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Background: Evidence for the benefits of resveratrol (Res) in the treatment of asthma is progressively accumulating. However, the full spectrum of its molecular targets and the precise mechanisms remain incompletely characterized.Method: Targets of Res were obtained from Swiss Target Prediction, TCMCP, and DrugBank. Targets of asthma were obtained from DisGeNET, Therapeutic Target Database, GeneCards, and DrugBank. Intersecting target genes were identified by using jvenn. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomics (KEGG) enrichment analyses were performed using the R package clusterProfiler in R version 4.4.0. Protein–protein interaction networks were constructed using Cytoscape 3.9.1 software. Molecular docking validation of the binding capacity between Res and targets was performed using AutoDock Vina and visualized in PyMOL version 3.0.4. ELISA and Western blotting were used to verify the reliability of Res effects on the top five targets in both house dust mite (HDM)-induced asthma mouse model and BEAS-2B cell model.Results: After the intersection of the 236 Res targets and the 2,382 asthma targets, 120 targets for Res against asthma were obtained. The top five therapeutic targets based on weighted degree score were TNF, IL6, STAT3, TP53, and IL1B. GO enrichment analysis identified 2,595 significant terms, associated with 2,402 biological processes, followed by 153 molecular functions and 40 cellular components. KEGG enrichment analysis identified 107 relevant pathways, including “apoptosis,” “TNF signaling pathway,” and “MAPK signaling pathway.” Molecular docking showed that Res had a strong binding affinity toward the top five targets with binding energies less than −5.8 kcal/mol. Res treatment normalized the dysregulated expression of TNF-α, IL-6, STAT3, p53, and IL-1β both in vitro and in vivo.Conclusion: Res may target TNF-α, IL-6, STAT3, p53, and IL-1β to act as a therapeutic agent for asthma. These findings reveal the potential therapeutic targets for Res against asthma and provide theoretical bases for the clinical application of Res.Keywords: asthma, resveratrol, network pharmacology, molecular docking, airway inflammation
1 INTRODUCTION
Asthma, a heterogeneous disease impacting over 300 million individuals globally, results in approximately 250,000 deaths each year (Dharmage et al., 2019). In China, adults aged 14 years and above have a 1.24% prevalence rate of asthma (Lin et al., 2018). The adverse effects of prolonged oral corticosteroids (OCS) use and the high cost of biologics treatment place a heavy burden on both patients and the society.
Recent studies have revealed that various phytochemicals exhibit significant pharmacological activities in preclinical research (Nainwal et al., 2020; Arora et al., 2021; Arora et al., 2022a; Nainwal et al., 2022; Rahman et al., 2022; Jasemi et al., 2024; Nabi et al., 2024). Resveratrol (Res), a non-flavonoid polyphenol commonly found in plants such as grapes, peanuts, and berries, is primarily present in its trans form, known for its superior physiological activity compared to the cis form (Trela and Waterhouse, 1996; Wicinski et al., 2017). Res is metabolized primarily in the gastrointestinal tract and liver and is characterized by easy absorption, metabolism, and excretion (Wang and Sang, 2018). It is less distributed in lung tissue, but in vivo experiments have also demonstrated significant effects on the lung (Svilar et al., 2019). The multifaceted benefits of Res include anti-inflammatory, antioxidant, lipid-lowering, antiaging, and tumor-preventive properties (Csaki et al., 2008; Eo et al., 2013; Bellaver et al., 2014; Malaguarnera, 2019). It has been demonstrated that Res exerts therapeutic effects on a wide range of diseases, encompassing diabetes, cardiovascular disease, and cancer (Cai et al., 2020; Ren et al., 2021; Liu et al., 2022; Su et al., 2022; Rahimifard et al., 2023). A plethora of clinical trials have validated the therapeutic efficacy and low toxicity of Res (Brown et al., 2010; Howells et al., 2011; Beijers et al., 2020), and its clinical application is promising. Res has also exhibited beneficial effects in various asthma models (Lee et al., 2009; Chen et al., 2015; André et al., 2016; Li et al., 2018; Jiang et al., 2019). It can target different cell types involved in asthma pathophysiology, including airway epithelial cells (AECs), mast cells, and eosinophils (Han et al., 2015; Hu et al., 2016; Xu et al., 2020; Zeng et al., 2022). Nevertheless, the details of the targets and related pathways of Res in asthma remain to be elucidated.
Network pharmacology uses a combination of computational and experimental methods to integrate large amounts of information, thereby facilitating the identification of novel discoveries (Zhao et al., 2023; Muhammed and Aki-Yalcin, 2024). It has been demonstrated to be a potent instrument in elucidating the mechanisms of action of complex drug systems, with the potential to expedite the drug development process. Molecular docking elucidates intermolecular interactions by predicting three-dimensional (3D) binding configurations to guide rational drug design (Nainwal et al., 2014; Pinzi and Rastelli, 2019; Muhammed and Aki-Yalcin, 2024). Although Res has shown potential in asthma treatment, comprehensive network pharmacology studies in this area are still lacking.
This study employed network pharmacology and molecular docking to identify Res-related targets and signaling pathways relevant to asthma intervention. To authenticate the credibility of the computational findings, we validated the effect of Res on target genes in both a house dust mite (HDM)-induced asthma mouse model and a BEAS-2B cell model. Given the results of this study, Res could potentially offer a new avenue for asthma management. The detailed framework of this investigation is visually depicted in Figure 1.
[image: Figure 1]FIGURE 1 | Research flowchart.
2 MATERIALS AND METHODS
2.1 Drug targets of RES
The chemical structure of Res was obtained, and the canonical SMILES were recorded through the PubChem database (https://pubchem.ncbi.nlm.nih.gov/, accessed in January 2025). Three databases, TCMCP (https://test.tcmsp-e.com/tcmsp.php, accessed in January 2025), Swiss Target Prediction (http://swisstargetprediction.ch/, accessed in January 2025), and DrugBank (https://go.drugbank.com/, accessed in January 2025), were combined to acquire target genes for Res. The data obtained from the aforementioned databases were merged, with any duplicates being removed.
2.2 Therapeutic targets for asthma
Four databases, DisGeNET (https://www.disgenet.org/, accessed in January 2025), Therapeutic Target Database (https://db.idrblab.net/ttd/, accessed in January 2025), GeneCards (https://www.genecards.org/, accessed in January 2025), and DrugBank (https://go.drugbank.com/, accessed in January 2025), were used to screen potential asthma targets. The merged and de-duplicated targets from the DisGeNET (GDAs score>0.06), GeneCards (relevance score>1), Therapeutic Target database, and DrugBank were selected as targets of asthma.
2.3 Protein–protein interaction networks
Intersections of Res and asthma targets were performed by jvenn (https://xcmsonline.scripps.edu/lib/jvenn/example.html). The STRING database (https://cn.string-db.org//, accessed in January 2025) was used to construct the PPI network, which was visualized in Cytoscape version 3.91 using the tsv file. The degree of interaction for each protein node within the constructed network was evaluated.
2.4 GO and KEGG enrichment analysis
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomics (KEGG) pathway analyses were completed using the R package clusterProfiler in R version 4.40. GO analyses comprise three main categories: molecular function (MF), which describes the biochemical activities of gene products; cellular component (CC), which defines their subcellular localization; and biological process (BP), which outlines broader physiological pathways. The top 10 GO annotations and top 20 KEGG pathways (p < 0.05) were assigned for further visualization.
2.5 Molecular docking
