch/

TargetNet web server database This paper http://targetnet.scbdd.com/home/index/

SymMap database This paper https://www.symmap.org/

UniProt database This paper https://www.uniprot.org

GeneCards database This paper https://www.genecards.org

DisGeNET This paper http://www.disgenet.org

Venn analysis tool This paper http://bioinformatics.psb.ugent.be/

webtools/Venn/

Metascape platform analysis tool This paper http://metascape.org/gp/

index.html#/main/step1

DAVID database This paper https://david.ncifcrf.gov/

RCSB PDB database This paper https://www.rcsb.org/
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three days and then underwent intubation without ventilation for 4 h. Rutin (MCE, USA) was dissolved in DMSO, and the mice were admin-

istered an intraperitoneal (i.p.) injection in a volume of 500 mL for three consecutive days.17,18

METHOD DETAILS

Rutin chemical structures

PubChem (https: pubchem.ncbi.nlm.nih.gov) is an open chemical database that provides information about compound structures and

descriptive data.43 The PubChem database was used to search the 2D chemical structure of rutin.

Prediction of the targets of rutin

Four databases were used to screen the potential targets of rutin.43,44 They were the TCMSP database (http://tcmspw.com), Swiss Target

Prediction database (http://www.swisstargetprediction.ch/, SWISS), TargetNet web server database (http://targetnet.scbdd.com/home/

index/, TargetNet) and SymMap database (https://www.symmap.org/, SymMap). The gene names corresponding to the candidate targets

were then obtained from the UniProt database (https://www.uniprot.org).

Prediction of targets for VILI

Two databases were used to identify the potential targets of VILI.43,44 They were the GeneCards database (https://www.genecards.org) and

genetic disease association database (DisGeNET, http://www.disgenet.org). Ventilator-induced lung injury was set as the keyword and de-

duplicated, and potential targets for the prevention and treatment of VILI were acquired from the two databases.

Prediction of therapeutic targets of rutin in the treatment of VILI

The online Venn analysis tool (http://bioinformatics.psb.ugent.be/webtools/Venn/) was used to calculate and draw custom Venn diagrams to

obtain the common targets of rutin in the treatment of VILI.

Construction of the protein‒protein interaction (PPI) network

The Metascape platform analysis tool (metascape.org/gp/index.html#/main/step1) was used for PPI analysis.45 The common target genes of

rutin and VILI were uploaded to Metascape, and PPIs were obtained based on a minimum overlap value of three and a p value cutoff less

than 0.01.

Gene Ontology and KEGG pathway analysis

Gene Ontology (GO) is an internationally standardized classification system of gene functions and is used to evaluate gene functions and

interrelationships among the functions of different genes.46 KEGG pathway analysis is a high-level functional and utility analysis of biological

systems and is used to study biological effects and multidimensional pharmacological mechanisms at the pathway level.47 GO analysis and

KEGG analyses were performed to enrich the functions of the potential targets of rutin in the treatment of VILI in terms of biological process

(BP), molecular function (MF), cellular components (CC) and enriched pathways using the DAVID database (https://david.ncifcrf.gov/) The or-

ganism selected was Homo sapiens. GO terms with corrected values of p < 0.05 were considered significantly enriched in differentially ex-

pressed genes. KEGG pathways with a p < 0.05 were defined as being significantly enriched. The results are shown in bubble charts.
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Molecular docking

AutoDockTools was used for the docking analysis of the representative compounds and targets. The cocrystallized X-ray structures of the

target proteins were obtained from the RCSB PDB database (https://www.rcsb.org/) and were used as the binding cavities of proteins.

The active components of rutin were obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) and were used as ligands.

Water molecule removal, nonpolar hydrogen addition and the calculation of the affinities between these proteins and ligands were

completed by AutoDockTools (v 1.5.7) software. Both target and receptor molecules were saved in pdbqt format after combining nonpolar

hydrogens. The docking results were visualized using PyMOL (v 2 5.2) software.

Hematoxylin-eosin (HE) staining

Lung tissues were collected and fixed in 4% paraformaldehyde. Then, 5-mm sections were cut from paraffin tissue blocks, stained with HE and

observed under an optical microscope (Olympus, Japan). The lung injury score was calculated by two researchers who were blinded to the

group information as described previously.48 Five independent variables, including neutrophils in the alveolar space, neutrophils in the inter-

stitial space, the existence of hyaline membranes, proteinaceous debris filling the airspaces and alveolar septal thickening, were used to

determine a lung injury score.

Measurement of protein concentrations and cell count in BALF

Bronchoalveolar lavage was performed 6 h after ventilation by cannulating the trachea with a blunt 22-gauge needle and instilling 1 mL PBS

into the lung three times.49 Total cell count was determined by flow cytometry detection with CD45 (Thermo, 11-0451-81, USA), a marker of

white blood cell (WBC). Briefly, BALF was centrifuged at room temperature for 5 min and BALF supernatant and cell precipitation were

collected separately. Cell precipitation was incubated with CD45 antibody for 20 min at room temperature and then washed twice in PBS.

Cells were resuspended in 500 mL PBS and was analyzed with flow cytometry (Beckman, USA). Total protein concentration in the BALF super-

natant was determined using a bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, USA).

TUNEL staining

Lung tissues were collected and fixed in 4% paraformaldehyde. Then, 5-mm sections were cut from paraffin tissue blocks, stained with TUNEL

according to the manufacturer’s instructions and observed under a fluorescence microscope (Olympus, Japan); 10 fields of view were

randomly selected, and the rate of cell apoptosis was determined using ImageJ (Bethesda, MD, USA). Green nuclei were considered

apoptotic cells. Cells with blue nuclei were deemed normal, and the average value was determined accordingly. The ratio of the number

of green cells to that of blue cells was regarded as the rate of cell apoptosis.

