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Introduction: Although successfully used as a chemotherapeutic agent in various malignant diseases, acute lung injury (ALI) is one of the major limitations of bleomycin (BLM). Seeking reliable natural remedies, this study aimed to explore the potential effect of rutin on BLM-induced ALI.Methods: Targets of rutin and ALI were collected using various databases. Enrichment analyses of common targets were conducted, a protein-protein interaction (PPI) network was constructed, the hub genes were identified, and the upstream miRNA interacting with the top hub gene was later predicted. A BLM-induced ALI rat model was established to verify rutin potential effects, and the selected hub gene expression with its upstream regulatory miRNA and a downstream set of targets were examined to elucidate the action mechanism.Results: A total of 147 genes have been identified as potential therapeutic targets of rutin to treat BLM-induced ALI. Data from the enrichment and PPI analyses and the prediction of the upstream miRNAs indicated that the most worthwhile pair to study was miR-9a-5p/Nfkb1. In vivo findings showed that rutin administration significantly ameliorated pulmonary vascular permeability, inflammatory cells alveolar infiltration, induction of proinflammatory cytokines in the bronchoalveolar lavage fluid, and lung histology. Mechanistically, rutin downregulated the gene expression level of Nfkb1, Ptgs2, Il18, and Ifng, alongside their protein products, NF-κB p50, COX-2, IL-18, and IFN-γ, accompanied by an upregulation of rno-miR-9a-5p, Il10, and IL-10 expression in lung tissues.Conclusion: Combining network pharmacology and an in vivo study revealed that miR-9-5p/Nfkb1 axis could mediate the meliorative effect of rutin against BLM-induced ALI.Keywords: acute lung injury (ALI), bleomycin, inflammation, miR-9-5p, rutin
1 INTRODUCTION
Chemotherapeutic drugs have shown undesirable side effects, limiting their applications. Using natural products with chemotherapeutics can help reduce the associated toxicity and enhance therapeutic efficiency (Farha et al., 2022). Currently, bleomycin (BLM) is used, in combination with other drugs, against a broad spectrum of tumors with a high cure rate, especially in patients with testicular and metastatic ovarian cancer. However, the treatment with BLM is cursed by many side effects, the most severe of which is lung toxicity, which can affect as many as 46% of the patients under treatment (Della Latta et al., 2015; Murray et al., 2018). Toxicity starts with the induction of pneumonitis and acute lung injury (ALI) that progresses gradually to fibrosis (Shippee et al., 2016).
With a persistently high morbidity and mortality rate, ALI, and its more serious form, acute respiratory distress syndrome (ARDS), are considered severe pulmonary inflammatory diseases that describe clinical syndromes of acute respiratory failure. ALI and/or ARDS are responsible for more than 10% of all intensive care unit admissions and 4% of all hospital admissions. Moreover, data suggests that the quality of life of ALI survivors is negatively impacted in the long term (Mowery et al., 2020; Bellani et al., 2016; Dowdy et al., 2006). ALI characteristics include compromised integrity of the alveolar-capillary membrane, excessive transepithelial migration of neutrophils, and release of pro-inflammatory cytokines (5). Despite the recent progress in understanding the ALI epidemiology and pathogenesis, there is no specific therapeutic strategy for the disease yet. Therefore, more research is required to find new treatments (Johnson and Matthay, 2010).
Rutin, also known as quercetin-3-O-rutinoside and vitamin P, is a polyphenolic natural flavonoid possessing many biological activities, including antibacterial, anti-inflammatory, antioxidant, and antiapoptotic (Deepika et al., 2019; Abarikwu et al., 2022; Gęgotek et al., 2019). The preventive effect of rutin against several inflammatory diseases, such as colitis and cardiac inflammation, has been previously confirmed (Sharma et al., 2021; Oluranti et al., 2021). Further, rutin was reported to alleviate desflurane-, lipopolysaccharide (LPS)-, and ventilator-induced lung injury (Tosun et al., 2021; Huang et al., 2016; Tian et al., 2022; Chen et al., 2023). However, studies based on bleomycin as an inducing agent of lung injury are scarce and focused on the role of transforming growth factor-β signaling in lung fibrosis (Bai et al., 2020; Karunarathne et al., 2024).
Recently, integrating computational methods and experiments has proven efficient in achieving goals in natural product research, such as the objective elucidation of action mechanisms and the comprehensive prediction of potent therapeutic approaches (Kibble et al., 2015; Guney et al., 2016). In the same context, a growing body of evidence has shown that systems pharmacology could be an enlightening avenue for exploring the therapeutic mechanism of compound and herbal medicine in ALI (Li et al., 2019; Wang et al., 2022). Considering their importance as crucial regulatory molecules in ALI and gene expression networks (Jiang et al., 2020; Lu et al., 2022), studying microRNAs (miRNAs) in ALI could provide potential therapeutic targets.
Accordingly, this study aimed to investigate the potentiality of rutin against BLM-induced ALI using network pharmacology approaches.
2 MATERIALS AND METHODS
2.1 Collecting rutin and ALI-related targets
The simplified molecular input line entry system (SMILES), the SDF 2D structure format, and the chemical structure of rutin were acquired from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). Then, the similarity ensemble approach (SEA) (http://sea.bkslab.org/) with max TC ≥ 50 (Keiser et al., 2007) and SwissTargetPrediction (http://www.swisstargetprediction.ch) with probability >0 as a condition for prediction (Daina et al., 2019) along with SuperPred (https://prediction.charite.de/index.php) (Nickel et al., 2014), and ChEMBL (https://www.ebi.ac.uk/chembl/) (Davies et al., 2015) databases were searched to find potential targets of rutin. Once duplication was removed, the identified targets were rectified using the Uniprot database (https://www.uniprot.org/), restricting the species to Homo sapiens.
Targets related to ALI were identified by entering acute lung injury as a keyword into three databases, GeneCards (https://www.genecards.org) with relevance score ≥10 (Stelzer et al., 2016), DisGeNET (https://www.disgenet.org/) (Piñero et al., 2017) with score ≥0.05 and protein-coding genes used as filtering conditions, and National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/) gene function module.
To acquire the common genes, a Venn diagram was used to present the interaction between rutin targets and ALI-related genes.
2.2 Enrichment analyses
To enrich the functions of the intersected genes, the database for annotation, visualization, and integrated discovery (DAVID; v6.8, https://david.ncifcrf.gov/) was used to perform gene ontology (GO) analysis in terms of biological process (BP), cellular component (CC), and molecular function (MF), as well as the Kyoto encyclopedia of genes and genomes (KEGG) pathway analyses (Huang et al., 2009). Significant statistical difference was defined as FDR-adjusted p < 0.05.
2.3 Establishment of protein-protein interaction network and identification of hub genes
Exploring the interaction among the obtained shared genes was carried out by constructing a protein-protein interaction (PPI) network using the search tool for the retrieval of interacting genes (STRING; v12, http://string-db.org/), with limiting the target proteins to Homo sapiens and setting the minimum interaction score to medium confidence (0.400).
Cytoscape software (v3.10.1, www.cytoscape.org/) was subsequently used to visualize the PPI, and the topological properties of network nodes were analyzed using the Cytoscape Network Analyzer tool. The node size and color were set to be proportional to the node connectivity degree to promote the visual identification of the network. Additionally, the molecular complex detection (MCODE; v2.0.3, http://apps.cytoscape.org/apps/mcode) plug-in was used to select the biologically relevant subsets of network-related genes from the entire set. Furthermore, the CytoHubba plug-in (v0.1, http://hub.iis.sinica.edu.tw/cytohubba/) was applied to the subset with the highest MCODE score to select the top 10 hub genes according to several topological algorithms, including but not limited to edge percolated component (EPC), maximal clique centrality (MCC), and centralities based on shortest paths, such as Bottleneck (BN), and EcCentricity.
2.4 Prediction of upstream key miRNAs
Several online databases, including TargetScanHuman Release 8 (https://www.targetscan.org/vert_80/), miRTarBase (https://mirtarbase.cuhk.edu.cn), and DIANA-microT 2023 (https://dianalab.e-ce.uth.gr/microt_webserver/#/) (McGeary et al., 2019; Huang et al., 2022; Tastsoglou et al., 2023), were used to predict human and rat miRNAs that interact with the selected hub genes at the 3′untranslated region (3′UTR) of RNA transcripts. The identified miRNAs were then filtered to choose those in common between humans and rats. The miRNA/mRNA networks were visualized using Cytoscape.
Further, prediction of SM-miRNA regulation pairs by random forest (PSRR; https://rnadrug.shinyapps.io/PSRR/) (Yu et al., 2022) was applied to examine the impact of rutin on the shared miRNAs and identify a candidate miRNA for further study. To examine whether the putative miRNA can be translated from rats to humans, the conservation of the candidate miRNA was analyzed based on sequence annotations from miRBase (https://mirbase.org/). Further, RNAhybrid v2.2 (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/) (Rehmsmeier et al., 2004) was used to analyze the formation of miRNA:mRNA duplexes with setting minimum free energy (ΔG) <−20 kcal/mol as the threshold.
2.5 In vivo experimental validation of the computational analyses
2.5.1 Chemicals
Rutin was obtained from ThermoFisher Scientific (MA, USA), BLM was purchased as BLEOCEL®15 lyophilized powder containing bleomycin sulphate equivalent to 15 Units of bleomycin (Celon Labs, Telangana, India), and Bradford reagent was purchased from Sigma-Aldrich Co (MO, USA). All other chemicals and solvents were of the highest purity available.
2.5.2 Animals
Thirty adult male Albino Wistar rats aged 8–10 weeks were obtained from the National Research Centre (NRC), Cairo, Egypt. Rats were housed in a well-ventilated room under standard conditions of temperature (26°C ± 2°C) and humidity (60% ± 5%) with 12/12 h light/dark cycles. Rats had access to a standard diet and water ad libitum and were left for acclimatization for 1 week before experimentation.