The top five hub genes were utilized for additional molecular docking to investigate the interaction of Res with targets. The 3D structure of Res was optimized using the MM2 molecular mechanics method in the Chem3D software. Hub protein structures were acquired from the RCSB Protein Data Bank (PDB, https://www.rcsb.org, accessed in January 2025). Water molecules and small ligands were deleted using PyMOL version 3.0.4, and hydrogen atoms were subsequently added with AutoDock Tools version 1.5.7. A grid box was generated around the active site of the receptor to facilitate subsequent molecular docking. Semi-flexible docking of the receptor to the corresponding ligand was performed using AutoDock Vina. The most stable receptor–ligand complexes were selected by evaluating the global minimum binding energy, hydrogen bonding interactions, and ligand occupancy within the active pocket. The optimal docking conformation was exported, followed by visualization of interacting residues and hydrogen bonds using PyMOL (Seeliger and de Groot, 2010; Parida et al., 2013; Nainwal et al., 2018). Two-dimensional (2D) visualization of molecular docking interactions was performed using LigPlot+ software.
2.6 The measurement of cell viability
BEAS-2B cells (Meisen, Cat# CTCC-400-0007) were treated with the Cell Counting Kit-8 reagent (Biosharp, Cat# BS350A) for the assessment of cell viability. Cells were plated in 96-well culture plates at a density of approximately 2 × 103 cells per well. Cells were cultured and treated with Res at six different concentrations (0, 10, 20, 40, 80, and 100 μM) and stimulated 1 h later with 800 μM HDM (Biolead, Cat# XPB82D3A25). After treatment periods of 6, 12, 24, and 48 h, 10 μL CCK-8 was added to each well and incubated for 1–4 h. Absorbance was assessed at 450 nm.
2.7 Cell culture
DMEM/F12 medium (Gibco, Cat# 6124491) was used for cell culture. At 80% confluency, the cells were randomly distributed into the control, model, and Res groups. Cells were starved for 12 h after cell density reached approximately 70%, followed by 10 μM Res (MedChemExpress, Cat# HY-16561) treatment for 1 h. Following a 24-h stimulation period with 800 μM HDM, the cells were collected for subsequent research.
2.8 Animal and experiment design
An asthma model was established using female BALB/c mice (18–22 g, 6–8 weeks old, Beijing Vital River Laboratory Animal Technology Co., Ltd.). All relevant animal interventions were performed according to the ARRIVE guidelines. Mice were randomly assigned to three distinct groups (n = 7): (1) control group, (2) model group, and (3) Res group. The asthma model was constructed by HDM induction, and the experimental protocol was optimized according to the established sensitization paradigms (Johnson et al., 2004; Chen et al., 2018b; Yang et al., 2019; Daubeuf and Frossard, 2021). Sensitization phase: on days 0, 3, and 7, mice in the model and Res groups received intraperitoneal injections of 50 μg HDM (dissolved in 100 μL PBS), whereas mice in the control group received PBS alone. Challenge phase: from day 15 to day 21, mice in the model and Res groups were subjected to daily intranasal instillation of 50 μg HDM dissolved in 50 μL PBS. Prior to each HDM stimulation, resveratrol (100 mg/kg) was intraperitoneally injected daily into mice in the Res group, whereas mice in the control group received PBS following the same schedule. Airway hyperresponsiveness (AHR) was calculated, and the mice were euthanized on day 23.
2.9 Evaluations of AHR
Lung resistance was measured with the FinePointe Whole Body Volume Profiling System—WBP for assessment of AHR (Lim et al., 2014; Chen et al., 2018a; Varshneya et al., 2022). Following calibration and zeroing of the instrument, methacholine was nebulized at six levels (0, 3.125, 6.25, 12.5, 25, and 50 mg/mL). One lung function test time comprises several distinct stages: adaptation time of 10 min, nebulization time of 3 min, reaction time of 5 min, and recovery time of 1 min. As enhanced pause (Penh) demonstrates the highest sensitivity for reflecting AHR in murine models (Hamelmann et al., 1997; Flanagan et al., 2019; Yao et al., 2019; Hajimohammadi et al., 2020; Li et al., 2020), we quantitatively assessed AHR by measuring Penh values in this study.
2.10 Assessment of lung tissue inflammation
Lung tissue was fixed in 4% paraformaldehyde for ≥24 h. Paraffin embedding and sectioning were then performed. Tissue sections underwent hematoxylin and eosin (H&E) staining for histological evaluation, followed by microscopic examination and image acquisition. The lung tissue as a whole was observed at 50 magnifications, and the differences in alveoli, vessels, and trachea area were observed separately at 400 magnifications.
2.11 Western blotting
As intracellular proteins, the protein expression of p53 and STAT3 in lung tissue and AECs was assessed by Western blotting. Protein samples (50 μg per lane) were electrophoresed on a 10% SDS-PAGE gel and subsequently transferred onto PVDF membranes (0.45 μm; Millipore, Cat# IPVH00010) via wet blotting. Membranes were blocked for 10 min at room temperature using a protein-free rapid blocking buffer (Epizyme, Cat# PS108P), followed by overnight incubation with primary antibodies at 4°C under gentle agitation (β-actin: Proteintech, Cat# 66009-1-Ig; STAT3: Proteintech, Cat# 80149-1-RR; p53: Proteintech, Cat# 21891-1-AP). After washing, the membranes were then incubated with an HRP-conjugated goat anti-rabbit secondary antibody (Epizyme, Cat# LF102) for 1 h. ImageJ software was used to analyze protein bands, and the expression levels were normalized against β-actin.
2.12 Enzyme-linked immunosorbent assay
Secreted proteins, cell supernatants, and lung tissue homogenates were analyzed for IL-1β, IL-6, and TNF-α levels using ELISA. All ELISA kits were purchased from MultiSciences Biotech Co., Ltd. (Hangzhou, China). The experimental steps were performed according to the instructions, with four sub-holes per group. Finally, the OD values at 450 nm and 630 nm (or 570 nm) were measured. The calibration OD value is the measurement at 450 nm minus the measurement at 630 nm (or 570 nm).
2.13 Statistical analysis
GraphPad Prism 9.0 was employed for statistical analyses. A t-test was utilized to analyze differences between two groups, whereas one-way ANOVA was applied for comparisons across multiple groups. Data were expressed as mean ± standard deviation (SD), and p < 0.05 was deemed statistically significant.
3 RESULTS
3.1 Acquisition of Res targets and asthma targets
The TCMCP, DrugBank, and SwissTargetPrediction databases contain 141, 26, and 69 Res targets, respectively. We combined the three database targets and removed 22 duplicates to obtain 236 Res targets for further analysis (Figure 2A). In the DrugBank, DisGeNET, GeneCards, and TTD databases, 150, 209, 2,246, and 99 asthma-related targets were identified, respectively. A total of 2,382 disease targets were obtained after removing 323 redundant targets (Figure 2B).
[image: Figure 2]FIGURE 2 | Identification of therapeutic targets for Res against asthma using Venn diagram. (A) Targets of Res. (B) Targets of asthma. (C) Intersection of Res and asthma genes.
3.2 Acquisition of intersecting genes and construction of the PPI network
By intersecting the above Res targets with asthma targets, 120 potential Res targets for asthma were obtained (Figure 2C). After importing 120 targets into the STRING database, 113 nodes and 892 edges were obtained in the PPI network. The degree of the node is directly proportional to its size and darkness (Figure 3A). The top five therapeutic targets according to the weighted degree score were TNF, IL6, STAT3, TP53, and IL1B (Figure 3B).
[image: Figure 3]FIGURE 3 | Protein–protein interaction network of Res targets against asthma. (A) Protein interactions of all intersecting genes. The color of the nodes reflects the degree of connectivity. (B) Protein interactions of the TOP 10 overlapping genes.
3.3 GO and KEGG enrichment analyses
