


Integrative Computational Insights into the Antiviral and Immunomodulatory Effects of Resveratrol in Porcine Reproductive and Respiratory Syndrome


ABSTRACT
Aims: To elucidate the therapeutic mechanisms of resveratrol against Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) through an integrated network pharmacology and molecular docking approach, focusing on its potential immunomodulatory and antiviral targets in host cells.
Study Design: Computational systems pharmacology study integrating network pharmacology, protein–protein interaction analysis, pathway enrichment, and molecular docking.
Methodology: Resveratrol-associated targets were retrieved from SwissTargetPrediction, BindingDB, ChEMBL, TCMSP, and STITCH databases, while PRRS-associated host targets were obtained from the Host–Pathogen Interaction Database (HPIDB). Intersecting targets were used to construct a protein–protein interaction (PPI) network using STRING and visualized in Cytoscape to identify hub genes. Gene Ontology (GO) and KEGG pathway enrichment analyses were performed using ShinyGO to determine biological processes and signaling pathways. Five key hub genes that are ISG15, STAT1, TLR3, IL6, and DDX58 were selected for molecular docking using AutoDock to evaluate resveratrol’s binding affinity with these targets.
Results: The integrated analysis identified five major hub genes associated with resveratrol’s potential antiviral effects. Docking results showed favorable binding affinities with the following energies: ISG15: −7.53 kcal/mol, STAT1: −5.45 kcal/mol, TLR3: −6.63 kcal/mol, IL6: −5.10 kcal/mol, and DDX58: −7.31 kcal/mol. Pathway enrichment revealed significant associations with Toll-like receptor signaling, C-type lectin receptor signaling, and viral infection–related pathways, suggesting resveratrol’s ability to modulate innate immune responses and antiviral signaling cascades.
Conclusion: This study demonstrates that resveratrol may exert antiviral and immunomodulatory effects against PRRSV by targeting key immune genes and regulating innate antiviral pathways. These findings provide mechanistic insights into resveratrol’s therapeutic potential as a host-directed antiviral agent for controlling PRRS in swine.
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1. INTRODUCTION
Porcine Reproductive and Respiratory Syndrome (PRRS) is among the most economically significant diseases affecting the global swine industry, characterized by reproductive failure in sows and respiratory distress in piglets (Fiers et al., 2024). The causative agent, Porcine Reproductive and Respiratory Syndrome Virus (PRRSV), is an enveloped, positive-sense RNA virus belonging to the Arteriviridae family (Chen et al., 2023). Moreover, the virus’s biology and epidemiology contribute to its persistence and difficulty in control: PRRSV displays high genetic diversity, frequent recombination and mutation events, which facilitate immune evasion, poor vaccine efficacy and endemic circulation in swine herds (He et al., 2025).
Despite the availability of commercial modified-live vaccines, PRRS control remains difficult due to viral genetic variability, immune evasion, and persistence (Chae, 2021). During infection, PRRSV targets macrophages and dendritic cells, leading to impaired interferon responses and immunosuppression, which promote viral persistence and secondary infections (Crisci et al., 2022). These limitations necessitate novel host-directed therapeutics that enhance antiviral responses.
Resveratrol, a naturally occurring stilbene polyphenol found in grapes and berries, exhibits antioxidant, anti-inflammatory, and antiviral activities (Kaur et al., 2022). It has been shown to inhibit replication of several RNA and DNA viruses, including influenza, herpes simplex virus, and SARS-CoV-2 (Chen et al., 2022). Resveratrol modulates multiple cellular pathways such as NF-κB, JAK/STAT, and TLR signaling, which are central to antiviral and inflammatory responses. In PRRSV infection, host pattern-recognition receptors such as Toll-like receptor 3 (TLR3) and the RNA helicase DDX58 (RIG-I) recognize viral RNA and trigger interferon responses, while downstream effectors such as ISG15, STAT1, and IL6 orchestrate antiviral signaling and cytokine regulation. However, PRRSV interferes with these mechanisms to evade immunity. This study applies an integrative network pharmacology and molecular docking approach to predict how resveratrol interacts with key host immune targets involved in PRRS, revealing its therapeutic potential.