2.5.3 Experimental design
Rats were randomly assigned into five groups consisting of six animals each, as follows: Group I served as the negative control group, Group II (rutin control group) administrated rutin dissolved in saline per oral route (p.o) using an intragastric tube at a dose of 200 mg/kg BW daily for 10 consecutive days (Liu et al., 2013; Zhang et al., 2023), Group III (BLM-induced group) anesthetized with an intravenous injection of a light sodium pentobarbital dose (50 mg/kg BW) and then received a single intratracheal instillation of BLM dissolved in saline at a dose of 5 mg/kg BW on the first day of the experiment. After instillation, rats were placed in a vertical position and spun for 1 min to ensure that the solution was distributed evenly within the lungs (Zhao et al., 2008; Guo et al., 2013), Group IV (rutin100 + BLM group) administrated rutin dissolved in saline p.o. at a low dose of 100 mg/kg BW/day for 10 days, and Group V (rutin200 + BLM group) administrated rutin dissolved in saline p.o. at a high dose of 200 mg/kg BW/day for 10 days. Animals in groups IV and V received a single intratracheal instillation of BLM at a dose of 5 mg/kg BW under anesthesia 2 h after rutin administration on day 1 of the study.
2.5.4 Blood, bronchoalveolar lavage, and tissue sampling
At the end of the treatment period, rats were weighed and then fasted overnight. 24 h after the last dose of rutin, animals were anesthetized with an intraperitoneal injection of a Ketamine/Xylazine mixture at a dose of 100 mg/kg-10 mg/kg BW, followed by blood samples collection from the retro-orbital plexus into ethylene diamine tetra acetic acid (EDTA) coated tubes for hematological analysis.
Immediately after sampling, animals were sacrificed by cervical dislocation, and bronchoalveolar lavage was performed. Briefly, the trachea was cannulated, and the lungs were lavaged three times with 0.8 mL of 0.9% saline solution to collect bronchoalveolar lavage fluid (BALF).
Next, thoracosternotomy was carried out to excise the lungs, which were rinsed with saline, dried with filter papers, and weighed. Then, each side was divided into two parts; one for histopathological investigations, and the other was homogenized in ice-cold phosphate-buffered saline (PBS) to form 10% homogenate for biochemical assays. For molecular analyses, a small part of each side was snap-frozen in liquid nitrogen and stored at −80°C until used.
2.5.5 Complete blood count
The collected peripheral blood was analyzed by the automated hematology analyzer XN-1000V (Sysmex, Hamburg, Germany) for complete blood count (CBC).
2.5.6 Evaluation of lung index
To assess lung edema, the lung index was calculated based on lung weight and body weight as follows:
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2.5.7 Bronchoalveolar lavage analysis
After collection, BALF was centrifuged at 3,000 rpm for 10 min at 4°C. BALF total protein level was measured in the supernatant using bicinchoninic acid (BCA) assay kit, while monocyte chemoattractant protein-1 (MCP-1) and macrophage inflammatory protein-2 (MIP-2) levels were measured using commercial enzyme-linked immunosorbent assay (ELISA) kits (Cat# CSB-E07429r and CSB-E07419r, respectively) according to the manufacturer’s protocol (Cusabio).
The cell pellet was resuspended in PBS, and then total and differential cell counts were performed on a hemocytometer using Wright-Giemsa staining. Different cell types were determined based on the standard morphological profiles, with counting at least 300 cells/slide.
2.5.8 Histopathology
The histological preparation technique was performed as reported by Bancroft and Gamble (Bancroft and Gamble, 2007). Concisely, lung tissues from the sacrificed animals were cut into 3–4 mm thick sections, fixed in 10% neutral buffered formalin, dehydrated in graded concentrations of ethanol, cleared in xylene, and embedded in paraffin. To study the general tissue structure, paraffin blocks were partitioned into sections using a microtome at a thickness of 4–6 μm and stained with Hematoxylin and Eosin (H and E) stain. Stained sections were examined using a Leica microscope (Leica Microsystems).
2.5.9 Molecular analysis
To analyze the expression of rno-miR-9a-5p, miRNeasy Mini Kit (Qiagen) was used to extract total RNA from 30 mg lung tissue samples. After, reverse transcription was conducted using TaqMan™ MicroRNA Reverse Transcription Kit, and TaqMan™ MicroRNA Assay was used to conduct quantitative real-time PCR reactions (Applied Biosystems). The expression level of the mature miRNA was normalized to U6 snRNA. The PCR reactions included 1 μL of cDNA as a template, 10 μL of 2x TaqMan® Universal PCR Master Mix (Applied Biosystems), 1 μL of 20x TaqMan™ MicroRNA Assay containing the primers and probe for the gene of interest as part of the kit (Cat# 4427975, assay ID: 000583 for rno-miR-9a-5p and 001,973 for U6 snRNA, Applied Biosystems), the volume was then completed to 20 μL with nuclease-free water.
For mRNA expression analysis, total RNA was extracted from lung tissues using the RNeasy Mini Kit according to the manufacturer’s instructions (Qiagen, Hilden, Germany). The High-Capacity cDNA Reverse Transcription kit and the TaqMan® gene expression assay (Applied Biosystems) were used to perform the reverse transcription and quantitative real-time PCR, respectively, with the use of beta-actin (Actb) as the reference gene. The PCR reactions included 4 μL of cDNA as a template, 10 μL of 2x TaqMan® universal PCR master mix (Applied Biosystems), 1 μL of 20x TaqMan® gene expression assay which contained the primers and probe for the gene of interest as part of the kit (Cat# 4331182; assay ID: Rn01399572_m1 for Nfkb1, Rn01483828_m1for Ptgs2, Rn01483988_g1 for Il10, Rn01422083_m1 for Il18, Rn00594078_m1 for Ifng, and Rn00667869_m1for Actb, respectively) (Applied Biosystems), the volume was then completed to 20 μL with nuclease-free water.
In general, PCR reactions were conducted in the 7500 Real-Time PCR System (Applied Biosystems, CA, USA). The PCR thermal profile was 10 min at 95°C for enzyme activation, followed by 40 amplification cycles of denaturation at 95°C for 15 s and 60 s at 60°C for annealing and extension. Eventually, the 2−ΔΔCt method was adopted for determining the quantitative measurements (Liva and Schmittgen, 2001).
2.5.10 Immunohistochemical analysis
Immunohistochemical (IHC) staining was applied on paraffin tissue sections fixed on positively charged slides using rabbit polyclonal anti-nuclear factor-kappa-B (NF-κB) p50 and cyclooxygenase-2 (COX-2/prostaglandin-endoperoxide synthase 2) antibodies (Cat# E-AB-32226 and E-AB-62884) purchased from Elabscience (TX, USA); and all the reactions were developed using VECTASTAIN® Elite® ABC-HRP Kit (Cat# PK-6200, Vector laboratories) based on the avidin-biotin-peroxidase complex (ABC) method.
Firstly, paraffin sections were deparaffinized and hydrated through xylene and graded alcohol series. A subsequent quenching of endogenous peroxidase activity was carried out by incubating the slides in BLOXALL® Blocking Solution (Cat# SP-6000, Vector laboratories, CA, USA) for 10 min. Sections were then incubated with Normal Serum reagent for 20 min to prevent non-specific background staining, followed by 30 min incubation with the anti-NF-κB p50 and anti-COX-2 antibodies (dilution 1:100). Slides were washed with PBS then incubated for 30 min with Biotinylated Universal Antibody. After washing with PBS, slides were incubated with VECTASTAIN Elite ABC reagent for 30 min and then washed with PBS. Markers' expression was detected with peroxidase and stained with DAB to recognize the antigen-antibody complex. Negative controls were integrated using non-immune serum instead of the primary or secondary antibodies.
Immuno-stained sections were checked and photographed using a Leica microscope (Leica Microsystems) under different magnification powers. Six high-power fields (x 400) exhibiting positive brown immunostaining were selected for evaluation in each serial section of the studied groups. Area (%) was determined for NF-κB p50 and COX-2 stained sections using a Leica QWin 500 image analyzer computer system (Leica Microsystems, Switzerland).
2.5.11 Determination of pulmonary levels of IL-10, IL-18, and IFN-γ
Interleukin-10 (IL-10), IL-18, and interferon-gamma (IFN-γ) levels were determined in lung homogenates using commercial ELISA kits (Cat# CSB-E04595r, CSB-E04610r, and CSB-E04579r; Cusabio, TX, USA). The results were expressed as pg/mg protein after determining the protein concentration in lung homogenates using the Bradford method.
2.6 Statistical analysis
Statistical analysis was done using SPSS version 20.0 (IBM Corp, NY, USA). First, the Shapiro-Wilk test was used to verify the assumption of normal distribution of data. Normally distributed data were expressed as mean ± standard error of the mean (SEM) while non-normally distributed data were expressed as median and interquartile range (25th and 75th percentile). The statistical significance of differences among the studied groups was measured using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test for multiple comparisons or Kruskal-Walli’s test followed by Dunn’s post hoc for multiple comparisons as appropriate. A p < 0.05 was regarded as statistically significant.
3 RESULTS
3.1 Target identification
After eliminating redundancy, 343 unique targets of rutin were obtained from SEA, SwissTargetPrediction, SuperPred, and ChEMBL databases. Additionally, 1754 ALI-related genes were identified from the GeneCards, DisGeNET, and NCBI databases (Supplementary Files S1, S2). The targets were then mapped via a Venn diagram, yielding 147 intersected genes that were considered, in turn, potential targets of rutin action against ALI (Figure 1A).
[image: Figure 1]FIGURE 1 | Identification of potential targets of rutin against BLM-induced acute lung injury and enrichment analyses. (A) Venn diagram of rutin targets alongside the 2D chemical structure of rutin, the acute lung injury-related genes, and the protein-protein interaction (PPI) network established from the diagram. Nodes represent proteins, and edges represent interactions. (B) Bar chart of GO terms analysis showing the top 10 terms in each of biological process (BP), cellular component (CC), and molecular function (MF). The color of the bars denotes the FDR-adjusted p-value, and the length represents the number of genes enriched in the term. (C) A Bubble chart of the KEGG pathway enrichment analysis showing the top 20 putative signaling pathways according to the FDR-adjusted p-value. The color of the circles represents the p-value, and the size represents the number of genes enriched in the pathway. The direction towards red color indicates more significance. BLM: Bleomycin.