GO analysis identified 2,595 significant terms, which were predominantly associated with biological processes (2,402 terms, 92.6%), molecular functions (153 terms, 5.9%), and cellular components (40 terms, 1.5%). The top 10 CC, BP, and MF terms are shown in Figure 4A. The top enriched BP terms included “response to xenobiotic stimulus,” “cell response to chemical stress,” “response to oxidative stress,” and “response to hypoxia,” suggesting a potent modulatory effect on oxidative stress. For MF, these genes were associated with DNA-binding transcription factor binding, RNA polymerase II-specific DNA-binding transcription factor binding, and cytokine receptor binding, among others. In terms of CC, these genes participated in the membrane raft, membrane microdomain, external side of the plasma membrane, and apical part of the cell, among others. KEGG enrichment analysis identified 107 relevant pathways. The top 20 pathways in the list of results are shown in Figure 4B. The top enriched pathways include “apoptosis,” “TNF signaling pathway,” and “MAPK signaling pathway.” It indicates that Res may be involved in regulating inflammation and apoptosis, demonstrating its multi-targeted regulatory capacity. Notably, top three targets (TNF, IL1B, and IL6) were enriched in the TNF signaling pathway (Figure 4C), suggesting their potential coordination in Res’s anti-inflammatory action.
[image: Figure 4]FIGURE 4 | Enrichment analysis of 120 intersected targets. (A) Top 10 GO enrichment terms. BP: biological process, CC: cellular component, and MF: molecular function. (B) Top 20 KEGG enrichment analysis item. (C) TNF signaling pathway.
3.4 Molecular docking between Res and targets
A molecular docking analysis was conducted on five core target proteins, namely, TNF-α, IL-6, STAT3, p53, and IL-1β. Figure 5 shows the specific docking sites and the number of hydrogen bonds between the Res and the target proteins. Additionally, Figure 6 provides 2D interaction diagrams. In general, the results revealed good binding capabilities between Res and these proteins, with binding energies ≤ −5.8 kcal/mol (Table 1). Notably, the binding affinity of TNF-α was the highest, with a value of −7.9 kcal/mol, where Res stabilized the interface through 2.3 Å (SER-60) and 2.1 Å (LEU-120) hydrogen bonds. In summary, Res demonstrates robust binding affinities with all five core targets.
[image: Figure 5]FIGURE 5 | 3D map of the binding sites between Res and the top five target proteins: (A) TNF-α, (B) STAT3, (C) IL-6, (D) IL-1β, and (E) p53. Res is shown in red. Targets are shown in cyan. Hydrogen bonds and key residues are labeled in the diagrams.
[image: Figure 6]FIGURE 6 | 2D map of the binding sites between Res and the top five target proteins: (A) TNF-α, (B) STAT3, (C) IL-6, (D) IL-1β, and (E) p53.
TABLE 1 | Detailed presentation of molecular docking results.
[image: Table 1]3.5 Effects of Res on AHR, airway inflammation in mice
The HDM-induced asthma model was successfully established (Figure 7A). At the baseline, the variation in AHR among the three groups did not attain statistical significance (p > 0.05). As the concentration of airway nebulized methacholine increased, AHR increased in all three groups of mice. The overall trend showed that the most obvious elevation of AHR was observed in the model group (Figure 7B). When the concentration of methacholine reached 50 mg/mL, the model group displayed a significantly elevated AHR relative to the control group (p < 0.0001), whereas Res intervention induced a significant decline in AHR (p < 0.0001). This indicated that AHR was significantly alleviated after Res intervention.
[image: Figure 7]FIGURE 7 | Effects of Res on AHR, lung histopathology. (A) Diagram of the experimental protocol. (B) Determination of AHR after treatment with methacholine (n = 3). (C) H&E staining to determine inflammatory cell infiltration in the lung (×50, 50 magnification; ×400, 400 magnification).
The model group showed significant inflammatory cell infiltration in the peribronchial regions, perivascular areas, and lung parenchyma compared to the control group (Figure 7C). Notably, the inflammatory infiltration was more pronounced in peribronchial tissues than in perivascular compartments. After Res intervention, the inflammatory infiltration around the peribronchial regions, perivascular areas, and lung parenchyma showed significant improvement.
Overall, the control group demonstrated substantial airway inflammatory infiltration and heightened AHR, validating the successful induction of the asthma phenotype in the experimental model. Importantly, the Res group revealed that Res effectively attenuates both airway inflammation and AHR.
3.6 Effect of Res on cell viability
In vitro, we systematically assessed the dose- and time-dependent effects of Res on the viability of AECs using CCK-8 assays. Compared to the control group (0 μM), Res showed an effect of promoting cell proliferation within 48 h at concentrations below 20 μM (Figure 8). However, when the concentration was between 40 μM and 160 μM, Res inhibited cell proliferation to a different extent, which was related to the concentration gradient of Res. This is an indication that there is a significant pharmacological toxicity effect on AECs when the Res concentration is greater than 40 μM. In this study, 10 μM Res was chosen as the experimental concentration because it had the most significant effect on promoting cell proliferation at all time points.
[image: Figure 8]FIGURE 8 | Effect of Res on proliferation of BESE-2B cells. (A–C) Changes in cell viability at different concentrations of resveratrol with various interventions, ns: p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001, and ****: p < 0.0001. (D) Diagram of the HDM-induced cell model.
3.7 Effect of Res on target protein expression in vivo and in vitro
In vitro, treatment of cells with 10 μM Res reversed the abnormal expression of STAT3 and p53 in BEAS-2B cells induced by HDM (Figure 9A). Notably, the expression levels of IL-6, IL-1β, and TNF-α in supernatants, as inflammation factors and target proteins, were also higher when induced by HDM, whereas the expression levels of those proteins decreased with Res intervention (Figure 10A). The results demonstrated that Res downregulated the expression of STAT3, p53, IL-6, IL-1β, and TNF-α, exerting protective effects against HDM-induced AEC injury by suppressing inflammatory responses.
[image: Figure 9]FIGURE 9 | Effect of Res on protein expression of the targets (p53 and STAT3) measured by Western blotting. (A) p53 and STAT3 levels in cell supernatants. (B) Effect of Res on p53 and STAT3 levels in lung tissue homogenates.
[image: Figure 10]FIGURE 10 | Effect of Res on protein expression of the targets (IL-1β, TNF-α, and IL-6) measured by ELISA. (A) IL-1β, TNF-α, and IL-6 levels in cell supernatants. (B) IL-1β, TNF-α, and IL-6 levels in lung tissue homogenates.
In the lung tissues, STAT3 and p53 protein levels were markedly elevated in the model group compared to the control group. However, administration of Res (100 mg/kg) effectively normalized the overexpression of both STAT3 and p53 (Figure 9B). The concentrations of IL-6, IL-1β, and TNF-α in lung tissue homogenates were higher when induced by HDM, whereas Res decreased the expression levels of those proteins (Figure 10B). In conclusion, Res normalized the expression of the top five targets (TNF-α, IL-6, STAT3, p53, and IL-1β) and alleviated HDM-induced pulmonary inflammation, with consistent inhibitory trends observed in AECs.
4 DISCUSSION
The antioxidant, immunomodulatory, and anti-inflammatory properties of dietary polyphenols in chronic inflammatory diseases have been comprehensively investigated (Maleki et al., 2019; Lalit Mohan Nainwal and Arora, 2022; Poonam Arora, 2024). Of note, Res, a representative small polyphenolic molecule within this class, exhibits a promising therapeutic potential for the treatment of respiratory diseases (Yang et al., 2010; Wang et al., 2017; Wang et al., 2018). Notably, Res has been demonstrated in multiple studies to alleviate airway inflammation and AHR in asthma (Lee et al., 2009; Royce et al., 2011; Chen et al., 2015; Lee et al., 2017; Jiang et al., 2019). Nevertheless, the mechanisms underlying these therapeutic effects remain incompletely described, hampering the translational development of Res into clinical practice.
