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A B S T R A C T   

For centuries, Laggera pterodonta (LP), a Chinese herbal medicine, has been widely employed for 
treating respiratory infectious diseases; however, the mechanism underlying LP’s effectiveness 
against the influenza A/Aichi/2/1968 virus (H3N2) remains elusive. This study aims to shed light 
on the mechanism by which LP combats influenza in H3N2-infected mice. First, we conducted 
quasi-targeted metabolomics analysis using liquid chromatography-mass spectrometry to identify 
LP components. Subsequently, network pharmacology, molecular docking, and simulation were 
conducted to screen candidate targets associated with AKT and NF-κB. In addition, we conducted 
a series of experiments including qPCR, hematoxylin-eosin staining, flow cytometry, immuno-
histochemistry, and enzyme-linked immunosorbent assay to provide evidence that LP treatment 
in H3N2-infected mice can reduce pro-inflammatory cytokine levels (TNF-α, IL-6, IL-1β, and MCP- 
1) while increasing T cells (CD3+, CD4+, and CD8+) and syndecan-1 and secretory IgA expression. 
This, in turn, aids in the prevention of excessive inflammation and the fortification of immunity, 
both of which are compromised by H3N2. Finally, we utilized a Western blot assay to confirm that 
LP indeed inhibits the AKT/NF-κB signaling cascade. Thus, the efficacy of LP serves as a 
cornerstone in establishing a theoretical foundation for influenza treatment.   
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1. Introduction 

Globally, influenza—a highly contagious acute respiratory disease—has significantly affected human health, leading to 1 billion 
infections, of which 3–5 million are associated with severe illness and 300,000–500,000 with fatalities [1]. This not only threatens 
global public health security but also imposes a substantial economic burden on society. Influenza is caused by influenza A and B in 
humans. Notably, the influenza A virus H3N2 subtype is associated with increased rates of intensive care unit admissions due to 
influenza, compared with the H1N1 subtype and influenza B virus [2]. Infected individuals typically manifest symptoms such as fever, 
cough, runny nose, sore throat, and fatigue; in severe cases, life-threatening pneumonia may occur, especially prevalent among 
children and the elderly [3]. However, due to the frequent antigenic mutations of the influenza virus, current vaccines, and antiviral 
drugs, such as M2 inhibitor adamantane and NA inhibitor oseltamivir, have proven ineffective in timely reducing the risk of wide-
spread influenza outbreaks [4–6]. Consequently, it is critical to find and create more efficient remedies. 

According to traditional Chinese medicine theory, influenza, as a seasonal epidemic, falls under the category of “plague” within the 
ancient Chinese science of warm diseases. Traditional Chinese herbal medicines have been employed for many years to treat influenza. 
Moreover, in vitro and in vivo experiments have demonstrated that these herbal remedies can directly reduce viral replication and 
indirectly inhibit viral invasion or replication by controlling the immune system and inflammatory response of the body [7]. Currently, 
numerous research endeavors have embarked on exploring the pharmaceutical effects against influenza of compounds derived from 
traditional herbal medicines. For instance, like Coptis chinensis Franch. and Phellodendron chinense Schneid., among others, has 
demonstrated the ability to alleviate inflammatory lesions induced by the influenza virus by restricting NLRP3 inflammasome acti-
vation [8]. Paeoniflorin, isolated from Paeonia lactiflora Pall, has been demonstrated to protect against IAV-induced acute lung injury 
by blocking the αvβ3/TGF-β1 pathway [9]. Therefore, it is deemed reliable to explore potential compounds extracted from traditional 
Chinese herbal medicines with a history of influenza treatment. 

Laggera pterodonta (LP), a perennial herbaceous plant widely found in Yunnan Province, China, is a traditional Chinese herbal 
medicine employed for diseases such as colds, coughs, bronchitis, and other respiratory tract infections for centuries [10]. Current 
pharmaceutical research has revealed that several compounds extracted from LP possess antiviral, anti-inflammatory, antioxidant, and 
acetylcholinesterase inhibitory properties [11–13]. For instance, pterodontic acid has demonstrated the ability to inhibit influenza 
virus replication and reduce inflammation in vitro [14]. However, monomer compounds in LP may extend beyond those mentioned 
earlier, and there are potentially more noteworthy compounds within LP worth exploring. Hence, this study employed quasi-targeted 
metabolomics analysis using liquid chromatography-mass spectrometry (LC-MS/MS) [15], which identified 1600 compounds within 
LP. Given the thousands of compounds present in LP, investigating the pharmaceutical effects and mechanisms of these compounds for 
treating influenza without utilizing bioinformatics analysis, including network pharmacology, molecular docking, and simulation [16, 
17], would be an immense drain on resources, time, and the economy. Moreover, there remains a lack of clarity regarding LP’s activity 
against H3N2 and the in vivo molecular mechanisms. 