3.2 Functional enrichment analysis
GO and KEGG enrichment analyses were conducted on the intersecting targets to clarify the fundamental mechanism of rutin action. Of 602 BP, 78 CC, and 127 MF terms identified, only 255, 49, and 57 were statistically significant, respectively (Supplementary File S3). According to the p-value, the top five terms in the BP category were positive regulation of cytosolic calcium ion concentration, response to hypoxia, response to xenobiotic stimulus, inflammatory response, and positive regulation of MAP kinase activity. The strongly connected MFs with these biological processes were enzyme binding, identical protein binding, protein serine/threonine/tyrosine kinase activity, protein binding, and protein tyrosine kinase activity. Further, these processes occurred mainly in plasma membrane, integral component of plasma membrane, macromolecular complex, receptor complex, and cell surface. The top 10 enriched terms in each category according to the p-value were selected for visualization (Figure 1B).
Moreover, the results of KEGG enrichment analysis demonstrated that these targets are enriched in 164 pathways, of which 153 pathways are statistically significant, mainly involving pathways in cancer, prostate cancer, proteoglycans in cancer, endocrine resistance, human cytomegalovirus infection, lipid and atherosclerosis, Chagas disease, hepatitis B, chemical carcinogenesis - receptor activation, and hypoxia-inducible factor-1 (HIF-1) signaling pathway. The top 20 pathways according to the p-value are represented in Figure 1C.
3.3 PPI network analysis
The PPI network was constructed based on the 147 putative targets of rutin thought to ameliorate ALI. The network was visualized and analyzed using Cytoscape software. As presented in Figure 2A, the network contains 147 nodes and 2017 edges with an average node degree of 27.4, an average local clustering coefficient of 0.592, and a PPI enrichment p-value < 1.0e-16. The characteristic path length between all node pairs was 1.983, whereas the network diameter, radius, density, and heterogeneity were 4, 2, 0.191, and 0.786, respectively. The topological features of each node, including but not limited to Degree, Betweenness centrality, and Closeness centrality, were analyzed by the Cytoscape Network analyzer tool (Supplementary File S4). The node size and color in the network were positively related to the node degree. When the targets were sorted by degree, TNF, AKT1, EGFR, HIF1A, and NFKB1 were identified as the five core targets.
[image: Figure 2]FIGURE 2 | PPI network and screening of the hub genes. (A) STRING database was used to analyze the potential targets, giving a network composed of 147 nodes and 2017 edges, which was then displayed on Cytoscape. The node size and color reflect the node degree, and the edges represent the interactions between nodes. (B, C) PPI network based on clustery analysis using the MCODE plug-in produced 10 modules, the top with a score of 33.86, 44 nodes, and 728 edges. The node color is according to the MCODE score, and the node shape is according to the node status; circles represent clustered nodes, and the rectangle represents the seed node. (D) The top 10 hub genes were identified in cluster one using the CytoHubba plug-in. The node’s color represents its score according to the maximal clique centrality (MCC) algorithm; the darker the color, the higher the score.
Moreover, the network was further assessed with the MCODE plug-in to detect modules/clusters (densely connected regions), suggesting functional protein complexes. It revealed 10 functional modules of clustered genes sorted by their score (Figures 2B, C). The cluster with the highest score (33.86) comprised 44 nodes and 728 edges. Consequently, the top 10 hub genes in this cluster were recognized using the different topological algorithms and centralities based on shortest paths of the CytoHubba plug-in.
Figure 2D shows the ranking of hub genes according to the MCC algorithm. Although NFKB1, AKT1, HIF1A, EGFR, BCL2, and HSP90AA1 genes had the highest and the same score among the genes of cluster 1, the NFKB1 gene appears to be the most important according to the sum of the other parameters.
The node status in the network can be revealed from different facets by parameters calculated using multiple algorithms. Hence, the results of the three methods (the topological features analysis, MCODE, and CytoHubba) established a solid basis for selecting the hub genes for further experimental verification. Among the target genes, NFKB1 appears to be the most notable.
3.4 Prediction of the upstream miRNAs
TargetScanHuman Release 8, miRTarBase, and DIANA-microT 2023 databases were used to predict the upstream miRNAs that target the NFKB1 gene in humans and rats. After merging and removing duplicates, 364 miRNAs were found to target NFKB1 in humans, while only 56 were identified in rats. Among them, the shared miRNAs were hsa-miR-9-5p and rno-miR-9a-5p (Supplementary File S5, Figures 3A, B). Additionally, the PSRR web server predicted that rutin is able to upregulate the expression of hsa-miR-9-5p with a rate of 0.79.
[image: Figure 3]FIGURE 3 | Prediction and selection of the upstream key miRNA. (A) Human miRNAs/NFKB1 interaction network. (B) Rat miRNAs/Nfkb1 interaction network. The orange node represents the target gene, and the green nodes represent shared miRNAs between humans and rats. (C, D) miRNA:mRNA duplex formation analysis. Hsa-miR-9-5p was predicted to target NFKB1 at position 1258 with ΔG = −28.2 kcal/mol, whereas rno-miR-9a-5p was predicted to target Nfkb1 at position 1097 with ΔG = −26.2 kcal/mol.
According to the miRBase database, the sequence of rno-miR-9a-5p, UCU​UUG​GUU​AUC​UAG​CUG​UAU​GA, was 100% identical to that of hsa-miR-9-5p. Therefore, it was considered a conserved candidate miRNA. To assess the interaction between miR-9-5p and NFKB1, miRNA:mRNA duplex formation was analyzed using RNAhybrid. Both hsa-miR-9-5p and rno-miR-9a-5p were found to interact with NFKB1 and Nfkb1 mRNAs at multiple sites. Figures 3C, D show the targeting site of hsa-miR-9-5p (at position 1258) and rno-miR-9a-5p (at position 1097) with the highest number of continuous base pairing and the lowest binding energy (ΔG = −28.2 kcal/mol and −26.2 kcal/mol, respectively) indicating high binding strength in miRNA:mRNA duplex formation.
3.5 Effect of rutin on CBC
Figure 4 demonstrates a non-significant change in the CBC parameters between rutin control group and the negative control group. On the other hand, the BLM-induced group showed a significant decrease in hemoglobin (Hb) concentration (p < 0.001) and red blood corpuscles (RBCs) count (p = 0.032), accompanied by a dramatic increase in platelet and white blood cells (WBCs) count (p < 0.001). Treatment with rutin, at doses of 100 mg and 200 mg/kg BW, mitigated the effect of BLM by inducing a significant increase in the Hb concentration (p = 0.003 and p < 0.001, respectively), whereas only the high dose induced a significant increase in the RBC count (p = 0.027). In addition, rutin treatment at both doses decreased the platelet count (p < 0.001) and WBC count (p = 0.005 and p < 0.001, respectively). The effect of the rutin high dose was more marked than the low dose regarding the Hb concentration (p = 0.006), platelet count (p < 0.001), and WBC count (p = 0.005) (Figures 4A, B).
[image: Figure 4]FIGURE 4 | Effect of rutin on some CBC parameters. (A) Hb concentration, (B) RBCs, WBCs, and platelets count and (C, D) WBCs differential count. CBC, Complete blood count; BLM, Bleomycin; rutin100, Rutin at a dose of 100 mg; rutin200, Rutin at a dose of 200 mg; Hb, Hemoglobin; RBCs, Red blood corpuscles; WBCs, White blood cells. In multiple comparisons, a p < 0.05 vs. normal control group, b p < 0.05 vs. BLM-induced group, and c p < 0.05 vs. BLM + rutin100 group. n = 6 for each experimental group. Bar length represents the mean value for each group, with error bars depicting standard error of mean. Box plot indicates median and interquartile range.
For the differential WBC count, the relative neutrophil count was increased significantly with the decrease of the lymphocyte percentage in the BLM-induced group compared to the negative control group (p < 0.001). Rutin treatment reversed these alterations at both doses (p = 0.001 and p < 0.001, respectively). When considering the relative neutrophil count, the effect of the 200 mg dose was more pronounced than that of the 100 mg dose (p = 0.005). Further, all the studied groups showed a non-significant difference regarding monocyte, eosinophil, and basophil relative count (Figures 4C, D).
3.6 Effect of rutin on lung index, total protein level, and inflammatory cell infiltration in the BALF
The lung index was significantly increased in the BLM-induced group compared to negative controls (2.17% ± 0.11% vs. 1.19% ± 0.07%, p < 0.001), indicating severe pulmonary edema. Although rutin treatment at a dose of 100 mg produced a borderline non-significant decrease in the lung index by 15.67% (p = 0.085), the treatment with the higher dose was able to reduce the lung index significantly by 30.41% (p = 0.001) compared to the BLM-intoxicated group (Figure 5A).
[image: Figure 5]FIGURE 5 | Rutin impact on (A) lung index, (B) total protein level in the BALF, (C) inflammatory cell infiltration in the BALF and (D) differential cell count in the BALF. BLM, Bleomycin; rutin100, Rutin at a dose of 100 mg; rutin200, Rutin at a dose of 200 mg; BALF, Bronchoalveolar lavage fluid. In multiple comparisons, a p < 0.05 vs. normal control group, b p < 0.05 vs. BLM-induced group, and c p < 0.05 vs. BLM + rutin100 group. n = 6 for each experimental group. Bar length represents the mean value for each group, with error bars depicting standard error of mean.
Regarding BALF total protein content, it did not vary significantly between negative control and rutin control groups. Meanwhile, BLM increased the capillary permeability of alveoli after lung injury, which led to protein leakage as evidenced by a significant rise in the total protein level in BALF compared to controls (434.81 ± 5.17 μg/mL vs. 117.61 ± 4.44 μg/mL, p < 0.001). By contrast, this increase was significantly inhibited by rutin administration at both doses by 19.63% and 51.17%, respectively (p < 0.001) (Figure 5B).
Figure 5C illustrates the significant increase in the total cell count in the BALF of BLM-exposed animals compared to controls (1.62 ± 0.06 × 106 cell vs. 0.40 ± 0.05 × 106 cell, p < 0.001). However, rutin treatment reversed this increase by 28.39% and 53.09% (p < 0.001) at doses of 100 mg and 200 mg, respectively.