In this study, network pharmacological analysis highlighted TNF, IL6, STAT3, TP53, and IL1B as the top five core targets of Res, suggesting their potential role in asthma treatment. Further exploration of the specific binding sites for Res was performed using molecular docking validation, which indicated that the top five core targets exhibited strong binding affinity for Res. Finally, the relevant targets were validated using both HDM-induced mouse models and AEC models.
HDM is one of the most common sources of indoor allergens and is closely associated with the development of asthma (Calderón et al., 2015). In comparison with ovalbumin (OVA), HDM has been shown to induce a more clinically relevant animal model of asthma. The current study revealed marked airway inflammatory infiltration and elevated AHR in HDM-stimulated mice, aligning with prior findings (Hammad et al., 2009; Chen et al., 2015; Shim et al., 2022). Notably, Res significantly attenuated airway inflammation and AHR in vivo. Structural and functional impairment of AECs initiates asthma pathogenesis by driving cytokine-mediated activation of innate and adaptive immune pathways, triggering inflammatory cascades (Yang et al., 2021; Qin et al., 2024). In vitro, our data demonstrated that Res enhanced AEC viability in a concentration-dependent manner, peaking at 10 μM. Furthermore, Res reversed HDM-induced aberrant protein expression of TNF-α, IL-6, STAT3, p53, and IL-1β both in vivo and in vitro.
STAT3 single-nucleotide polymorphism is associated with decreased lung function in asthma patients (Litonjua et al., 2005). The activation of Th2, Th17 cells, and macrophages is mediated by STAT3, which also drives the pulmonary infiltration of neutrophils and eosinophils (Chaudhry et al., 2009; Stritesky et al., 2011; Nakamura et al., 2015; Wei et al., 2018). Studies have shown that Res attenuates inflammatory responses by modulating STAT3 expression. Res may prevent acute lung injury induced by zinc chloride fumes by downregulating STAT3 (Wang et al., 2022). Another study showed that Res downregulated STAT3 expression and attenuated the inflammatory reaction observed in RAW264.7 macrophages stimulated with lipopolysaccharide (Ma et al., 2017). However, limited studies have investigated the function of STAT3 in Res-mediated asthma treatment. Our study demonstrates that Res reduces the expression of STAT3 proteins in lung tissue and AECs. In addition, the JAK–STAT signaling pathway was identified as one of the enriched pathways. Collectively, the downregulation of STAT3 expression and its associated signaling pathways likely underlie Res’s therapeutic effects in asthma treatment.
TP53 governs multiple biological processes, including the induction of cell-cycle arrest, senescence, and apoptosis (Li et al., 2012). In addition, TP53 participates in immune regulation, inflammation generation, and other related processes (Chamoto et al., 2020). Res can significantly induce cell-cycle arrest and apoptosis in eosinophils from asthma patients by increasing the levels of p53 and p21 (Hu et al., 2016). Our data demonstrated a significant reduction in p53 protein expression by Res in lung tissue and AECs. Moreover, our findings showed that KEGG enrichment analysis identified the apoptosis and p53 signaling pathways. These findings suggest that Res may attenuate asthmatic airway inflammation by modulating p53 expression and related pathways.
As secreted proteins, IL-6, TNF-α, and IL-1β, detected by ELISA, serve as indicators of both the regulatory effects of Res on target gene expression and inflammatory responses. IL-1β is an important regulator of AHR and Th2 cell-associated inflammatory cytokine production (Schmitz et al., 2003; Liao et al., 2015; Burbank et al., 2021). Res attenuates IL-1β expression in AECs induced by cigarette smoke extract (Zeng et al., 2022). This study provides the first evidence that Res attenuates IL-1β expression in asthmatic mice, as shown by reduced IL-1β levels in the lung tissue and cell supernatants. IL-6 modulates CD4+ Th2 and Th17 cell activity, directly influencing T-cell differentiation processes (Jones et al., 2010; Smith and Maizels, 2014; Gubernatorova et al., 2018). IL-6 was elevated in asthmatics and correlated with disease severity (Virchow et al., 1996; Morjaria et al., 2011). In a PM2.5-induced guinea pig model of asthma, Res reduced the expression level of IL-6 in bronchoalveolar lavage fluid (Morales-Rubio et al., 2022). Another study demonstrated that Res significantly reduced IL-33-induced IL-6 production, which is linked to mast cell-mediated inflammation (Xu et al., 2020). The present study showed that Res reduced IL-6 expression in lung tissue and cell supernatants. As a key pro-inflammatory cytokine, TNF-α stimulates the secretion of various inflammatory molecules, thereby exacerbating inflammatory cascades (Lykouras et al., 2008; Malaviya et al., 2017; Gough and Myles, 2020; Alshevskaya et al., 2022; Arora et al., 2022b; Arora et al., 2022c). Res was found to reduce the level of TNF-α expression in the lungs (Chen et al., 2015; André et al., 2016; Jiang et al., 2019; Morales-Rubio et al., 2022). Furthermore, Res has been demonstrated to attenuate the expression levels of TNF-α in AECs induced by cigarette smoke extract (Zeng et al., 2022). Consistent with previous studies, the present study showed that Res reduced TNF-α expression in lung tissue and cell supernatants.
Pathway analysis revealed that TNF-α, IL-6, and IL-1β—the core targets identified in our study—are integral components of the TNF signaling pathway. The TNFR1 signaling axis primarily orchestrates the stimulation of NF-κB and MAPK cascades (Sabio and Davis, 2014; Varfolomeev and Vucic, 2018). Res has been reported to suppress both NF-κB and MAPK pathways. An experimental study showed that Res ameliorated airway inflammation and structural remodeling via targeting the HMGB1/TLR4/NF-κB pathway (Jiang et al., 2019). Another study demonstrated that Res suppressed the secretion of Th2 cytokines from RBL-2H3 cells via the MAPK signaling pathway (Han et al., 2015). Our findings extend these observations by demonstrating Res’s ability to downregulate TNF-α, IL-6, and IL-1β in mice and AECs. Whereas direct inhibition of TNFR1 signaling intermediates was not assessed here, the coordinated reduction of these downstream cytokines strongly suggests Res’s multitiered modulation of the TNF pathway. This aligns with its pleiotropic anti-inflammatory effects.
As far as we are aware, previous studies have not systematically explored both the identification and functional validation of Res’s therapeutic targets in asthma. The strength of this study is that we comprehensively identified the core targets of Res for asthma using computational and experimental methods.
Nevertheless, certain limitations exist in this study. First, following the identification of target genes, the associated signaling pathways were not experimentally validated in this study. Second, a comparative analysis between Res and other medications employed in the treatment of asthma was not conducted. Furthermore, a combined intervention was not implemented to provide a more comprehensive evaluation of the effect of Res on asthma.
Therefore, further validation of the pathways is essential, and the mechanisms and effects of Res in asthma treatment should be studied in combination with conventional asthma medications. Finally, there is a paucity of relevant clinical trials, and the optimal dose and bioavailability of Res still need to be determined by animal and clinical experiments.
5 CONCLUSION
In this paper, we comprehensively identified Res targets for asthma using network pharmacology combined with experimental validation. Res treatment reversed the aberrant protein expression of genes such as TNF, IL6, STAT3, TP53, and IL1B. It was also further confirmed that Res could reduce asthma airway inflammation and AHR. The present study comprehensively revealed the potential targets of Res in asthma and provided a solid foundation for further application of Res in clinical practice.