In this study, by integrating data from the LC-MS/MS analysis, PubChem database, Swiss Target database, TargetNet database, 
Gene Cards, and the Online Mendelian Inheritance in Man (OMIM) database, we constructed a pharmacological network of LP’s targets 
against influenza. Additionally, to predict hub genes, we employed protein-protein interaction (PPI) network analysis, Gene Ontology 
(GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment, and molecular docking and simulation. Subse-
quently, we conducted in vivo experiments to identify the target genes and the underlying mechanism of action of LP in controlling 
inflammation and immunity against H3N2. 

2. Methods and materials 

2.1. Preparation and analysis of LP extract 

The aerial parts of LP (5 kg) were collected in November 2022 from Yunnan, China. Each collected sample was stored at the College 
of Pharmaceutical Sciences (Kunming Medical University, Kunming, China) with voucher specimen (NO. 220920) after validation by 
Professor Rongping Zhang (College of Pharmaceutical Sciences; Kunming Medical University). Thereafter, 300 g of the samples was 
cleaned and soaked in 4 L of distilled water, followed by a 15-min decoction. Subsequently, the resulting supernatant underwent 
freeze-drying, yielding 10 g of powder, which was securely sealed in a medicine cabinet. 

Initially, 100 μg samples were introduced into EP tubes and resuspended in prechilled 80 % methanol through vigorous vortexing. 
After incubation on ice for 5 min, the suspended samples underwent centrifugation at 15,000 g, 4 ◦C for 20 min. Upon the removal of 
sediment, the supernatant was diluted to a final concentration of 53 % with LC-MS grade water. Processed samples were relocated to a 
fresh EP tube and subjected to another round of centrifugation at 15,000 g, 4 ◦C for 20 min. The resultant supernatant was introduced 
into the LC-MS/MS system and analyzed on the ExionLC™ AD system (SCIEX) coupled with the QTRAP® 6500+ mass spectrometer 

Table 1 
The solvent gradient with the Xselect HSS T3 column.  

Step Time/min Eluent A (0.1 % Formic acid water) Eluent B (0.1 % Formic acid-acetonitrile) 

1 0–15 98 % 2 % 
2 15–17 0 % 100 % 
3 17.1–20 98 % 2 %  
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(SCIEX) at Novogene Co., Ltd. (Beijing, China). The Xselect HSS T3 column (2.1 × 150 mm, 2.5 μm; Waters, USA) was utilized for 
sample analysis, employing a 20-min linear gradient at a flow rate of 0.4 mL/min for both positive and negative polarity modes. Eluent 
A (0.1 % formic acid-water) and B (0.1 % formic acid-acetonitrile) were the solvents employed, and the details of the solvent gradient 
can be found in Table 1 [18]. The QTRAP® 6500+ mass spectrometer functioned in both positive (curtain gas: 35 psi, collision gas of 
medium, ion spray voltage: 5500V, temperature: 550 ◦C, ion source gas 1: 60, ion source gas 2: 60) and negative (curtain gas: 35 psi, 
collision gas of medium, ion spray voltage of − 4500V, temperature: 550 ◦C, ion source gas 1: 60, ion source gas 2: 60) polarity modes. 
For metabolite detection, the SCIEX QTRAP 6500+ mass spectrometer operated in the multiple reaction monitoring mode. Quanti-
fication of compounds was based on Q3 (daughter ion), with qualitative analysis relying on retention time, daughter ion pairs 
(Q1/Q3), declustering potential, collision energy, and the secondary spectral data of the detected substances [19,20]. 