In the same context, the macrophage, neutrophil, and lymphocyte counting were significantly higher in the BLM-induced group than in the negative control group (0.65 ± 0.02 × 106 cell vs. 0.34 ± 0.05 × 106 cell, 0.83 ± 0.02 × 106 cell vs. 0.01 ± 0.003 × 106 cell, and 0.12 ± 0.02 × 106 cell vs. 0.01 ± 0.004 × 106 cell, p < 0.001, respectively), demonstrating inflammatory cell migration to the injured lungs. Rutin at a dose of 200 mg was able to inhibit inflammatory cell recruitment by 33.85%, 83.13%, and 76.67% (p < 0.001), respectively. On the other hand, rutin at a dose of 100 mg was able to decrease the inflammatory cell infiltration by 24.61% (p = 0.015), 56.63% (p < 0.001), and 43.33% (p = 0.004), respectively. Despite rutin administration at the high dose produced a more pronounced mitigated effect than the lower dose regarding neutrophil and lymphocyte count (p < 0.001 and p = 0.032, respectively), a non-significant difference was observed when considering macrophage count (p = 0.641) (Figure 5D).
3.7 Effect of rutin on MCP-1 and MIP-2 production level
As shown in Table 1, MCP-1 and MIP-2 levels in BALF were comparable between the negative control and rutin control groups (p = 0.963 and p = 0.321, respectively). Meantime, the BLM injection significantly increased the production level of these inflammatory mediators by 5.25 and 2.89 folds, respectively, compared to the control group (p < 0.001). Nonetheless, their levels were markedly decreased upon rutin administration by 37.15% and 20.75% (p < 0.001) at a dose of 100 mg and by 70% and 50.29% (p < 0.001) at a dose of 200 mg, respectively. Once more, the high dose of rutin was more efficacious than the lower in alleviating cytokine production in BALF (p < 0.001).
TABLE 1 | Effect of rutin on MCP-1 and MIP-2 levels in BALF.
[image: Table 1]3.8 Histopathological examination
Lung sections from negative control and rutin control groups denoted the standard architecture of lung tissue assembled in normal bronchioles and intact lung alveoli (Figures 6A, B). Otherwise, the BLM-induced group exhibited serious degenerative changes with loss of lung architecture evidenced by obvious congestion and dilatation along blood vessels, thickening in alveolar epithelium and smooth muscle, massive number of inflammatory cells infiltration, interstitial edema, hyperplasia of bronchiole lining epithelium, as well as noticeable increase in fibrous amount (Figures 6C–E). Treatment with rutin at a dose of 100 mg produced moderate improvements noticed by the existence of a high quantity of inflammatory cells, few congestions along blood vessels, a great reduction of bronchiole hyperplasia lining epithelium, as well as the thickening of muscle. Furthermore, some alveolar epithelium was noticed in the regular form while others looked with loss architecture (Figures 6F, G). Whereas the high rutin dose (200 mg) led to a better enhancement that was distinguished by the presence of a scarce number of inflammatory cells, less dilated and congested blood vessels, besides intact existence of bronchiole lining epithelium as well as alveolar epithelium (Figure 6H).
[image: Figure 6]FIGURE 6 | Representative photomicrographs demonstrating the histopathological alterations in lung tissue sections among examined groups (H and E, x200). Lung sections from (A) Negative control group, (B) Rutin control group, (C–E) Bleomycin-induced group, (F, G) BLM + rutin100 group, and (H) BLM + rutin200 group highlighted the changes between groups along bronchioles (rectangle), alveolar epithelium (arrows), loss of lung architecture (arrow with tail), blood vessels (circle), smooth muscle (star), inflammatory cells (wave arrow), interstitial edema (arrowhead), fibrous connective tissue (curvy arrow). BLM, Bleomycin; rutin100, Rutin at a dose of 100 mg; rutin200, Rutin at a dose of 200 mg.
3.9 Alteration of the pulmonary expression level of rno-mir-9a-5p, Nfkb1, and some related genes in response to rutin
Regarding rno-miR-9a-5p expression, a significant downregulation was observed in BLM-challenged animals by 69.52% compared to the negative control group (p < 0.001). In contrast, the administration of rutin lessened the impact of BLM, causing upregulation of the miRNA expression level by 65.62% and 1.69-fold at a dose of 100 mg and 200 mg, respectively (p < 0.001) (Figure 7A).
[image: Figure 7]FIGURE 7 | Effect of rutin on the pulmonary expression levels of (A) rno-miR-9a-5p, (B) Nfkb1, and some related downstream genes, including (C) Ptgs2, (D) Il10, (E) Il18, and (F) Ifng. BLM, Bleomycin; rutin100, Rutin at a dose of 100 mg; rutin200, Rutin at a dose of 200 mg; Nfkb1, Nuclear factor kappa B subunit 1; Ptgs2, Prostaglandin-endoperoxide synthase 2; Il10, Interleukin-10; Il18, Interleukin-18; Ifng, Interferon-gamma. In multiple comparisons, a p < 0.05 vs. normal control group, b p < 0.05 vs. BLM-induced group, and c p < 0.05 vs. BLM + rutin100 group. n = 6 for each experimental group. Bar length represents the mean value for each group, with error bars depicting standard error of mean.
Concerning mRNA expression level, the BLM injection resulted in a significant upregulation of the pulmonary expression levels of Nfkb1 and the pro-inflammatory genes Ptgs2, Il18, and Ifng (by 3.82, 2.17, 1.66, and 0.9 folds, respectively, p < 0.001) in comparison with negative control animals. On the contrary, rutin administration significantly ameliorated these effects at the low dose by 22.28% (p < 0.001), 35.62% (p < 0.001), 26.57% (p < 0.001), and 16.5% (p = 0.002), respectively, and the high dose (by 55.61%, 51.23%, 45.39%, and 29.00%, respectively, p < 0.001). For the anti-inflammatory Il10 gene, rutin control group showed a significant upregulation by 37% compared to the negative control group (p < 0.001), reflecting rutin’s anti-inflammatory properties. Interestingly, BLM induced the expression of Il10 by 2.01-folds compared to negative controls (p < 0.001), while rutin treatment led to a further robust increase by 20.27% and 40.53% at a dose of 100 mg and 200 mg, respectively (p < 0.001) compared to the BLM-intoxicated group (Figures 7B–F).
Notably, rutin administration produced a powerful effect at the high dose as regards the pulmonary expression levels of rno-miR-9a-5p, Nfkb1, Ptgs2, Il18, Ifng, and Il10 than the low dose (p = 0.021, p < 0.001, p = 0.001, p < 0.001, p = 0.015, and p < 0.001, respectively).
3.10 Influence of rutin on the pulmonary expression level of NF-κB p50 and COX-2
IHC testing and quantitative scoring of NF-κB p50 and COX-2 along lung tissue sections between examined groups (Figure 8) unveiled that negative control and rutin control groups exhibited scarce positive cytoplasmic reactivity with non-significant differences. The BLM-induced group underscored the highest strong positive reactivity with a significant difference compared to the negative control group (p < 0.001). Although animals treated with rutin at a dose of 100 mg demonstrated moderate positive reactivity with a significant difference compared to the BLM-induced group (p < 0.001), animals treated with rutin at the high dose (200 mg) showed fewer positive expressions with a significant difference compared to BLM-induced group and animals treated with the lower rutin dose (p < 0.001).
[image: Figure 8]FIGURE 8 | Pulmonary NF-κB p50 and COX-2 expression level in the studied groups using immunohistochemistry. Lung sections highlighted with positive cytoplasmic expressions along bronchiole epithelium (arrowhead) or/and interstitial tissue (arrow) with scarce reactivity along negative control and rutin control groups, highest in BLM-induced group, moderate in BLM + rutin100 group, and few in BLM + rutin200 group. The bar chart represents the immune scoring area (%) of NF-κB p50 and COX-2. NF-κB p50, Nuclear factor-kappa-B p50; COX-2, Cyclooxygenase-2; BLM, Bleomycin; rutin100, Rutin at a dose of 100 mg; rutin200, Rutin at a dose of 200 mg. In multiple comparisons, a p < 0.05 vs. normal control group, b p < 0.05 vs. BLM-induced group, and c p < 0.05 vs. BLM + rutin100 group. n = 6 for each experimental group. Bar length represents the mean value for each group, with error bars depicting standard error of mean.
3.11 Effect of rutin on the pulmonary IL-10, IL-18, and IFN-γ levels
Table 2 demonstrates that pulmonary levels of the pro-inflammatory cytokines, IL-18 and IFN-γ, were dramatically elevated in the BLM-induced group compared to the negative control group by 2.79 and 1.99-folds, respectively (p < 0.001). On the contrary, these levels were considerably decreased upon rutin administration at the low dose (by 32.10% and 25.85%, respectively, p < 0.001) and the high dose (by 53.81% and 44.75%, respectively, p < 0.001).
TABLE 2 | Effect of rutin on some inflammatory markers in lung tissues.
[image: Table 2]On the other hand, rutin administration alone caused a notable rise in the IL-10 pulmonary level by 1.07-fold (p = 0.017) compared to the negative control group. Additionally, BLM intoxication led to a significant increase in IL-10 pulmonary level by 3.14 folds (p < 0.001). Noteworthy, rutin treatment resulted in a further elevation in the pulmonary level of this anti-inflammatory cytokine by 31.81% (p = 0.002) at the low dose and 77.85% (p < 0.001) at the high dose compared to the BLM-induced group.
Further, rutin administration at a dose of 200 mg induced a significant decrease in IL-18 and IFN-γ levels (p < 0.001 and p = 0.001, respectively) and a marked increase in IL-10 level (p < 0.001) in lung tissues compared to the dose of 100 mg.
4 DISCUSSION
Despite its benefits as a chemotherapeutic agent for numerous human malignancies, the well-known severe side effects of BLM, including ALI, seem inevitable in most patients (Shippee et al., 2016). Because of the poor prognosis, availability of supportive therapy only as the primary treatment, low response of patients, and high mortality rate of 30%–40% (Mokrá, 2020), there is an urgent need to develop new drugs to treat or delay the progress of ALI. Thus, the current study was designed to explore the potentiality of rutin against BLM-induced ALI.