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 the Animal Experimentation Ethics Committee of the China–Japan Friendship Hospital (No. ZRDWLL230140). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
LC: data curation, formal analysis, methodology, writing – original draft, writing – review and editing, software, validation, conceptualization, and visualization. HX: data curation and writing – review and editing. LB: writing – review and editing. SB: writing – review and editing. ZM: writing – review and editing. ZS: writing – review and editing. ZJ: writing – review and editing. LJ: conceptualization, funding acquisition, methodology, project administration, supervision, and writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the National Natural Science Foundation of China (8217010602).
ACKNOWLEDGMENTS
The authors would like to thank all the research workers in the Asthma Research Group of the National Respiratory Center of the China–Japan Friendship Hospital for critical reading of the manuscript.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
CORRECTION NOTE
This article has been corrected with minor changes. These changes do not impact the scientific content of the article.
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.2025.1596737/full#supplementary-material
REFERENCES
 Alshevskaya, A., Zhukova, J., Kireev, F., Lopatnikova, J., Evsegneeva, I., Demina, D., et al. (2022). Redistribution of TNF receptor 1 and 2 expression on immune cells in patients with bronchial asthma. Cells 11 (11), 1736. doi:10.3390/cells11111736
 André, D. M., Calixto, M. C., Sollon, C., Alexandre, E. C., Leiria, L. O., Tobar, N., et al. (2016). Therapy with resveratrol attenuates obesity-associated allergic airway inflammation in mice. Int. Immunopharmacol. 38, 298–305. doi:10.1016/j.intimp.2016.06.017
 Arora, P., Ansari, S. H., and Nainwal, L. M. (2021). L. (Calophyllaceae) exerts therapeutic effects in allergic asthma by modulating cytokines production in asthmatic rats. Turkish J. Bot. 45 (8), 820–832. doi:10.3906/bot-2111-22
 Arora, P., Ansari, S. H., and Nainwal, L. M. (2022a). Clerodendrum serratum extract attenuates production of inflammatory mediators in ovalbumin-induced asthma in rats. Turkish J. Chem. 46(2),330–341. doi:10.3906/kim-2107-22
 Arora, P., Athari, S. S., and Nainwal, L. M. (2022b). Piperine attenuates production of inflammatory biomarkers, oxidative stress and neutrophils in lungs of cigarette smoke-exposed experimental mice. Food Biosci. 49, 101909. doi:10.1016/j.fbio.2022.101909
 Arora, P., Nainwal, L. M., Gupta, G., Singh, S. K., Chellappan, D. K., Oliver, B. G., et al. (2022c). Orally administered solasodine, a steroidal glycoalkaloid, suppresses ovalbumin-induced exaggerated Th2-immune response in rat model of bronchial asthma. Chemico-Biological Interact. 366, 110138. doi:10.1016/j.cbi.2022.110138
 Beijers, R. J. H. C. G., Gosker, H. R., Sanders, K. J. C., de Theije, C., Kelders, M., Clarke, G., et al. (2020). Resveratrol and metabolic health in COPD: a proof-of-concept randomized controlled trial. Clin. Nutr. 39 (10), 2989–2997. doi:10.1016/j.clnu.2020.01.002
 Bellaver, B., Souza, D. G., Souza, D. O., and Quincozes-Santos, A. (2014). Resveratrol increases antioxidant defenses and decreases proinflammatory cytokines in hippocampal astrocyte cultures from newborn, adult and aged Wistar rats. Toxicol. Vitro 28 (4), 479–484. doi:10.1016/j.tiv.2014.01.006
 Brown, V. A., Patel, K. R., Viskaduraki, M., Crowell, J. A., Perloff, M., Booth, T. D., et al. (2010). Repeat dose study of the cancer chemopreventive agent resveratrol in healthy volunteers: safety, pharmacokinetics, and effect on the insulin-like growth factor Axis. Cancer Res. 70 (22), 9003–9011. doi:10.1158/0008-5472.Can-10-2364
 Burbank, A. J., Schworer, S. A., Sood, A., Almond, M., Chason, K., Bean, N., et al. (2021). Airway IL-1β associates with IL-5 production following dust mite allergen inhalation in humans. Respir. Res. 22 (1), 309. doi:10.1186/s12931-021-01903-9
 Cai, T. T., Ye, X. L., Li, R. R., Chen, H., Wang, Y. Y., Yong, H. J., et al. (2020). Resveratrol modulates the gut microbiota and inflammation to protect against diabetic nephropathy in mice. Front. Pharmacol. 11, 1249. doi:10.3389/fphar.2020.01249
 Calderón, M. A., Linneberg, A., Kleine-Tebbe, J., De Blay, F., de Rojas, D. H. F., Virchow, J. C., et al. (2015). Respiratory allergy caused by house dust mites: what do we really know?J. Allergy Clin. Immunol. 136 (1), 38–48. doi:10.1016/j.jaci.2014.10.012
 Chamoto, K., Hatae, R., and Honjo, T. (2020). Current issues and perspectives in PD-1 blockade cancer immunotherapy. Int. J. Clin. Oncol. 25 (5), 790–800. doi:10.1007/s10147-019-01588-7
 Chaudhry, A., Rudra, D., Treuting, P., Samstein, R. M., Liang, Y. Q., Kas, A., et al. (2009). CD4+ regulatory T cells control TH17 responses in a Stat3-dependent manner. Science 326 (5955), 986–991. doi:10.1126/science.1172702
 Chen, J. C., Tsai, C. C., Hsieh, C. C., Lan, A., Huang, C. C., and Leu, S. F. (2018a). Multispecies probiotics combination prevents ovalbumin-induced airway hyperreactivity in mice. Allergologia Immunopathol. 46 (4), 354–360. doi:10.1016/j.aller.2018.02.001
 Chen, J. X., Zhou, H., Wang, J. L., Zhang, B. P., Liu, F., Huang, J., et al. (2015). Therapeutic effects of resveratrol in a mouse model of HDM-induced allergic asthma. Int. Immunopharmacol. 25 (1), 43–48. doi:10.1016/j.intimp.2015.01.013
 Chen, S., Han, Y. T., Chen, H., Wu, J., and Zhang, M. (2018b). Bcl11b regulates IL-17 through the TGF-β/smad pathway in HDM-induced asthma. Allergy Asthma & Immunol. Res. 10 (5-6), 543–554. doi:10.4168/aair.2018.10.5.543
 Csaki, C., Keshishzadeh, N., Fischer, K., and Shakibaei, M. (2008). Regulation of inflammation signalling by resveratrol in human chondrocytes in vitro. Biochem. Pharmacol. 75 (3), 677–687. doi:10.1016/j.bcp.2007.09.014
 Daubeuf, F., and Frossard, N. (2021). Eosinophils in asthma models to house dust mite for drug development. Methods Mol. Biol. (Clift. N.J.) 2241, 75–87. doi:10.1007/978-1-0716-1095-4_7
 Dharmage, S. C., Perret, J. L., and Custovic, A. (2019). Epidemiology of asthma in children and adults. Front. Pediatr. 7, 246. doi:10.3389/fped.2019.00246
 Eo, S. H., Cho, H., and Kim, S. J. (2013). Resveratrol inhibits nitric oxide-induced apoptosis via the NF-kappa B pathway in rabbit articular chondrocytes. Biomol. & Ther. 21 (5), 364–370. doi:10.4062/biomolther.2013.029
 Flanagan, T. W., Sebastian, M. N., Battaglia, D. M., Foster, T. P., Cormier, S. A., and Nichols, C. D. (2019). 5-HT2 receptor activation alleviates airway inflammation and structural remodeling in a chronic mouse asthma model. Life Sci. 236, 116790. doi:10.1016/j.lfs.2019.116790
 Gough, P., and Myles, I. A. (2020). Tumor necrosis factor receptors: pleiotropic signaling complexes and their differential effects. Front. Immunol. 11, 585880. doi:10.3389/fimmu.2020.585880
 Gubernatorova, E. O., Gorshkova, E. A., Namakanova, O. A., Zvartsev, R. V., Hidalgo, J., Drutskaya, M. S., et al. (2018). Non-redundant functions of IL-6 produced by macrophages and dendritic cells in allergic airway inflammation. Front. Immunol. 9, 2718. doi:10.3389/fimmu.2018.02718
 Hajimohammadi, B., Athari, S. M., Abdollahi, M., Vahedi, G., and Athari, S. S. (2020). Oral administration of acrylamide worsens the inflammatory responses in the airways of asthmatic mice through agitation of oxidative stress in the lungs. Front. Immunol. 11, 1940. doi:10.3389/fimmu.2020.01940
 Hamelmann, E., Schwarze, J., Takeda, K., Oshiba, A., Larsen, G. L., Irvin, C. G., et al. (1997). Noninvasive measurement of airway responsiveness in allergic mice using barometric plethysmography. Am. J. Respir. Crit. Care Med. 156(3),766–775. doi:10.1164/ajrccm.156.3.9606031
 Hammad, H., Chieppa, M., Perros, F., Willart, M. A., Germain, R. N., and Lambrecht, B. N. (2009). House dust mite allergen induces asthma via Toll-like receptor 4 triggering of airway structural cells. Nat. Med. 15 (4), 410–416. doi:10.1038/nm.1946
 Han, S. Y., Choi, Y. J., Kang, M. K., Park, J. H. Y., and Kang, Y. H. (2015). Resveratrol suppresses cytokine production linked to FcεRI-MAPK activation in IgE-antigen complex-exposed basophilic mast cells and mice. Am. J. Chin. Med. 43 (8), 1605–1623. doi:10.1142/S0192415x15500913