2. Materials and Methods
2.1 Collection of Data and Preparation
Initially, potential targets of resveratrol for Porcine Reproductive and Respiratory Syndrome (PRRS) were predicted using the Host-Pathogen Interaction Database (HPIDB), Gene Expression Omnibus (GEO), and literature mining. The potential targets of resveratrol were primarily derived from SwissTargetPrediction, BindingDB, ChEMBL, TCMSP, and STITCH.
2.2 Protein-Protein Interaction (PPI) Network Construction
To explore the interactions among the core targets, the STRING database (https://string-db.org/) was used to construct the protein-protein interaction network. PPI networks are valuable for understanding protein functions and their interrelationships (Athanasios et al., 2017). The "Multiple proteins" option was selected, and Sus scrofa was chosen as the organism. High confidence (score ≥ 0.700) was used as the threshold to ensure reliable interaction data.
The PPI network was imported into Cytoscape v3.8.0 for hub gene identification. Cytoscape (v3.8.0) was employed to create a visual PPI network and identify the hub genes (Shannon et al., 2003). Ranking algorithm in the CytoHubba plug-in Node Connect Degree (Degree) was employed to select the top 5 hub genes. 
2.3 Gene Ontology (GO) and KEGG Pathway Enrichment Analysis
Functional annotation and pathway analysis were conducted using ShinyGO 0.85 (http://bioinformatics.sdstate.edu/go/). Gene Ontology (GO) enrichment analysis categorized the core targets into biological processes (BP) and molecular functions (MF), which were visualized as column charts. KEGG pathway enrichment analysis was performed to determine key signaling pathways associated with PRRS and resveratrol action. Results were visualized using bubble plots and histograms. Statistical significance was considered at p < 0.05.
2.4 Molecular Docking
Molecular docking studies were performed using AutoDock 1.5.7 to evaluate the binding of resveratrol to the key PRRS-associated targets. The 3D structures of the five hub proteins including ISG15 (PDB_ID: 7S6P), STAT1 (PDB_ID: 1YVL), TLR3 (PDB_ID: 7C76), IL6 (PDB_ID: 4NI7), and DDX58 (PDB_ID: 2QFB) were obtained from the RCSB PDB database (https://www.rcsb.org/). The chemical structure of resveratrol was retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/). Before docking, water molecules and ligands were removed from protein structures. Hydrogens were added, Gasteiger charges were calculated, and structures were saved in PDBQT format. The docking results were visualized in both 2D and 3D using BIOVIA Discovery Studio Visualizer and UCSF ChimeraX, respectively. A binding energy threshold of ≤ -5.0 kJ·mol⁻¹ was used to assess favorable interactions.
3. Results and Discussion
3.1 Identification of Core Targets and Network Analysis
The intersection of resveratrol- and PRRS-related targets revealed five hub genes: ISG15, STAT1, TLR3, IL6, and DDX58 (Fig. 1). These genes were identified as core targets through network pharmacology analysis and CytoHubba ranking, highlighting their pivotal roles in antiviral defense, interferon signaling, and immune modulation. The protein–protein interaction (PPI) network constructed using these genes demonstrated strong interconnections, suggesting their cooperative involvement in regulating innate immune responses during viral infection. Degree centrality analysis further confirmed the robustness and centrality of these hub targets within the network, indicating that modulation of these proteins could have significant effects on antiviral immunity.
3.2 Functional Enrichment Analysis
Gene Ontology (GO) enrichment analysis revealed significant enrichment in immune-related biological processes, including interferon signaling, cytokine activity, and viral RNA recognition (Fig. 2). KEGG pathway enrichment further identified critical pathways such as the Toll-like receptor signaling pathway, C-type lectin receptor signaling pathway, and multiple viral infection-related pathways including Influenza A, Hepatitis B, Herpes simplex virus 1 infection, and Coronavirus disease (COVID-19). These findings suggest that resveratrol may exert antiviral effects by modulating innate immune pathways that are commonly targeted during viral infection, thereby enhancing host antiviral defenses and mitigating PRRSV-induced immune suppression.
3.3 KEGG Pathway Enrichment Analysis
KEGG pathway enrichment revealed that the identified targets are involved in multiple pathways related to viral infection and immune regulation. The top pathways included Toll-like receptor signaling pathway, C-type lectin receptor signaling pathway, Influenza A, Hepatitis B, Herpes simplex virus 1 infection, Coronavirus disease COVID-19, Kaposi sarcoma-associated herpesvirus infection, Epstein-Barr virus infection, and Human papillomavirus infection (Fig. 2). These results suggest that resveratrol may modulate multiple host pathways to enhance antiviral defense and mitigate PRRS-induced immune suppression. The negative binding energies indicate stable interactions, suggesting that resveratrol may directly interact with these proteins to enhance antiviral signaling, particularly RIG-I-mediated interferon responses and pro-inflammatory cytokine regulation.
3.4 Molecular Docking Analysis
To validate the molecular interactions, molecular docking was performed between resveratrol and the five hub target proteins. The binding affinities were as follows: ISG15 (−7.53 kcal/mol), DDX58 (−7.31 kcal/mol), TLR3 (−6.63 kcal/mol), STAT1 (−5.45 kcal/mol), and IL6 (−5.10 kcal/mol) (Table 1; Fig. 3). The negative binding energies indicate thermodynamically stable interactions, suggesting that resveratrol can directly associate with these proteins. Notably, resveratrol exhibited the strongest binding with ISG15 and DDX58 (RIG-I), both of which are crucial components of the host antiviral machinery. These interactions involved multiple hydrogen bonds and hydrophobic contacts, supporting stable ligand-protein complex formation.