It is well established that BLM binds with Fe2+, causing iron deficiency and anemia, thereby inducing oxidative stress in RBCs directly and/or indirectly by binding to the DNA, initiating membrane lipid peroxidation, and enhancing reactive oxygen species (ROS) production (Segerman et al., 2013; Allawzi et al., 2019). This is in line with the results of the present study that demonstrated a marked decrease in Hb concentration and RBC count in the BLM-induced group compared to the negative control group. Meanwhile, treatment with rutin mitigated the effect of BLM by inducing a significant increase in the Hb concentration at both doses and RBC count at the high dose only. This is likely due to the antioxidant property of rutin, quenching ROS generation in erythrocytes (López-Revuelta et al., 2006).
Rutin’s antioxidant capacity may be attributed to its remarkable potency as a reducing agent, hydrogen donor, and free radical quencher. Based on the structure-activity relationship, it is plausible that the four hydroxyl groups rutin possess could be responsible for this biological activity (Lue et al., 2010). Notably, this capacity could prevent the induction of inflammatory cytokine transcription factors, making rutin effective for treating inflammatory diseases (Koval’skii et al., 2014).
Platelets are implicated in a variety of inflammatory disorders, particularly respiratory conditions such as asthma and ALI, partly via promoting leukocyte recruitment to the lung microvasculature (Momi et al., 2017; Zarbock and Ley, 2008). However, there are contradictory results about the platelet count in BLM-induced lung injury. Gad and co-investigators (Gad El-Hak et al., 2022), on one hand, reported a significant reduction in platelet count in the BLM-induced group. On the other hand, El-Fakharany and colleagues (El-Fakharany et al., 2023) found a significant increase in the platelet count as a consequence of BLM intoxication, which is in agreement with the results of the current work that demonstrated a remarkable elevation of the peripheral blood platelets in the BLM-treated animals compared to negative controls.
Additionally, intratracheal BLM instillation increased total WBC count with the elevation of relative neutrophil count in the periphery. Further, total cell, macrophage, neutrophil, and lymphocyte counts were markedly increased in the BALF compared to negative controls. This is a hallmark of ALI, reflecting parenchymal injury and primary inflammatory lesions characterized by the accumulation of alveolar inflammatory cells in the lower respiratory tract (Pugin et al., 1999). Hence, uncontrollable inflammatory responses represented by increased the permeability of the alveolar/capillary barrier, leakage of intravascular plasma fluid, and pulmonary edema were observed in BLM-challenging animals, as evidenced by increased lung index and total protein level in BALF. These findings concur with the results of previous studies (Yu et al., 2016; Zaghloul et al., 2019; Kseibati et al., 2020).
Further, the infiltrated inflammatory cells secrete massive amounts of pro-inflammatory cytokines that act as chemoattractants to recruit more inflammatory cells, particularly neutrophils and macrophages. This amplifies the signal cascade and, ultimately, leads to lung injury (Deshmane et al., 2009; Dolinay et al., 2012). This aligns with the results of the present study that showed elevated MCP-1 and MIP-2 levels in the BALF of the BLM-induced group compared to the negative control group. MCP-1 is a pro-inflammatory protein produced by endothelial cells, alveolar epithelial cells, and macrophages. It belongs to the C-C chemokine family and regulates the migration and infiltration of monocytes/macrophages. Thus, it is implicated in the pathogeneses of various inflammatory diseases and has been reported to play a vital role in developing lung inflammation and fibrosis (Prasse and Müller-Quernheim, 2009; Gao et al., 2016). MIP-2 is another powerful chemoattractant released by a variety of cells. It belongs to the C-X-C chemokines and contributes to initiating and extending the inflammatory process through chemical chemotaxis and activation of neutrophils. Therefore, it performs a vital role in inflammation-related diseases, including pulmonary disease (Qin et al., 2017; Lee et al., 2019).
Histopathological examination of lung tissues showed serious degenerative changes with loss of lung architecture in the BLM-induced group evidenced by obvious congestion and dilatation along blood vessels, thickening in alveolar epithelium and smooth muscle, the massive number of inflammatory cells infiltration, interstitial edema, hyperplasia of bronchiole lining epithelium, as well as the noticeable increase in fibrous amount, in line with the results of previous works (Zhao et al., 2008; Guo et al., 2013; Yu et al., 2016; Zaghloul et al., 2019).
In contrast, these alterations were attenuated upon rutin administration, in harmony with previously reported results (Bai et al., 2020; Gao et al., 2013; Chen et al., 2014), showing the evident capacity of rutin to block the initial inflammatory response and emphasizing its potentiality against BLM-induced ALI.
Whence, thorough bioinformatics analyses were employed to investigate rutin’s molecular action mechanism. Among rutin target genes and ALI-related genes, 147 shared targets were identified. The GO and KEGG enrichment analyses revealed that the shared genes were distinctly enriched in some of the closely related BP, MF, and pathways to ALI, such as the response to hypoxia, inflammatory response, positive regulation of MAP kinase activity, C-C chemokine receptor activity, C-C chemokine binding, and HIF-1 signaling pathway.
Later, the PPI network characterized protein-protein interactions followed by screening the hub genes using different algorithms in the Cytoscape software, revealing NFKB1 as the most remarkable. Two strategies were accordingly embraced; the first was predicting and determining the expression level of the upstream epigenetic miRNA regulators of NFKB1/Nfkb1, and the other was determining the Nfkb1 gene and protein expression level alongside the gene and the protein expression levels of some of its downstream targets and related markers.
As important inflammatory regulators, significant alterations in miRNAs expression levels were found in ALI, suggesting their pivotal functional roles (Ferruelo et al., 2018). Herein, three databases (TargetScanHuman Release 8, miRTarBase, and DIANA-microT 2023) were interrogated to predict the upstream miRNAs targeting NFKB1 in humans and rats, that revealed hsa-miR-9-5p and rno-miR-9a-5p as shared miRNAs. According to the PSRR web server, hsa-miR-9-5p appeared to be up-regulated by rutin, while the miRBase database showed 100% sequence congruity between the two miRNAs. Moreover, RNAhybrid was used to analyze the interaction of hsa-miR-9-5p and rno-miR-9a-5p with NFKB1 and Nfkb1 mRNAs, respectively, that showed a strong binding between the miRNAs and their target with a continuous base pairing at the seed region.
MiR-9 expression was downregulated in lung tissues of animals with ventilator-induced lung injury (Vaporidi et al., 2012; He et al., 2022). The same results were obtained by Xiao et al. (Xiao et al., 2023) in rats with LPS-induced ARDS. The authors found that miR-9 attenuated lung injury and alveolar hyper-coagulation. Further, miR-9 was negatively correlated with lung severity in ARDS patients, and the functional enrichment analysis revealed that its molecular mechanisms are closely related to fibrosis and inflammation (García-Hidalgo et al., 2022). This goes conjointly with the results of the current study that revealed a down-expression of rno-miR-9a-5p in lung tissues of the BLM-induced animals compared to the negative controls. Concurrently, treatment with rutin, at both doses, reversed the effect of BLM, resulting in an increased rno-miR-9a-5p expression level.
Because of its essential role in controlling each aspect of the inflammatory response, transcription factor NF-κB is considered a master regulator of inflammation (Zhang et al., 2017). Therefore, its aberrant regulation leading to detrimental inflammation is a major driver of many inflammatory diseases, including ALI (Ye et al., 2008). NF-κB is mainly expressed as a homo/heterodimeric complex comprising of RelA (p65), RelB, Rel (c-Rel), NF-κB1 (p50/p105), and NF-κB2 (p52/p100). The best characterized NF-κB dimer is p50-p65, which is activated by several exogenous and endogenous stimuli, translocating to the nucleus upon activation to induce the transcription of a wide array of genes (Alvira, 2014). NFKB1/Nfkb1 gene encodes a single mRNA, from which p105 and p50 are co-translated. Further, the active p50 subunit is produced by procession of its p105 precursor molecule (Pereira and Oakley, 2008).
It is worth mentioning that in different animal models of induced ALI, the expression of the Nfkb1 gene and the NF-κB p50 protein were upregulated in the injured lung tissues compared to their corresponding controls (Fei et al., 2019; Dong et al., 2020; Mitchell et al., 2020; Zhao et al., 2022). This is in congruence with the results of the present work demonstrating a significant over-expression of pulmonary Nfkb1 gene and increased NF-κB p50 protein expression in the BLM-intoxicated group compared to the control group. Conversely, rutin intervention decreased the pulmonary Nfkb1 gene and NF-κB p50 protein expression significantly, which would affect the assembly and synthesis of NF-κB complex. This is in line with previous reports that demonstrated the ability of rutin to downregulate the expression of Nfkb1 and the p50 subunit both in vivo and in vitro (Su et al., 2019; Rana et al., 2022; Wang et al., 2023).
It is well known that an adequate balance of pro-inflammatory and anti-inflammatory factors is essential for limiting the detrimental effects of inflammation. COX-2 encoded by the Ptgs2 gene is a crucial enzyme in controlling the production of inflammatory prostaglandins, and ample evidence suggests that NF-κB increases COX-2 expression due to the presence of two NF-κB binding sites in the Ptgs2 promoter region (Tanabe and Tohnai, 2002). Further, NF-κB is believed to be a transcriptional activator of the pro-inflammatory IL-18. The latter enhances the secretion of IFN-γ from natural killer cells and activated T lymphocytes and thus is termed IFN-γ-inducing factor (Zhang et al., 2018). Additionally, it was indicated previously that NF-κB could directly stimulate the expression of IFN-γ, whose presence is a typical sign of inflammatory responses (Kauppinen et al., 2013). It is worth noting that the early inflammatory response, typically characterized by the recruitment of inflammatory cells to the lung and the release of chemokines and inflammatory factors, is one of the key determinants of BLM-induced ALI (Li et al., 2023; Wu and Wang, 2019; Abdelhady et al., 2023). At the same time, rutin possesses robust anti-inflammatory activity against many diseases, including lung injury (Tosun et al., 2021; Huang et al., 2016; Chen et al., 2023; Muvhulawa et al., 2022). This conforms with the results of the current work that revealed a marked elevation in the gene expression level of Nfkb1, Ptgs2, Il18, and Ifng and their protein products (NF-κB p50, COX-2, IL-18, and IFN-γ, respectively) in the BLM-induced group. Meanwhile, the treatment with rutin reverberated these changes.