 Howells, L. M., Berry, D. P., Elliott, P. J., Jacobson, E. W., Hoffmann, E., Hegarty, B., et al. (2011). Phase I randomized, double-blind pilot study of micronized resveratrol (SRT501) in patients with hepatic metastases-safety, pharmacokinetics, and pharmacodynamics. Cancer Prev. Res. 4 (9), 1419–1425. doi:10.1158/1940-6207.Capr-11-0148
 Hu, X., Wang, J., Xia, Y., Simayi, M., Ikramullah, S., He, Y. B., et al. (2016). Resveratrol induces cell cycle arrest and apoptosis in human eosinophils from asthmatic individuals. Mol. Med. Rep. 14 (6), 5231–5236. doi:10.3892/mmr.2016.5884
 Jasemi, S. V., Khazaei, H., Morovati, M. R., Joshi, T., Aneva, I. Y., Farzaei, M. H., et al. (2024). Phytochemicals as treatment for allergic asthma: therapeutic effects and mechanisms of action. Phytomedicine 122, 155149. doi:10.1016/j.phymed.2023.155149
 Jiang, H. H., Duan, J. Y., Xu, K. H., and Zhang, W. B. (2019). Resveratrol protects against asthma-induced airway inflammation and remodeling by inhibiting the HMGB1/TLR4/NF-κB pathway. Exp. Ther. Med. 18 (1), 459–466. doi:10.3892/etm.2019.7594
 Johnson, J. R., Wiley, R. E., Fattouh, R., Swirski, F. K., Gajewska, B. U., Coyle, A. J., et al. (2004). Continuous exposure to house dust mite elicits chronic airway inflammation and structural remodeling. Am. J. Respir. Crit. Care Med. 169 (3), 378–385. doi:10.1164/rccm.200308-1094OC
 Jones, G. W., McLoughlin, R. M., Hammond, V. J., Parker, C. R., Williams, J. D., Malhotra, R., et al. (2010). Loss of CD4+ T cell IL-6R expression during inflammation underlines a role for IL-6 trans signaling in the local maintenance of Th17 cellsT Cell IL-6R Expression during Inflammation Underlines a Role for IL-6Signaling in the Local Maintenance of Th17 Cells. J. Immunol. 184 (4), 2130–2139. doi:10.4049/jimmunol.0901528
 Lalit Mohan Nainwal, P. A., and Arora, P. (2022). “Dietary polyphenols in arthritis and inflammatory disorders,” in Dietary polyphenols in human diseases advances and challenges in drug discovery ed . Editor M. Rudrapal1st Edn (United States: CRC Press), 26, 109–134. doi:10.1201/9781003251538-6
 Lee, H. Y., Kim, I. K., Yoon, H. K., Kwon, S. S., Rhee, C. K., and Lee, S. Y. (2017). Inhibitory effects of resveratrol on airway remodeling by transforming growth factor-β/smad signaling pathway in chronic asthma model. Allergy Asthma & Immunol. Res. 9 (1), 25–34. doi:10.4168/aair.2017.9.1.25
 Lee, M., Kim, S., Kwon, O. K., Oh, S. R., Lee, H. K., and Ahn, K. (2009). Anti-inflammatory and anti-asthmatic effects of resveratrol, a polyphenolic stilbene, in a mouse model of allergic asthma. Int. Immunopharmacol. 9 (4), 418–424. doi:10.1016/j.intimp.2009.01.005
 Li, M. L., Su, X. M., Ren, Y., Zhao, X., Kong, L. F., and Kang, J. (2020). HDAC8 inhibitor attenuates airway responses to antigen stimulus through synchronously suppressing galectin-3 expression and reducing macrophage-2 polarization. Respir. Res. 21 (1), 62. doi:10.1186/s12931-020-1322-5
 Li, T. Y., Kon, N., Jiang, L., Tan, M. J., Ludwig, T., Zhao, Y. M., et al. (2012). Tumor suppression in the absence of p53-mediated cell-cycle arrest, apoptosis, and senescence. Cell 149 (6), 1269–1283. doi:10.1016/j.cell.2012.04.026
 Li, X. N., Ma, L. Y., Ji, H., Qin, Y. H., Jin, S. S., and Xu, L. X. (2018). Resveratrol protects against oxidative stress by activating the Keap-1/Nrf2 antioxidant defense system in obese-asthmatic rats. Exp. Ther. Med. 16 (6), 4339–4348. doi:10.3892/etm.2018.6747
 Liao, Z., Xiao, H. T., Zhang, Y., Tong, R. S., Zhang, L. J., Bian, Y., et al. (2015). IL-1β: a key modulator in asthmatic airway smooth muscle hyper-reactivity. Expert Rev. Respir. Med. 9 (4), 429–436. doi:10.1586/17476348.2015.1063422
 Lim, R., Zavou, M. J., Milton, P. L., Chan, S. T., Tan, J. L., Dickinson, H., et al. (2014). Measuring respiratory function in mice using unrestrained whole-body plethysmography. Jove-Journal Vis. Exp. 90, e51755. doi:10.3791/51755
 Lin, J. T., Wang, W. Y., Chen, P., Zhou, X., Wan, H. Y., Yin, K. S., et al. (2018). Prevalence and risk factors of asthma in mainland China: the CARE study. Respir. Med. 137, 48–54. doi:10.1016/j.rmed.2018.02.010
 Litonjua, A. A., Tantisira, K. G., Lake, S., Lazarus, R., Richter, B. G., Gabriel, S., et al. (2005). Polymorphisms in signal transducer and activator of transcription 3 and lung function in asthma. Respir. Res. 6, 52. doi:10.1186/1465-9921-6-52
 Liu, J., Zhang, M. M., Qin, C. S., Wang, Z. K., Chen, J. H., Wang, R., et al. (2022). Resveratrol attenuate myocardial injury by inhibiting ferroptosis via inducing KAT5/GPX4 in myocardial InfarctionInducing KAT5/GPX4 in myocardial infarction. Front. Pharmacol. 13, 906073. doi:10.3389/fphar.2022.906073
 Lykouras, D., Sampsonas, F., Kaparianos, A., Karkoulias, K., and Spiropoulos, K. (2008). Role and pharmacogenomics of TNF-α in asthma. Mini-Reviews Med. Chem. 8(9),934–942. doi:10.2174/138955708785132828
 Ma, C. F., Wang, Y., Shen, A. J., and Cai, W. R. (2017). Resveratrol upregulates SOCS1 production by lipopolysaccharide-stimulated RAW264.7 macrophages by inhibiting miR-155. Int. J. Mol. Med. 39 (1), 231–237. doi:10.3892/ijmm.2016.2802
 Malaguarnera, L. (2019). Influence of resveratrol on the immune response. Nutrients 11 (5), 946. doi:10.3390/nu11050946
 Malaviya, R., Laskin, J. D., and Laskin, D. L. (2017). Anti-TNFα therapy in inflammatory lung diseases. Pharmacol. & Ther. 180, 90–98. doi:10.1016/j.pharmthera.2017.06.008
 Maleki, S. J., Crespo, J. F., and Cabanillas, B. (2019). Anti-inflammatory effects of flavonoids. Food Chem. 299, 125124. doi:10.1016/j.foodchem.2019.125124
 Morales-Rubio, R., Amador-Muñoz, O., Rosas-Pérez, I., Sánchez-Pérez, Y., García-Cuéllar, C., Segura-Medina, P., et al. (2022). PM2.5 induces airway hyperresponsiveness and inflammation via the AhR pathway in a sensitized Guinea pig asthma-like model. Toxicology 465, 153026. doi:10.1016/j.tox.2021.153026
 Morjaria, J. B., Babu, K. S., Vijayanand, P., Chauhan, A. J., Davies, D. E., and Holgate, S. T. (2011). Sputum IL-6 concentrations in severe asthma and its relationship with FEV. Thorax 66 (6), 537. doi:10.1136/thx.2010.136523
 Muhammed, M. T., and Aki-Yalcin, E. (2024). Molecular docking: principles, advances, and its applications in drug discovery. Lett. Drug Des. & Discov. 21 (3), 480–495. doi:10.2174/1570180819666220922103109
 Nabi, S. A., Ramzan, F., Lone, M. S., Nainwal, L. M., Hamid, A., Batool, F., et al. (2024). Halogen substituted aurones as potential apoptotic agents: synthesis, anticancer evaluation, molecular docking, ADMET and DFT study. J. Biomol. Struct. & Dyn. 42 (14), 7610–7627. doi:10.1080/07391102.2023.2240897
 Nainwal, L. M., Azad, C. S., Deswal, D., and Narula, A. K. (2018). Exploration of antifungal potential of carbohydrate-tethered triazoles as CYP450 inhibitors. Chemistryselect 3 (38), 10762–10767. doi:10.1002/slct.201802112
 Nainwal, L. M., Parida, P., Das, A., and Bairy, P. (2014). Design and docking of novel series of hybrid xanthones as anti-cancer agent to target human DNA topoisomerase 2-alpha. Bangladesh J. Pharmacol. 9 (2), 208–217. doi:10.3329/bjp.v9i2.18180
 Nainwal, L. M., Shaququzzaman, M., Akhter, M., Husain, A., Parvez, S., Khan, F., et al. (2020). Synthesis, ADMET prediction and reverse screening study of 3,4,5-trimethoxy phenyl ring pendant sulfur-containing cyanopyrimidine derivatives as promising apoptosis inducing anticancer agents. Bioorg. Chem. 104, 104282. doi:10.1016/j.bioorg.2020.104282
 Nainwal, L. M., Shaququzzaman, M., Akhter, M., Husain, A., Parvez, S., Tasneem, S., et al. (2022). Synthesis, and reverse screening of 6-(3,4,5-trimethoxyphenyl)pyrimidine-5-carbonitrile derivatives as anticancer agents: Part-II. J. Heterocycl. Chem. 59 (4), 771–788. doi:10.1002/jhet.4421
 Nakamura, R., Sene, A., Santeford, A., Gdoura, A., Kubota, S., Zapata, N., et al. (2015). IL10-driven STAT3 signalling in senescent macrophages promotes pathological eye angiogenesis. Nat. Commun. 6, 7847. doi:10.1038/ncomms8847