Immunofluorescence and immunohistochemical staining

Lung tissues were collected and fixed in 4% paraformaldehyde, and immunofluorescence (IF) staining was performed to evaluate iNOS and

CD206 expression in lung tissues according to the manufacturer’s protocol. Briefly, tissue specimens were cut into 5-mm serial sections and

blocked with 10% blocking serum in PBS. The sections were then incubated with primary antibodies against iNOS (Abcam, ab178945, UK)

and CD206 (Abcam, ab64693, UK) at 4�C overnight. The sections were incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG sec-

ondary antibodies and Alexa Fluor Plus 555-conjugated goat anti-rabbit IgG secondary antibodies (Molecular Probes, Invitrogen, USA) for 1 h

at room temperature. DAPI (Abcam, UK) was used for nuclear staining. The sections were observedwith a fluorescencemicroscope (Olympus,

Japan), and the images were analyzed using ImageJ (Bethesda, MD, USA).

Lung tissues were collected and fixed in 4% paraformaldehyde, and immunohistochemical (IHC) staining was used to evaluate B-cell lym-

phoma 2 (Bcl2), Bcl2-associated protein x (Bax), NLRP3, ASC, Caspase1, TLR4,MD2, p-P65 and P65 expression in lung tissues according to the

manufacturer’s protocol. Briefly, tissue specimens were cut into 5-mm serial sections, deparaffinized, rehydrated, blocked and incubated with

primary antibodies against Bax (Abcam, ab32503, UK), Bcl2 (Abcam, ab182858, UK), NLRP3 (Abcam, ab214185, UK), ASC (CST, 67824, USA),

Caspase1 (Abcam, ab138483, UK), TLR4 (Abcam, ab13867, UK), MD2 (Abcam, ab24182, UK), p-P65 (Thermo, MA5-15160, USA) and P65 (Ab-

cam, ab16502, UK) at 4�C overnight. The sections were incubated with biotinylated IgG (1:250) for 1 h and then with streptavidin-HRP for

30 min at room temperature. DAB was then added to each section and incubated for 5 min. The sections were observed with a microscope

(Olympus, Japan), and the images were analyzed using Image-Pro Plus 6.0 (Media Cybernetics, USA).

Western blot analysis

Total protein was extracted using RIPA lysis buffer (Cell Signaling Technology, USA) containing a protease inhibitor (Sigma, USA), and protein

concentrations were measured using a bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, USA). Equal amounts of total protein

(50 mg) were separated by SDS–PAGE and electrotransferred to a PVDF membrane. The membranes were incubated with the following pri-

mary antibodies: Bax (Abcam, ab182733, UK), Bcl2 (Abcam, ab182858, UK), NLRP3 (Abcam, ab270449, UK), ASC (CST, 67824, USA), Caspase1

(Abcam, ab179515, UK), TLR4 (Abcam, ab13867, UK), MD2 (Abcam, ab24182, UK), p-P65 (Thermo, MA5-15160, USA) and P65 (Abcam,

ab16502, UK). The antibody complexes were visualized with a chemiluminescent substrate (Thermo Scientific, USA) using a ChemiDoc

XRS device (Bio-Rad, USA). For quantification, electrochemiluminescence (ECL) signals were digitized using Quantity One software.
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Real-time PCR

Total RNA was extracted from lung tissue using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA) according to the manufacturer’s

protocol. cDNA synthesis was performed using random hexamer primers and a TaqMan reverse transcription kit (TaKaRa, Japan). Quantita-

tive real-time PCR was performed using an SYBR PremixEx Taq II Kit (TaKaRa, Japan) on a 7500 Fast Real-Time PCR system from Applied

Biosystems (Bio-Rad, USA). The relative gene expression levels were determined by the DDCt method using GAPDH as a reference gene.

All primer sequences are listed in below table.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data are presented as the means G SEMs. n = biological replicates. One-way ANOVA was used to analyze statistical significance as

appropriate. p < 0.05 was considered statistically significant. The statistical analyses were performed using Statistical Product and Service

Solutions (SPSS) 19.0 (Systat Software, San Jose, CA, USA).

Primer sequence used for RT-PCR analysis

Genes Primer sequence (50/30)

TLR4 Fwd 50-GCCATCATTATGAGTGCCAATT-30

Rev 50-AGGGATAAGAACGCTGAGAATT-30

MD2 Fwd 50-CTGAATCTGAGAAGCAACAGTG-30

Rev 50-CTTGGAATGAACTCAACATGCA-30

P65 Fwd 50-AGACCCAGGAGTGTTCACAGACC-30

Rev 50-GTCACCAGGCGAGTTATAGCTTCAG-30

NLRP3 Fwd 50-GCCGTCTACGTCTTCTTCCTTTCC-30

Rev 50-CATCCGCAGCCAGTGAACAGAG-30

ASC Fwd 50-ACAATGACTGTGCTTAGAGACA-30

Rev 50-CACAGCTCCAGACTCTTCTTTA-30

Caspase1 Fwd 50-AGAGGATTTCTTAACGGATGCA-30

Rev 50-TCACAAGACCAGGCATATTCTT-30

IL1b Fwd 50-CACTACAGGCTCCGAGATGAACAAC-30

Rev 50-TGTCGTTGCTTGGTTCTCCTTGTAC-30

IL18 Fwd 50-AGACCTGGAATCAGACAACTTT-30

Rev 50-TCAGTCATATCCTCGAACACAG-30

GAPDH Fwd 50-GGTTGTCTCCTGCGACTTCA-30

Rev 50-TGGTCCAGGGTTTCTTACTCC-30
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