IL-10 is a potent anti-inflammatory cytokine that confers immunosuppressive effects, mainly by down-regulating macrophage functions and reducing monocyte/macrophage production of pro-inflammatory cytokines (De Kozak et al., 2002). However, previous studies reported contradictory results regarding IL-10 levels in BLM-intoxicated rodents (Zaghloul et al., 2019; Li et al., 2023). In the current study, IL-10 gene expression and protein levels were significantly elevated in the BLM-induced group compared to the negative control group, which can be considered a host defense mechanism to suppress the release of the pro-inflammatory cytokines (Doughty et al., 1998). However, this endeavor failed to commensurate with the uncontrollable inflammatory process. On the other hand, the anti-inflammatory property of rutin was able to augment the gene expression and protein levels of IL-10.
Considering the preceding, a possible mechanism of rutin against BLM-induced ALI can be proposed. Via regulating the expression of rno-miR-9a-5p and its downstream target, Nfkb1, rutin suppresses the recruitment of neutrophils into the alveolar spaces, inhibits the induction of early-response cytokines and chemokines, and consequently, the alterations in the following inflammatory cascade events, relieving eventually BLM-induced ALI.
In conclusion, this work enlightens the potential effect of rutin against BLM-induced ALI based on network pharmacology and experimental validation. Rutin ameliorated BLM-induced ALI through a functional mechanism involving upregulation of miR-9a-5p impacting NF-κB mediated inflammation.
While the present findings and mechanistic rationale suggest a potential therapeutic utility of rutin against BLM-induced ALI, this study remains preliminary and has yet to be validated. Therefore, additional studies would lay a solid foundation for the therapeutic use of rutin. Further, more pharmacokinetic investigations are imperative to ensure sufficient absorption and distribution within the body. Finally, well-designed clinical trials are required to elaborate on the safety and therapeutic efficacy of rutin.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was approved by Research Ethics Committee at Faculty of Science, Ain Shams University, Cairo, Egypt (Approval code# ASU-SCI/BIOC/2023/12/1). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
FA: Conceptualization, Resources, Writing–review and editing. AO: Conceptualization, Resources, Writing–review and editing. ER: Formal Analysis, Methodology, Resources, Writing–review and editing. OA-R: Formal Analysis, Methodology, Resources, Writing–review and editing. AS: Conceptualization, Formal Analysis, Methodology, Resources, Writing–original draft.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1522690/full#supplementary-material
REFERENCES
 Abarikwu, S. O., Njoku, R. C., John, I. G., Amadi, B. A., Mgbudom-Okah, C. J., and Onuah, C. L. (2022). Antioxidant and anti-inflammatory protective effects of rutin and kolaviron against busulfan-induced testicular injuries in rats. Syst. Biol. Reprod. Med. 68, 151–161. doi:10.1080/19396368.2021.1989727
 Abdelhady, R., Cavalu, S., Saber, S., Elmowafy, R., Morsy, N. E., Ibrahim, S., et al. (2023). Mirtazapine, an atypical antidepressant, mitigates lung fibrosis by suppressing NLPR3 inflammasome and fibrosis-related mediators in endotracheal bleomycin rat model. Biomed. Pharmacother. 161, 114553. doi:10.1016/j.biopha.2023.114553
 Allawzi, A., Elajaili, H., Redente, E. F., and Nozik-Grayck, E. (2019). Oxidative toxicology of bleomycin: role of the extracellular redox environment. Curr. Opin. Toxicol. 13, 68–73. doi:10.1016/j.cotox.2018.08.001
 Alvira, C. M. (2014). Nuclear factor-kappa-B signaling in lung development and disease: one pathway, numerous functions. Birth Defects Res. A Clin. Mol. Teratol. 100, 202–216. doi:10.1002/bdra.23233
 Bai, L., Li, A., Gong, C., Ning, X., and Wang, Z. (2020). Protective effect of rutin against bleomycin induced lung fibrosis: involvement of TGF-β1/α-SMA/Col I and III pathway. Biofactors 46, 637–644. doi:10.1002/biof.1629
 Bancroft, J. D., and Gamble, M. (2007). Theory and Practice of histological techniques. 6th ed. London: Churchill Livingstone, 121–134. 
 Bellani, G., Laffey, J. G., Pham, T., Fan, E., Brochard, L., Esteban, A., et al. (2016). Epidemiology, patterns of care, and mortality for patients with acute respiratory distress syndrome in intensive care units in 50 countries. JAMA 315, 788–800. doi:10.1001/jama.2016.0291
 Chen, S., Bai, Y., Xia, J., Zhang, Y., and Zhan, Q. (2023). Rutin alleviates ventilator-induced lung injury by inhibiting NLRP3 inflammasome activation. iScience 26, 107866. doi:10.1016/j.isci.2023.107866
 Chen, W. Y., Huang, Y. C., Yang, M. L., Lee, C. Y., Chen, C. J., Yeh, C. H., et al. (2014). Protective effect of rutin on LPS-induced acute lung injury via down-regulation of MIP-2 expression and MMP-9 activation through inhibition of Akt phosphorylation. Int. Immunopharmacol. 22, 409–413. doi:10.1016/j.intimp.2014.07.026
 Daina, A., Michielin, O., and Zoete, V. (2019). SwissTargetPrediction: updated data and new features for efficient prediction of protein targets of small molecules. Nucleic Acids Res. 47, W357-W364–W364. doi:10.1093/nar/gkz382
 Davies, M., Nowotka, M., Papadatos, G., Dedman, N., Gaulton, A., Atkinson, F., et al. (2015). ChEMBL web services: streamlining access to drug discovery data and utilities. Nucleic Acids Res. 43, W612–W620. doi:10.1093/nar/gkv352
 Deepika, M. S., Thangam, R., Vijayakumar, T. S., Sasirekha, R., Vimala, R. T. V., Sivasubramanian, S., et al. (2019). Antibacterial synergy between rutin and florfenicol enhances therapeutic spectrum against drug resistant Aeromonas hydrophila. Microb. Pathog. 135, 103612. doi:10.1016/j.micpath.2019.103612
 De Kozak, Y., Thillaye-Goldenberg, B., Naud, M. C., Da Costa, A. V., Auriault, C., and Verwaerde, C. (2002). Inhibition of experimental autoimmune uveoretinitis by systemic and subconjunctival adenovirus-mediated transfer of the viral IL10 gene. Clin. Exp. Immunol. 130, 212–223. doi:10.1046/j.1365-2249.2002.01969.x
 Della Latta, V., Cecchettini, A., Del Ry, S., and Morales, M. A. (2015). Bleomycin in the setting of lung fibrosis induction: from biological mechanisms to counteractions. Pharmacol. Res. 97, 122–130. doi:10.1016/j.phrs.2015.04.012
 Deshmane, S. L., Kremlev, S., Amini, S., and Sawaya, B. E. (2009). Monocyte chemoattractant protein-1 (MCP-1): an overview. J. Interferon Cytokine Res. 29, 313–326. doi:10.1089/jir.2008.0027
 Dolinay, T., Kim, Y. S., Howrylak, J., Hunninghake, G. M., An, C. H., Fredenburgh, L., et al. (2012). Inflammasome-regulated cytokines are critical mediators of acute lung injury. Am. J. Respir. Crit. Care Med. 185, 1225–1234. doi:10.1164/rccm.201201-0003OC
 Dong, W. W., Feng, Z., Zhang, Y. Q., Ruan, Z. S., and Jiang, L. (2020). Potential mechanism and key genes involved in mechanical ventilation and lipopolysaccharide-induced acute lung injury. Mol. Med. Rep. 22, 4265–4277. doi:10.3892/mmr.2020.11507
 Doughty, L., Carcillo, J. A., Kaplan, S., and Janosky, J. (1998). The compensatory anti-inflammatory cytokine interleukin 10 response in pediatric sepsis-induced multiple organ failure. Chest 13, 1625–1631. doi:10.1378/chest.113.6.1625
 Dowdy, D. W., Eid, M. P., Dennison, C. R., Mendez-Tellez, P. A., Herridge, M. S., Guallar, E., et al. (2006). Quality of life after acute respiratory distress syndrome: a meta-analysis. Intensive Care Med. 32, 1115–1124. doi:10.1007/s00134-006-0217-3
 El-Fakharany, E. M., El-Maradny, Y. A., Ashry, M., Abdel-Wahhab, K. G., Shabana, M. E., and El-Gendi, H. (2023). Green synthesis, characterization, anti-SARS-CoV-2 entry, and replication of lactoferrin-coated zinc nanoparticles with halting lung fibrosis induced in adult male albino rats. Sci. Rep. 13, 15921. doi:10.1038/s41598-023-42702-0