 Parida, P., Yadav, R. N. S., Sarma, K., and Nainwal, L. M. (2013). Design, virtual screening and docking study of novel NS3 inhibitors by targeting protein-protein interacting sites of dengue virus - a novel approach. Curr. Pharm. Biotechnol. 14 (11), 995–1008. doi:10.2174/1389201014666131226160025
 Pinzi, L., and Rastelli, G. (2019). Molecular docking: shifting paradigms in drug discovery. Int. J. Mol. Sci. 20 (18), 4331. doi:10.3390/ijms20184331
 Poonam Arora, L. M. N. (2024). “Association between T-helper cell-mediated immune response and airway remodeling in allergic asthma,” in Allergic asthma: immunopathogenesis ed . Editor E. M. N. Seyyed Shamsadin Athari1 edn ( Academic Press), 23. 
 Qin, Z. W., Chen, Y. J., Wang, Y., Xu, Y. Y., Liu, T. T., Mu, Q., et al. (2024). Immunometabolism in the pathogenesis of asthma. Immunology 171 (1), 1–17. doi:10.1111/imm.13688
 Rahimifard, M., Baeeri, M., Mousavi, T., Azarnezhad, A., Haghi-Aminjan, H., and Abdollahi, M. (2023). Combination therapy of cisplatin and resveratrol to induce cellular aging in gastric cancer cells: focusing on oxidative stress, and cell cycle arrest. Front. Pharmacol. 13, 1068863. doi:10.3389/fphar.2022.1068863
 Rahman, M. M., Bibi, S., Rahaman, M. S., Rahman, F., Islam, F., Khan, M. S., et al. (2022). Natural therapeutics and nutraceuticals for lung diseases: traditional significance, phytochemistry, and pharmacology. Biomed. & Pharmacother. 150, 113041. doi:10.1016/j.biopha.2022.113041
 Ren, B. X., Kwah, M. X. Y., Liu, C. L., Ma, Z. W., Shanmugam, M. K., Ding, L. W., et al. (2021). Resveratrol for cancer therapy: challenges and future perspectives. Cancer Lett. 515, 63–72. doi:10.1016/j.canlet.2021.05.001
 Royce, S. G., Dang, W., Yuan, G., Tran, J., El Osta, A., Karagiannis, T. C., et al. (2011). Resveratrol has protective effects against airway remodeling and airway hyperreactivity in a murine model of allergic airways disease. Pathobiology aging & age Relat. Dis. 1, 7134. doi:10.3402/PBA.v1i0.7134
 Sabio, G., and Davis, R. J. (2014). TNF and MAP kinase signalling pathways. Seminars Immunol. 26 (3), 237–245. doi:10.1016/j.smim.2014.02.009
 Schmitz, N., Kurrer, M., and Kopf, M. (2003). The IL-1 receptor 1 is critical for Th2 cell type airway immune responses in a mild but not in a more severe asthma model. Eur. J. Immunol. 33 (4), 991–1000. doi:10.1002/eji.200323801
 Seeliger, D., and de Groot, B. L. (2010). Ligand docking and binding site analysis with PyMOL and Autodock/Vina. J. Computer-Aided Mol. Des. 24 (5), 417–422. doi:10.1007/s10822-010-9352-6
 Shim, D., Kim, H. J., Lee, J. G., Lee, Y. M., Park, J. W., Yang, S. Y., et al. (2022). Citrus junos tanaka peel extract ameliorates HDM-induced lung inflammation and immune responses in vivo. Nutrients 14 (23), 5024. doi:10.3390/nu14235024
 Smith, K. A., and Maizels, R. M. (2014). IL-6 controls susceptibility to helminth infection by impeding Th2 responsiveness and altering the Treg phenotype in vivo. Eur. J. Immunol. 44 (1), 150–161. doi:10.1002/eji.201343746
 Stritesky, G. L., Muthukrishnan, R., Sehra, S., Goswami, R., Pham, D., Travers, J., et al. (2011). The transcription factor STAT3 is required for T helper 2 cell development. Immunity 34 (1), 39–49. doi:10.1016/j.immuni.2010.12.013
 Su, M. M., Zhao, W. Q., Xu, S. W., and Weng, J. P. (2022). Resveratrol in treating diabetes and its cardiovascular complications: a review of its mechanisms of action. Antioxidants 11 (6), 1085. doi:10.3390/antiox11061085
 Svilar, L., Martin, J. C., Defoort, C., Paut, C., Tourniaire, F., and Brochot, A. (2019). Quantification of trans-resveratrol and its metabolites in human plasma using ultra-high performance liquid chromatography tandem quadrupole-orbitrap mass spectrometry. J. Chromatogr. B-Analytical Technol. Biomed. Life Sci. 1104, 119–129. doi:10.1016/j.jchromb.2018.11.016
 Trela, B. C., and Waterhouse, A. L. (1996). Resveratrol: isomeric molar absorptivities and stability. J. Agric. Food Chem. 44(5),1253–1257. doi:10.1021/jf9504576
 Varfolomeev, E., and Vucic, D. (2018). Intracellular regulation of TNF activity in health and disease. Cytokine 101, 26–32. doi:10.1016/j.cyto.2016.08.035
 Varshneya, N. B., Hassanien, S. H., Holt, M. C., Stevens, D. L., Layle, N. K., Bassman, J. R., et al. (2022). Respiratory depressant effects of fentanyl analogs are opioid receptor-mediated. Biochem. Pharmacol. 195, 114805. doi:10.1016/j.bcp.2021.114805
 Virchow, J. C., Kroegel, C., Walker, C., and Matthys, H. (1996). Inflammatory determinants of asthma severity: mediator and cellular changes in bronchoalveolar lavage fluid of patients with severe asthma. J. Allergy Clin. Immunol. 98 (5), S27–S40. doi:10.1016/s0091-6749(96)70014-3
 Wang, J., He, F., Chen, L. Q., Li, Q., Jin, S., Zheng, H. M., et al. (2018). Resveratrol inhibits pulmonary fibrosis by regulating miR-21 through MAPK/AP-1 pathways. Biomed. & Pharmacother. 105, 37–44. doi:10.1016/j.biopha.2018.05.104
 Wang, P., and Sang, S. M. (2018). Metabolism and pharmacokinetics of resveratrol and pterostilbene. Biofactors 44 (1), 16–25. doi:10.1002/biof.1410
 Wang, W. M., Liu, Y., Pan, P., Huang, Y. Q., Chen, T., Yuan, T. Y., et al. (2022). Pulmonary delivery of resveratrol-β-cyclodextrin inclusion complexes for the prevention of zinc chloride smoke-induced acute lung injury. Drug Deliv. 29 (1), 1122–1131. doi:10.1080/10717544.2022.2048135
 Wang, X. L., Li, T., Li, J. H., Miao, S. Y., and Xiao, X. Z. (2017). The effects of resveratrol on inflammation and oxidative stress in a rat model of chronic obstructive pulmonary disease. Molecules 22 (9), 1529. doi:10.3390/molecules22091529
 Wei, Z., Jiang, W. J., Wang, H. Z., Li, H. L., Tang, B., Liu, B., et al. (2018). The IL-6/STAT3 pathway regulates adhesion molecules and cytoskeleton of endothelial cells in thromboangiitis obliterans. Cell. Signal. 44, 118–126. doi:10.1016/j.cellsig.2018.01.015
 Wicinski, M., Malinowski, B., Weclewicz, M. M., Grzesk, E., and Grzesk, G. (2017). Anti-atherogenic properties of resveratrol: 4-week resveratrol administration associated with serum concentrations of SIRT1, adiponectin, S100A8/A9 and VSMCs contractility in a rat model. Exp. Ther. Med. 13 (5), 2071–2078. doi:10.3892/etm.2017.4180
 Xu, Y. D., Liu, Q., Guo, X. H., Xiang, L., and Zhao, G. (2020). Resveratrol attenuates IL-33-induced mast cell inflammation associated with inhibition of NF-κB activation and the P38 signaling pathway. Mol. Med. Rep. 21 (3), 1658–1666. doi:10.3892/mmr.2020.10952
 Yang, D. L., Zhang, H. G., Xu, Y. L., Gao, Y. H., Yang, X. J., Hao, X. Q., et al. (2010). Resveratrol inhibits right ventricular hypertrophy induced by monocrotaline in rats. Clin. Exp. Pharmacol. Physiology 37 (2), 150–155. doi:10.1111/j.1440-1681.2009.05231.x
 Yang, J., van't Veer, C., Roelofs, J. J. T. H., van Heijst, J. W. J., de Vos, A. F., McCrae, K. R., et al. (2019). Kininogen deficiency or depletion reduces enhanced pause independent of pulmonary inflammation in a house dust mite-induced murine asthma model. Am. J. Physiology-Lung Cell. Mol. Physiology 316 (1), L187–L196. doi:10.1152/ajplung.00162.2018
 Yang, Y. M., Jia, M., Ou, Y. W., Adcock, I. M., and Yao, X. (2021). Mechanisms and biomarkers of airway epithelial cell damage in asthma: a review. Clin. Respir. J. 15 (10), 1027–1045. doi:10.1111/crj.13407
 Yao, L., Wang, S. Q., Wei, P., Bao, K. F., Yuan, W. Y., Wang, X. T., et al. (2019). Huangqi-Fangfeng protects against allergic airway remodeling through inhibiting epithelial-mesenchymal transition process in mice via regulating epithelial derived TGF-β1. Phytomedicine 64, 153076. doi:10.1016/j.phymed.2019.153076
 Zeng, X. L., Yang, X. N., and Liu, X. J. (2022). Resveratrol attenuates cigarette smoke extract induced cellular senescence in human airway epithelial cells by regulating the miR-34a/SIRT1/NF-κB pathway. Medicine 101 (46), e31944. doi:10.1097/MD.0000000000031944
 Zhao, L., Zhang, H., Li, N., Chen, J. M., Xu, H., Wang, Y. J., et al. (2023). Network pharmacology, a promising approach to reveal the pharmacology mechanism of Chinese medicine formula. J. Ethnopharmacol. 309, 116306. doi:10.1016/j.jep.2023.116306
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 Chunxiao, Xin, Bowen, Bingqing, Mengqi, Shuwen, Jingyuan and Jiangtao. 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-16-1596737-g005.gif