2.2. Network pharmacology 

2.2.1. Collection of chemical compounds of LP and construction of the PPI network of common targets of LP and influenza 
LC-MS/MS results for targeted metabolism were used to calculate the relative peak area values using the SCIEX OS software 

(Version 1.4). The top 10 natural compounds with a CAS number from LP that displayed high peak area values were selected to identify 
potential targets. We retrieved the Simplified Molecular Input Line Entry System (SMILES) formats of the compounds from the 
PubChem database (https://pubchem.ncbi.nlm.nih.gov) and incorporated into the TargetNet (http://targetnet.scbdd.com) and the 
Swiss Target (https://cn.string-db.org/) databases. In the TargetNet database, we specifically chose targets with a probability value >
0, which meant the compounds had the potential to act on the targets. In Swiss Target Prediction, we selected the top 15 targets with a 
probability value > 0.1. Subsequently, we combined the targets obtained from both databases, removing any duplicate entries. 
Furthermore, to identify influenza-related targets, a search using the term “Influenza” was conducted in two additional databases: the 
Gene Cards (https://www.genecards.org/) and OMIM database (https://www.omim.org/). Thereafter, to visualize the interaction 
targets of LP and influenza, we uploaded the prospective targets and disease targets to the Venny 2.1 platform (https://bioinfogp.cnb. 
csic.es/tools/venny/index.html). We also imported these targets into STRING, selected “Homo sapiens” proteins, and set a medium 
interaction score of 0.400 (a score <0.4 indicates relatively low target linkage), to elucidate the biological significance of the shared 
targets. Finally, we constructed the PPI network using Cytoscape software, version 3.7.2. 

2.2.2. Pathway enrichment analysis 
We employed DAVID (https://david.ncifcrf.gov) for functional GO and KEGG pathway enrichment, aiming to identify the predicted 

targets. 

2.3. Molecular docking and molecular dynamics simulation 

PI3K (Protein Data Bank ID: 2 × 6K), AKT (Protein Data Bank ID: 2GU8), TNF (Protein Data Bank ID: 6 × 81), and NF-κB-P65 
(Protein Data Bank ID: 7BIY) were chosen as the receptors for interaction with the top 10 natural compounds exhibiting high 
expression within LP. The ligands’ structural files in MOL2 format were acquired from PubChem (https://pubchem.ncbi.nlm.nih.gov). 
Each compound was introduced into Autodock Tools software 1.5.6 as a ligand, facilitating docking with the respective targets to 
generate docking scores and determine active sites of the proteins [21]. Discovery Studio 2019 (BIOVIA) software was used for 2D and 
3D visualizations and analysis of the docked complexes [22]. A 100-ns molecular dynamics simulation was performed using YASARA 
STRUCTURE version 20.7.4.W.64, employing the AMBER14 force field [23] and the TIP3P solvation model [24]. Following the 
refinement of the complexes, a simulation cell with periodic boundary conditions (298 K, pH 7.4, 0.9 % NaCl) was established. 
Simulated annealing was implemented with a time step of 2.0 fs, and long-range electrostatic interactions (cutoff radius: 8.0 Å) were 
determined using the Particle Mesh Ewald algorithm [25]. Trajectories were sampled at intervals of 100 ps over 100 ns, and a 
comprehensive analysis table, encompassing the root-mean-square deviation (RMSD) versus time plot, was generated within the 
YASARA interface. 

2.4. Docking validation and comparison methodology 

The native ligands were re-docked to the targeted proteins, and the RMSD was calculated to verify the reliability of the docking 
methodology. Subsequently, known target protein inhibitors reported previously were subjected to molecular docking using the same 
protocol, and their interactions were visualized with Discovery Studio 2019 (BIOVIA) software. 

2.5. Study on animals 

2.5.1. Preparation of the animal models 
We procured 6–8 weeks old BALB/c mice weighing between 16 and 18 g from Charles River Animal Technology Co., Ltd. (Zhejiang, 

China). The mice were granted food and water ad libitum, housed in controlled environmental conditions (temperature: 22 ± 1 ◦C, 
relative humidity: 55 ± 10 %), and maintained on a 12-h light/dark cycle. They were kept in a facility that adhered to specific 
pathogen-free standards. All research procedures adhered to the rules outlined by the Laboratory Animal Center of Guangzhou Medical 
University and complied with animal protection legislation. The study received approval from the Guangzhou Medical University 
Animal Care and Use Committee (2022350). 
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To ascertain the median lethal dose (LD50) of the influenza A/Aichi/2/1968 virus (H3N2) in mice (n = 10 in each group), the mice 
were randomly categorized into eight groups. One control group and seven experimental groups with 10-fold dilutions of viruses were 
included in these groupings (10− 1, 10− 2, 10− 3, … 10− 7). After being conducted under light isoflurane anesthesia, the control group 
received 50-μL PBS intranasally, while treated groups received the same volume of PBS containing varying titers of H3N2. Thereafter, 
daily monitoring of the mice was conducted for up to 15 days post-infection, with their survival and body weight recorded once each 
day. According to Chinese animal protection laws, any mouse that experienced weight loss exceeding 20 % of its original weight was 
considered deceased. The LD50 values (10− 1.67 TCID50) were calculated using the Reed-Muench method and results are present in 
Table 2. We selected an LD50 dose to infect the mice in the formal experiments. In addition, the toxicity of the BALB/C mice with LP 
oral administration have been conducted for 14 d. According to the OECD Guideline No.425: Up-and-Down Procedure [26], three 
different doses of LP powder extracted before and dissolved in PBS were administrated to the mice as follows: 2.4, 1.2, and 0.6 g/kg. 
The body weight, mortality, and the signs of toxicity (i.e., tremors, convulsions, salivation) of mice were evaluated. And there were no 
any obviously abnormal change of mice and LD50 of LP was >2 g/kg. Therefore, the two concentrations of LP (0.6 and 1.2 g/kg) were 
chosen in our subsequent experiments. 