 Farha, A. K., Gan, R. Y., Li, H. B., Wu, D. T., Atanasov, A. G., Gul, K., et al. (2022). The anticancer potential of the dietary polyphenol rutin: current status, challenges, and perspectives. Crit. Rev. Food Sci. Nutr. 62, 832–859. doi:10.1080/10408398.2020.1829541
 Fei, J., Fu, L., Hu, B., Chen, Y. H., Zhao, H., Xu, D. X., et al. (2019). Obeticholic acid alleviate lipopolysaccharide-induced acute lung injury via its anti-inflammatory effects in mice. Int. Immunopharmacol. 66, 177–184. doi:10.1016/j.intimp.2018.11.005
 Ferruelo, A., Peñuelas, Ó., and Lorente, J. A. (2018). MicroRNAs as biomarkers of acute lung injury. Ann. Transl. Med. 6, 34. doi:10.21037/atm.2018.01.10
 Gad El-Hak, H. N., Mohamed, O. E., and Nabil, Z. I. (2022). Evaluating the protective role of Deglycyrrhizinated licorice root supplement on bleomycin induced pulmonary oxidative damage. Mech. Methods 32, 180–193. doi:10.1080/15376516.2021.1977881
 Gao, M., Ma, Y., and Liu, D. (2013). Rutin suppresses palmitic acids-triggered inflammation in macrophages and blocks high fat diet-induced obesity and fatty liver in mice. Pharm. Res. 30, 2940–2950. doi:10.1007/s11095-013-1125-1
 Gao, Q., Li, Y., Pan, X., Yuan, X., Peng, X., and Li, M. (2016). Lentivirus expressing soluble ST2 alleviates bleomycin-induced pulmonary fibrosis in mice. Int. Immunopharmacol. 30, 188–193. doi:10.1016/j.intimp.2015.11.015
 García-Hidalgo, M. C., González, J., Benítez, I. D., Carmona, P., Santisteve, S., Pérez-Pons, M., et al. (2022). Identification of circulating microRNA profiles associated with pulmonary function and radiologic features in survivors of SARS-CoV-2-induced ARDS. Emerg. Microbes Infect. 11, 1537–1549. doi:10.1080/22221751.2022.2081615
 Gęgotek, A., Ambrożewicz, E., Jastrząb, A., Jarocka-Karpowicz, I., and Skrzydlewska, E. (2019). Rutin and ascorbic acid cooperation in antioxidant and antiapoptotic effect on human skin keratinocytes and fibroblasts exposed to UVA and UVB radiation. Arch. Dermatol Res. 311, 203–219. doi:10.1007/s00403-019-01898-w
 Guney, E., Menche, J., Vidal, M., and Barábasi, A. L. (2016). Network-based in silico drug efficacy screening. Nat. Commun. 7, 10331. doi:10.1038/ncomms10331
 Guo, H., Ji, F., Liu, B., Chen, X., He, J., and Gong, J. (2013). Peiminine ameliorates bleomycin-induced acute lung injury in rats. Mol. Med. Rep. 7, 1103–1110. doi:10.3892/mmr.2013.1312
 He, S., Chen, Z., Xue, C., Zhou, L., Li, C., Jiang, W., et al. (2022). MiR-9a-5p alleviates ventilator-induced lung injury in rats by inhibiting the activation of the MAPK signaling pathway via CXCR4 expression downregulation. Int. Immunopharmacol. 112, 109288. doi:10.1016/j.intimp.2022.109288
 Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009). Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4, 44–57. doi:10.1038/nprot.2008.211
 Huang, H. Y., Lin, Y. C., Cui, S., Huang, Y., Tang, Y., Xu, J., et al. (2022). miRTarBase update 2022: an informative resource for experimentally validated miRNA-target interactions. Nucleic Acids Res. 50, D222–D230. doi:10.1093/nar/gkab1079
 Huang, Y. C., Horng, C. T., Chen, S. T., Lee, S. S., Yang, M. L., Lee, C. Y., et al. (2016). Rutin improves endotoxin-induced acute lung injury via inhibition of iNOS and VCAM-1 expression. Environ. Toxicol. 31, 185–191. doi:10.1002/tox.22033
 Jiang, Z. F., Zhang, L., and Shen, J. (2020). MicroRNA: potential biomarker and target of therapy in acute lung injury. Hum. Exp. Toxicol. 39, 1429–1442. doi:10.1177/0960327120926254
 Johnson, E. R., and Matthay, M. A. (2010). Acute lung injury: epidemiology, pathogenesis, and treatment. J. Aerosol Med. Pulm. Drug Deliv. 23, 243–252. doi:10.1089/jamp.2009.0775
 Karunarathne, WAHM, Lee, K. T., Choi, Y. H., Kang, C. H., Lee, M. H., Kim, S. H., et al. (2024). Investigating rutin as a potential transforming growth factor-β type I receptor antagonist for the inhibition of bleomycin-induced lung fibrosis. Biofactors 50, 477–492. doi:10.1002/biof.2020
 Kauppinen, A., Suuronen, T., Ojala, J., Kaarniranta, K., and Salminen, A. (2013). Antagonistic crosstalk between NF-κB and SIRT1 in the regulation of inflammation and metabolic disorders. Cell Signal 25, 1939–1948. doi:10.1016/j.cellsig.2013.06.007
 Keiser, M. J., Roth, B. L., Armbruster, B. N., Ernsberger, P., Irwin, J. J., and Shoichet, B. K. (2007). Relating protein pharmacology by ligand chemistry. Nat. Biotech. 25, 197–206. doi:10.1038/nbt1284
 Kibble, M., Saarinen, N., Tang, J., Wennerberg, K., Makela, S., and Aittokallio, T. (2015). Network pharmacology applications to map the unexplored target space and therapeutic potential of natural products. Nat. Prod. Rep. 32, 1249–1266. doi:10.1039/c5np00005j
 Koval’skii, I. V., Krasnyuk, I. I., Krasnyuk, Jr I. I., Nikulina, O. I., Belyatskaya, A. V., Kharitonov, Y. Y., et al. (2014). Mechanisms of rutin pharmacological action (review). Pharm. Chem. J. 48, 73–76. (Review). doi:10.1007/s11094-014-1050-6
 Kseibati, M. O., Sharawy, M. H., and Salem, H. A. (2020). Chrysin mitigates bleomycin-induced pulmonary fibrosis in rats through regulating inflammation, oxidative stress, and hypoxia. Int. Immunopharmacol. 89, 107011. doi:10.1016/j.intimp.2020.107011
 Lee, H. R., Shin, S. H., Kim, J. H., Sohn, K. Y., Yoon, S. Y., and Kim, J. W. (2019). 1-Palmitoyl-2-Linoleoyl-3-Acetyl-rac-Glycerol (PLAG) rapidly resolves LPS-induced acute lung injury through the effective control of neutrophil recruitment. Front. Immunol. 10, 2177. doi:10.3389/fimmu.2019.02177
 Li, X. H., Huang, P., Cheng, H. P., Zhou, Y., Feng, D. D., Yue, S. J., et al. (2023). NMDAR activation attenuates the protective effect of BM-MSCs on bleomycin-induced ALI via the COX-2/PGE2 pathway. Heliyon 10, e23723. doi:10.1016/j.heliyon.2023.e23723
 Li, Y., Ma, P., Fu, J., Wu, J., and Wu, X. (2019). Combining an in silico approach with an animal experiment to investigate the protective effect of troxerutin for treating acute lung injury. BMC Complement. Altern. Med. 19, 124. doi:10.1186/s12906-019-2515-7
 Liu, Y., Gou, L., Fu, X., Li, S., Lan, N., and Yin, X. (2013). Protective effect of rutin against acute gastric mucosal lesions induced by ischemia-reperfusion. Pharm. Biol. 51, 914–919. doi:10.3109/13880209.2013.771375
 Liva, K., and Schmittgen, T. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2 (-Delta Delta C(T)) method. Methods 25, 402–408. doi:10.1006/meth.2001.1262
 López-Revuelta, A., Sánchez-Gallego, J. I., Hernández-Hernández, A., Sánchez-Yagüe, J., and Llanillo, M. (2006). Membrane cholesterol contents influence the protective effects of quercetin and rutin in erythrocytes damaged by oxidative stress. Chem. Biol. Interact. 161, 79–91. doi:10.1016/j.cbi.2006.03.004
 Lu, Q., Yu, S., Meng, X., Shi, M., Huang, S., Li, J., et al. (2022). MicroRNAs: important regulatory molecules in acute lung injury/acute respiratory distress syndrome. Int. J. Mol. Sci. 23, 5545. doi:10.3390/ijms23105545
 Lue, B. M., Nielsen, N. S., Jacobsen, C., Hellgren, L., Guo, Z., and Xu, X. (2010). Antioxidant properties of modified rutin esters by DPPH, reducing power, iron chelation and human low density lipoprotein assays. Food Chem. 123, 221–230. doi:10.1016/j.foodchem.2010.04.009
 McGeary, S. E., Lin, K. S., Shi, C. Y., Pham, T. M., Bisaria, N., Kelley, G. M., et al. (2019). The biochemical basis of microRNA targeting efficacy. Science 366, eaav1741. doi:10.1126/science.aav1741
 Mitchell, A., Wanczyk, H., Jensen, T., and Finck, C. (2020). Human induced pluripotent stem cells ameliorate hyperoxia-induced lung injury in a mouse model. Am. J. Transl. Res. 12, 292–307.
 Mokrá, D. (2020). Acute lung injury - from pathophysiology to treatment. Physiol. Res. 69, S353–S366. doi:10.33549/physiolres.934602
 Momi, S., Pitchford, S., Gresele, P., and Page, C. P. (2017). “Platelets and airway diseases,” in Platelets in thrombotic and non-thrombotic disorders (pathophysiology, pharmacology, and therapeutics: an update) ed . Editors P. Gresele, N. Kleiman, J. Lopez, and C. Page (Cham, Switzerland: Springer International Publishing AG), 1149–1168.