The strong interaction between resveratrol and DDX58 (RIG-I) implies its potential to enhance RIG-I-mediated antiviral signaling. RIG-I functions as a cytosolic receptor recognizing viral double-stranded RNA, subsequently activating downstream MAVS–IRF3/7 pathways to induce type I interferons (IFN-α/β). The observed interaction between resveratrol and ISG15 further supports this mechanism, as ISG15 is an interferon-stimulated ubiquitin-like protein that amplifies antiviral defenses through ISGylation, the conjugation of ISG15 to viral or host proteins involved in replication and immune signaling (Perng and Lenschow, 2018). By stabilizing and activating these molecules, resveratrol may potentiate interferon production and enhance host antiviral immunity against PRRS.
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Figure 1: (a) PPI network map (b) Identification of 5 core targets.
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Figure 2: GO functional enrichment analysis and KEGG enrichment analysis.
Additionally, the moderate binding affinities of resveratrol with STAT1 and IL6 (−5.45 and −5.10 kcal/mol, respectively) suggest that it may also modulate cytokine-mediated inflammatory signaling. PRRSV infection is known to cause cytokine dysregulation, with excessive IL-6, TNF-α, and IL-1β production leading to pathological inflammation and reduced antiviral signaling (Ma et al., 2021; Gao and Wen, 2025). Previous studies have demonstrated that resveratrol suppresses IL-6 and TNF-α expression, restoring immune balance in inflammatory lung models (Chen et al., 2022). Therefore, the interaction of resveratrol with IL6 and STAT1 observed here supports its potential to attenuate hyperinflammation while promoting interferon-driven antiviral responses.
Enrichment of the Toll-like receptor (TLR) and C-type lectin receptor (CLR) signaling pathways aligns with the observed docking interactions. TLR3, in particular, plays a critical role in recognizing viral RNA and initiating type I interferon synthesis. The strong binding affinity of resveratrol to TLR3 (−6.63 kcal/mol) indicates its possible role in stabilizing TLR3–ligand interactions, thereby enhancing antiviral signaling (Ma et al., 2021). These effects collectively suggest that resveratrol may act through multiple innate immune pathways, particularly RIG-I and TLR3 dependent mechanisms to restore antiviral competence in PRRSV-infected macrophages.
Beyond PRRSV, resveratrol has exhibited broad-spectrum antiviral activity against several RNA and DNA viruses, including pseudorabies virus, respiratory syncytial virus, herpes simplex virus type 1, and hepatitis B virus (Zhao et al., 2017; Rossi et al., 2021; Xiong et al., 2024). The compound’s antiviral efficacy is attributed not only to its direct modulation of host immune signaling but also to its antioxidant properties via activation of the SIRT1–Nrf2 axis (Yu et al., 2024; Fernandes et al., 2025). These pathways enhance the expression of cellular antioxidant enzymes and mitigate virus-induced oxidative stress, which is a contributing factor in PRRSV pathogenesis.
Moreover, KEGG analysis in the present study revealed overlap between PRRS-related pathways and those of other viral infections (Influenza A, Hepatitis B, Epstein-Barr virus, and Kaposi sarcoma-associated herpesvirus). This suggests that resveratrol may act on conserved host-defense mechanisms shared across viral infections (Lim et al., 2020; Malla et al., 2025). 
Given its multi-target pharmacological profile, resveratrol emerges as a promising adjunctive therapeutic candidate for PRRS management. Its ability to simultaneously enhance interferon production, modulate inflammatory cytokines, and reduce oxidative stress addresses multiple aspects of PRRSV-induced pathogenesis. Furthermore, as a natural compound with a favorable safety profile, resveratrol represents a sustainable and resistance-free alternative or supplement to conventional antiviral therapies.
Table 1: Molecular docking results of resveratrol and 5 core targets
	Sr No.
	Protein
	Target structure
	Binding Energy (kJ·mol⁻¹)

	1
	ISG15
	[image: ]
	-7.53

	2
	STAT1
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	-5.45

	3
	TLR3
	[image: ]
	-6.63

	4
	IL6
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	-5.10

	5
	DDX58
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	-7.31
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Figure 3: Molecular docking of resveratrol and 5 core targets. (a) DDX58, (b) IL6, (c) ISG15, (d) TLR3, (e) STAT1.
4. CONCLUSION
Resveratrol exhibits a multifaceted mechanism of action against PRRSV by targeting key antiviral proteins (ISG15, STAT1, TLR3, IL6, and DDX58) and modulating pathways central to innate immune activation, including Toll-like receptor and C-type lectin receptor signaling. Its broad-spectrum antiviral potential, antioxidant capacity, and immunomodulatory properties underscore its promise as a candidate compound for PRRS therapy. These findings align with a growing body of evidence supporting resveratrol’s role in enhancing host defense mechanisms against diverse viral infections. These computational findings suggest that resveratrol may serve as a natural immunomodulatory agent in mitigating PRRS-associated inflammation and viral persistence.
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