In the formal experimental phase, a new set of mice was randomly allocated to five groups (n = 8 per group): normal control (Ctrl), 
virus (H3N2), virus (H3N2) plus oseltamivir 60 mg/kg (OSE), virus (H3N2) plus high-dose LP (LP 1.2 g/kg), and virus (H3N2) plus 
low-dose LP (LP 0.6 g/kg). Each of the mice in the Ctrl group received intranasal administration of 50 μL of PBS, whereas those in the 
infected groups received intranasal administration of 50 μL of H3N2 (10− 1.67 TCID50). Oseltamivir and two concentrations of LP were 
dissolved in PBS. Four hours post-infection, Ctrl and H3N2 mice received oral administration of PBS, while the remaining groups were 
orally administered the oseltamivir or two concentrations of LP respectively once daily for a duration of 5 days. 24 h after the last 
treatment mice were anesthetized with isoflurane and then dissected to remove the lungs after decapitation and execution. The lung 
index was calculated using the following formula: The lung index = The weight of lung of mouse/The body weight of mouse on last 
day × 100 %. 

2.5.2. Detection of viral titers in lung of mice 
The lungs from mice were placed in 2-mL EP tubes with 1 mL of PBS. Each tube was equipped with one 4-mm and two 3-mm steel 

balls, which were subjected to homogenization at 60 Hz for 60 s. Subsequently, the EP tubes were placed for centrifugation at 4 ◦C, 
5000 rpm for 5 min, and the supernatant was collected, partitioned, and stored at − 80 ◦C. Madin-Darby canine kidney (MDCK) cells 
were obtained from the American Type Culture Collection (USA) and cultured in DMEM/F12 (Gibco, USA) containing 10 % heat- 
inactivated fetal bovine serum (FBS) and 1 % penicillin-streptomycin. The experiment involved placing MDCK cells (2 × 104 cells/ 
well) in 96-well plates for monolayer formation at 37 ◦C. The lung homogenate supernatant was added to each well at a volume of 100 
μL, with concentrations replicated in four wells. Additionally, a normal control group was established using an equal amount of 
DMEM/F12. Following a 2-h incubation, the supernatant was discarded, and wells were washed twice with PBS. Fresh DMEM/F12 was 
added, and cells were incubated for an additional 48 h. Daily observations were made for cell growth and signs of cellular damage 
(shrinkage, rounding, and detachment [cytopathic effect or CPE]). The Reed-Muench method was employed to calculate the viral titers 
[27]. 

2.5.3. Hematoxylin-eosin (HE) staining of lung tissue 
Following a 48-h preservation at room temperature (RT) in a 4 % PBS-paraformaldehyde solution (pH 7.4), the lung tissues of mice 

in the experiment underwent embedding in paraffin. Subsequent to dehydration and clearing, the tissues were sliced into 4-μm–thick 
sections and immersed in wax. Then, these portions were dewaxed and stained with HE. The staining procedure followed established 
procedures, and fully automated digital slice scanning equipment was used to complete the task (Panoramic C-Scan, Japan) [28]. 

2.5.4. Flow cytometric analysis of lung tissue 
The lungs from the mice after harvesting were mechanically fragmented into small tissue pieces and immersed in a 5-mL solution 

containing 2 % FBS, 2 mM L-glutamine, 25 mM HEPES in HBSS, 0.1 mg/mL DNase I, and 1 mg/mL collagenase D (Roche, UK). The 
mixture was then subjected to incubation for 30 min at 37 ◦C. After dislodging the fragments through a 40-μm cell strainer (BD 
Pharmingen, USA), remaining red blood cells were lysed using red blood cell lysis buffer, and the resulting cell pellets were suspended 

Table 2 
Determination of median lethal dose (LD50) in H3N2 influenza-infected mice.  