 Mowery, N. T., Terzian, W. T. H., and Nelson, A. C. (2020). Acute lung injury. Curr. Probl. Surg. 57, 100777. doi:10.1016/j.cpsurg.2020.100777
 Murray, V., Chen, J. K., and Chung, L. H. (2018). The interaction of the metallo-glycopeptide anti-tumour drug bleomycin with DNA. Int. J. Mol. Sci. 19, 1372. doi:10.3390/ijms19051372
 Muvhulawa, N., Dludla, P. V., Ziqubu, K., Mthembu, S. X. H., Mthiyane, F., Nkambule, B. B., et al. (2022). Rutin ameliorates inflammation and improves metabolic function: a comprehensive analysis of scientific literature. Pharmacol. Res. 178, 106163. doi:10.1016/j.phrs.2022.106163
 Nickel, J., Gohlke, B. O., Erehman, J., Banerjee, P., Rong, W. W., Goede, A., et al. (2014). SuperPred: update on drug classification and target prediction. Nucleic Acids Res. 42, W26–W31. doi:10.1093/nar/gku477
 Oluranti, O. I., Alabi, B. A., Michael, O. S., Ojo, A. O., and Fatokun, B. P. (2021). Rutin prevents cardiac oxidative stress and inflammation induced by bisphenol A and dibutyl phthalate exposure via NRF-2/NF-κB pathway. Life Sci. 284, 119878. doi:10.1016/j.lfs.2021.119878
 Pereira, S. G., and Oakley, F. (2008). Nuclear factor-kappaB1: regulation and function. Int. J. Biochem. Cell Biol. 40, 1425–1430. doi:10.1016/j.biocel.2007.05.004
 Piñero, J., Bravo, À., Queralt-Rosinach, N., Gutiérrez-Sacristán, A., Deu-Pons, J., Centeno, E., et al. (2017). DisGeNET: a comprehensive platform integrating information on human disease-associated genes and variants. Nucleic Acids Res. 45, D833-D839–D839. doi:10.1093/nar/gkw943
 Prasse, A., and Müller-Quernheim, J. (2009). Non-invasive biomarkers in pulmonary fibrosis. Respirology 14, 788–795. doi:10.1111/j.1440-1843.2009.01600.x
 Pugin, J., Verghese, G., Widmer, M. C., and Matthay, M. A. (1999). The alveolar space is the site of intense inflammatory and profibrotic reactions in the early phase of acute respiratory distress syndrome. Crit. Care Med. 27, 304–312. doi:10.1097/00003246-199902000-00036
 Qin, C. C., Liu, Y. N., Hu, Y., Yang, Y., and Chen, Z. (2017). Macrophage inflammatory protein-2 as mediator of inflammation in acute liver injury. World J. Gastroenterol. 23, 3043–3052. doi:10.3748/wjg.v23.i17.3043
 Rana, A. K., Sharma, S., Saini, S. K., and Singh, D. (2022). Rutin protects hemorrhagic stroke development via supressing oxidative stress and inflammatory events in a zebrafish model. Eur. J. Pharmacol. 925, 174973. doi:10.1016/j.ejphar.2022.174973
 Rehmsmeier, M., Steffen, P., Hochsmann, M., and Giegerich, R. (2004). Fast and effective prediction of microRNA/target duplexes. RNA 10, 1507–1517. doi:10.1261/rna.5248604
 Segerman, Z. J., Roy, B., and Hecht, S. M. (2013). Characterization of bleomycin-mediated cleavage of a hairpin DNA library. Biochemistry 52, 5315–5327. doi:10.1021/bi400779r
 Sharma, A., Tirpude, N. V., Kumari, M., and Padwad, Y. (2021). Rutin prevents inflammation-associated colon damage via inhibiting the p38/MAPKAPK2 and PI3K/Akt/GSK3β/NF-κB signalling axes and enhancing splenic Tregs in DSS-induced murine chronic colitis. Food Funct. 12, 8492–8506. doi:10.1039/d1fo01557e
 Shippee, B. M., Bates, J. S., and Richards, K. L. (2016). The role of screening and monitoring for bleomycin pulmonary toxicity. J. Oncol. Pharm. Pract. 22, 308–312. doi:10.1177/1078155215574294
 Stelzer, G., Rosen, N., Plaschkes, I., Zimmerman, S., Twik, M., Fishilevich, S., et al. (2016). The GeneCards Suite: from gene data mining to disease genome sequence analyses. Curr. Protoc. Bioinforma. 54, 1–33. doi:10.1002/cpbi.5
 Su, S., Li, X., Li, S., Ming, P., Huang, Y., Dong, Y., et al. (2019). Rutin protects against lipopolysaccharide-induced mastitis by inhibiting the activation of the NF-κB signaling pathway and attenuating endoplasmic reticulum stress. Inflammopharmacology 27, 77–88. doi:10.1007/s10787-018-0521-x
 Tanabe, T., and Tohnai, N. (2002). Cyclooxygenase isozymes and their gene structures and expression. Prostagl. Other Lipid Mediat 68-69, 95–114. doi:10.1016/s0090-6980(02)00024-2
 Tastsoglou, S., Alexiou, A., Karagkouni, D., Skoufos, G., Zacharopoulou, E., and Hatzigeorgiou, A. G. (2023). DIANA-microT 2023: including predicted targets of virally encoded miRNAs. Nucleic Acids Res. 51, W148–W153. doi:10.1093/nar/gkad283
 Tian, C., Shao, Y., Jin, Z., Liang, Y., Li, C., Qu, C., et al. (2022). The protective effect of rutin against lipopolysaccharide induced acute lung injury in mice based on the pharmacokinetic and pharmacodynamic combination model. J. Pharm. Biomed. Anal. 209, 114480. doi:10.1016/j.jpba.2021.114480
 Tosun, M., Olmez, H., Unver, E., Arslan, Y. K., Cimen, F. K., Ozcicek, A., et al. (2021). Oxidative and pro-inflammatory lung injury induced by desflurane inhalation in rats and the protective effect of rutin. Adv. Clin. Exp. Med. 30, 941–948. doi:10.17219/acem/136194
 Vaporidi, K., Vergadi, E., Kaniaris, E., Hatziapostolou, M., Lagoudaki, E., Georgopoulos, D., et al. (2012). Pulmonary microRNA profiling in a mouse model of ventilator-induced lung injury. Am. J. Physiol. Lung Cell Mol. Physiol. 303, L199–L207. doi:10.1152/ajplung.00370.2011
 Wang, M., Ma, X., Gao, C., Luo, Y., Fei, X., Zheng, Q., et al. (2023). Rutin attenuates inflammation by downregulating AGE-RAGE signaling pathway in psoriasis: network pharmacology analysis and experimental evidence. Int. Immunopharmacol. 125, 111033. doi:10.1016/j.intimp.2023.111033
 Wang, Y., Yuan, Y., Wang, W., He, Y., Zhong, H., Zhou, X., et al. (2022). Mechanisms underlying the therapeutic effects of Qingfeiyin in treating acute lung injury based on GEO datasets, network pharmacology and molecular docking. Comput. Biol. Med. 145, 105454. doi:10.1016/j.compbiomed.2022.105454
 Wu, Z. L., and Wang, J. (2019). Dioscin attenuates Bleomycin-induced acute lung injury via inhibiting the inflammatory response in mice. Exp. Lung Res. 45, 236–244. doi:10.1080/01902148.2019.1652370
 Xiao, C., Li, Q., Xiao, J., Chen, X., Yuan, J., Li, S., et al. (2023). miR-9 targeting RUNX1 improves LPS-induced alveolar hypercoagulation and fibrinolysis inhibition through NF-κB inactivation in ARDS. Int. Immunopharmacol. 120, 110318. doi:10.1016/j.intimp.2023.110318
 Ye, X., Ding, J., Zhou, X., Chen, G., and Liu, S. F. (2008). Divergent roles of endothelial NF-kappaB in multiple organ injury and bacterial clearance in mouse models of sepsis. J. Exp. Med. 205, 1303–1315. doi:10.1084/jem.20071393
 Yu, F., Li, B., Sun, J., Qi, J., De Wilde, R. L., Torres-de la Roche, L. A., et al. (2022). PSRR: a web server for predicting the regulation of miRNAs expression by small molecules. Front. Mol. Biosci. 9, 817294. doi:10.3389/fmolb.2022.817294
 Yu, W. N., Sun, L. F., and Yang, H. (2016). Inhibitory effects of Astragaloside IV on bleomycin-induced pulmonary fibrosis in rats via attenuation of oxidative stress and inflammation. Inflammation 39, 1835–1841. doi:10.1007/s10753-016-0420-5
 Zaghloul, M. S., Said, E., Suddek, G. M., and Salem, H. A. (2019). Crocin attenuates lung inflammation and pulmonary vascular dysfunction in a rat model of bleomycin-induced pulmonary fibrosis. Life Sci. 235, 116794. doi:10.1016/j.lfs.2019.116794
 Zarbock, A., and Ley, K. (2008). Mechanisms and consequences of neutrophil interaction with the endothelium. Am. J. Pathol. 172, 1–7. doi:10.2353/ajpath.2008.070502
 Zhang, L., Previn, R., Lu, L., Liao, R. F., Jin, Y., and Wang, R. K. (2018). Crocin, a natural product attenuates lipopolysaccharide-induced anxiety and depressive-like behaviors through suppressing NF-kB and NLRP3 signaling pathway. Brain Res. Bull. 142, 352–359. doi:10.1016/j.brainresbull.2018.08.021
 Zhang, Q., Lenardo, M. J., and Baltimore, D. (2017). 30 Years of NF-κB: a blossoming of relevance to human pathobiology. Cell 168, 37–57. doi:10.1016/j.cell.2016.12.012
 Zhang, T., Zhang, C., Luo, Y., Liu, S., Li, S., Li, L., et al. (2023). Protective effect of rutin on spinal motor neuron in rats exposed to acrylamide and the underlying mechanism. Neurotoxicology 95, 127–135. doi:10.1016/j.neuro.2023.01.009
 Zhao, F., Zhang, Y. F., Liu, Y. G., Zhou, J. J., Li, Z. K., Wu, C. G., et al. (2008). Therapeutic effects of bone marrow-derived mesenchymal stem cells engraftment on bleomycin-induced lung injury in rats. Transpl. Proc. 40, 1700–1705. doi:10.1016/j.transproceed.2008.01.080
 Zhao, H., Fu, L., Xiang, H. X., Xiang, Y., Li, M. D., Lv, B. B., et al. (2022). N-acetylcysteine alleviates pulmonary inflammatory response during benzo[a]pyrene-evoked acute lung injury. Environ. Sci. Pollut. Res. Int. 29, 3474–3486. doi:10.1007/s11356-021-15914-y
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Alatawi, Omran, Rashad, Abdel-Rahman and Soliman. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1522690-g005.gif
—F %






OPS/images/fphar-16-1522690-g006.gif





OPS/images/fphar-16-1522690-g003.gif
0000000000000000
0000000000000000
00000000000000000
000000 .o“.“.....
00000000000000000
. 0000000
10000000000
000000000

e

1000
0000006 “““
.......“““.

00000000
00000000






OPS/images/fphar-16-1522690-g004.gif





OPS/images/fphar-16-1522690-t001.jpg
MCP-1 (pg/mL) MIP-2 (pg/mL)

 Control 60.03 + 3.1 4220 £ 1.66
‘ Rutin 63.08 £ 402 47.07 £ 133
‘ BLM 37550 + 2.95° 16401 £ 2.07*
‘ BLM + rutin100 236.00 338 12997 + 152
‘ BLM + rutin200 112,69 + 2.76"< 81.52 £ 2.14%<

Data are expressed as mean + SEM. n = 6 for each experimental group. MCP-1: Monocyte chemoattractant protein-1, MIP-2: Macrophage inflammatory protein-2, BALF: bronchoalveolar
lavage fluid, BLM: bleomycin, rutin100: Rutin at a dose of 100 mg, rutin200: Rutin at a dose of 200 mg.
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