OPS/images/fphar-16-1596737-g006.gif
v e A AL
T F 1 gy e
m”.tx P < BN i.w )






OPS/images/fphar-16-1596737-g003.gif





OPS/images/fphar-16-1596737-g004.gif





OPS/images/fphar-16-1596737-g009.gif
e L{i





OPS/images/fphar-16-1596737-g007.gif





OPS/images/fphar-16-1596737-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Uncovering the mechanism of resveratrol in the treatment of asthma: a network pharmacology approach with molecular docking and experimental validation		Background

		Method

		Results

		Conclusion

		1 Introduction

		2 Materials and methods		2.1 Drug targets of RES

		2.2 Therapeutic targets for asthma

		2.3 Protein–protein interaction networks

		2.4 GO and KEGG enrichment analysis

		2.5 Molecular docking

		2.6 The measurement of cell viability

		2.7 Cell culture

		2.8 Animal and experiment design

		2.9 Evaluations of AHR

		2.10 Assessment of lung tissue inflammation

		2.11 Western blotting

		2.12 Enzyme-linked immunosorbent assay

		2.13 Statistical analysis





		3 Results		3.1 Acquisition of Res targets and asthma targets

		3.2 Acquisition of intersecting genes and construction of the PPI network

		3.3 GO and KEGG enrichment analyses

		3.4 Molecular docking between Res and targets

		3.5 Effects of Res on AHR, airway inflammation in mice

		3.6 Effect of Res on cell viability

		3.7 Effect of Res on target protein expression in vivo and in vitro





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Generative AI statement

		Correction Note

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiersin Pharmacology

Uncovering the mechanism of
resveratrol in the treatment of
asthma: a network
pharmacology approach with
molecular docking and
experimental validation





OPS/images/fphar-16-1596737-g001.gif





OPS/images/fphar-16-1596737-g002.gif





OPS/images/fphar-16-1596737-t001.jpg
Targets UniProtKB entry PDB ID

TNF PO1375 7KP9
STAT3 P40763 6NJS 27A 68
16 [ P0O5231 SFUC 27A -65
ILIB PO1584 SRTW 127 A -62
TP53 [ PO4637 6SHZ 124 -58






OPS/images/fphar-16-1596737-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