Virus 
Dilution 

Number of deaths Number of survivors Accumulation Accumulation Total Deaths 
Proportion of 

Deaths 
Percentage 

Number 
of deaths 

Number 
of survivors 

10–1 9 1 11 1 10 9/1 100 
10–2 2 8 2 9 10 2/8 25 
10–3 0 10 0 19 19 0 0 
10–4 0 10 0 29 29 0 0 
10–5 0 10 0 39 39 0 0 
10–6 0 10 0 49 49 0 0 
10–7 0 10 0 59 59 0 0  
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in FACS buffer. Fc receptors were blocked using 0.5 mg/mL of anti-mouse CD16/32 (BD Pharmingen, USA), and the cells were 
examined using anti-mouse antibodies AF700 (BD Pharmingen, USA), FITC anti-mouse CD3, Bv510 anti-mouse CD45, APC anti-mouse 
CD4 (BD Pharmingen, USA), and BV650 anti-mouse CD8 (BD Pharmingen, USA). Flow cytometry was performed on the BD 
LSRFortessaX-20 flow cytometer (Becton, Dickinson, and Company, USA), analyzed with FlowJo software [29]. 

2.5.5. Enzyme-linked immunosorbent assay (ELISA) of lung tissue 
Secretory IgA (sIgA) concentrations in the lung homogenate supernatant were quantified using a mouse ELISA kit (CSB-E08413 m, 

CUSABIO) adhering to the manufacturer’s instructions. The ELISA kit was brought to RT for 30 min before use. After previously frozen 
lung homogenate supernatants were thawed at room temperature, they were loaded into wells, incubated for 2 h at 37 ◦C, and then 
subjected to the following steps: biotin-antibody was introduced (additional hour of incubation at 37 ◦C), five buffer washes, 
horseradish peroxidase conjugate was added (incubated for another hour at 37 ◦C), and chromogenic substrate was introduced 
(incubated for 15 min at 37 ◦C). Finally, the measurement of absorbance at 450 nm was carried out using a microplate reader (Thermo 
Fisher Scientific Inc., Waltham, MA, USA) [30]. 

2.5.6. RNA extraction and quantitative real-time polymerase chain reaction (qPCR) assay of lung tissue 
Lung homogenate supernatants were subjected to mRNA extraction utilizing 1 mL of TRIzol (Thermo Fisher, USA). The mixture 

underwent a 5-min incubation at RT, followed by vigorous shaking with 200 μL of chloroform for 15 s, a 3 min incubation at RT, and a 
subsequent 15-min centrifugation at 4 ◦C. After collecting the supernatant, it was combined with 500 μL of isopropanol and left to 
incubate for 10 min at RT. Following a 10-min centrifugation at 4 ◦C, the supernatant was discarded, and the precipitate was washed 
with 1 mL of 75 % ethanol. After a 10-min centrifugation at 4 ◦C, 10,000 rpm, the supernatant was again discarded, and RNA was 
dissolved in 50 μL of DEPC water. The quantification and purity assessment of the extracted RNA were performed using the DS-11+
ultra-micro spectrophotometer (DeNovix). For reverse transcription, 1000 ng of total RNA was converted to cDNA using Prime-
ScriptTM RT Master Mix (Perfect Real Time) from Vazyme Bio, Nanjing, China. The resulting cDNA underwent qPCR using the 
GeneAmp® PCR Instrument 9700 ChamQ Universal SYBR qPCR Master Mix on the ABI 7500 RT-PCR system (Vazyme Bio, China). 
Relative gene expression levels were normalized to β-actin using the 2− ΔΔCt method. The primer sequences are listed in Table 3 [28]. 

2.5.7. Immunohistochemical (IHC) examination 
For IHC, the processes of fixing, embedding, and sectioning lung tissue mirrored those employed in HE staining. After dewaxing 

with xylene and undergoing rehydration through an ethanol gradient, the tissue slides underwent a wash with deionized water. 
Antigenic repair procedures were conducted using a microwave and antigenic repair solutions. Following this, the slides were coated 
with 10 % bovine serum albumin and left to seal for 30 min at RT. Subsequent to the sealing step, the slides were subjected to in-
cubation with syndecan 1 (SDC-1; Abcam, 1:500 dilution) at 4 ◦C overnight and then with a secondary antibody at RT for 1 h. 
Shadowing was accomplished with DAB, and redyeing was performed with hematoxylin. Photomicrographs were captured using the 
Panoramic MIDI system [28]. 

2.5.8. Western blot assay 
Proteins from lung tissue were extracted by homogenization in RIPA buffer (Solarbio, Beijing, China) with full Mini protease in-

hibitor cocktail tablets (Sigma, USA). After centrifuging at 12,000 rpm, 4 ◦C for 15 min, the supernatant was gathered, and protein 
concentrations were determined using a BCA assay (Thermo Scientific, USA). Following this, equal protein amounts (15 μg) from each 
sample were separated on 10 % sodium dodecyl sulfate-polyacrylamide gels and transferred to PVDF membranes, and were blocked 
with TBST containing 5 % bovine serum albumin for 1 h. Then, specific primary antibodies from Cell Signaling Technology (CST) were 
used for incubation: anti-AKT (#2920, 1:1000 dilution), anti–NF–κB-P65 (#8242, 1:1000 dilution), anti-Phospho-AKT (#4060, 
1:1000 dilution), anti-Phospho–NF–κВ-P65 (#3033, 1:1000 dilution), anti-β-actin (#4970, 1:1000 dilution). Following this, the 
membranes were incubated with HRP-conjugated secondary antibodies (#7074 or #7076, 1:5000 dilution) for 1 h at RT, and 
enhanced chemiluminescence (ECL) blotting tool (BIORAD) was employed to detect antibodies bound to the membranes, and band 
intensities were quantified with ImageJ software 1.54f (National Institutes of Health, USA) [28]. 

2.6. Statistical analysis 

Data are presented as mean and standard deviation (SD). We employed IBM SPSS Statistics for Windows, version 25.0 (IBM, NY, 
USA) for statistical analysis. For normally distributed data, one-way analysis of variance before performing Tukey’s test was conducted 

Table 3 
The primers for qPCR.  

Gene Forward sequences Reverse sequences 

IL-1β GTGTCTTTCCCGTGGACCTT TCGTTGCTTGGTTCTCCTTG 
IL-6 AGTTGCCTTCTTGGGACTGA GCCACTCCTTCTGTGACTCC 
TNF-α ACGTGGAACTGGCAGAAGAG CTCCTCCACTTGGTGGTTTG 
MCP-1 TTCACCAGCAAGATGATCCCA TCCTTCTTGGGGTCAGCACA 
β-actin AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT  
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to determine differences among three or more groups. *p < 0.05, **p < 0.01, and ***p < 0.001 were indicative of statistical 
significance. 

3. Results 

3.1. Construction of PPI network of common targets of LP and influenza 

Through LC-MS/MS analysis, 1600 compounds in LP were discovered (Multimedia component 1). From this list, we selected the top 
natural 10 compounds with the highest expression levels to screen for potential gene targets (refer to Table 4). We identified 396 target 
genes associated with the compounds of LP using Swiss Target Prediction and TargetNet. Additionally, we found 1456 target genes 
associated with influenza in both Gene Cards and OMIM databases. 86 target genes were common to both influenza viruses and the 
compounds of LP (as shown in Fig. 1A). Common targets were entered into STRING to obtain information about shared potential 
targets. Subsequently, the STRING-derived data were imported into Cytoscape to build a PPI network made up of 83 nodes and 895 
edges (Fig. 1B). A higher node degree indicates a greater likelihood of eliciting an effect through the respective target. The top 5 nodes 
with the highest degree obtained in this study were TNF, AKT1, STAT3, GAPDH, and SRC. Notably, the average node degree stood at 
21.6, with 38 targets surpassing this average. 

3.2. Analysis of GO functional and KEGG pathway enrichment 

To determine the modes of action of the compounds, we conducted GO functional and KEGG pathway enrichment analyses. Terms 
with p < 0.05, minimum count of 3, and enrichment factor >1.5 (ratio of observed counts to counts expected by chance) were 
collected. Subsequently, these terms were categorized into clusters based on their shared memberships. The top three biological 
processes identified, with the lowest p-values, were positive control of cytokine production, reaction to lipopolysaccharide and 
response to molecule of bacterial origin (Fig. 2A). The top three cellular components were membrane raft, membrane microdomain 
and vesicle lumen (Fig. 2A). The top three identified molecular functions were protein serine kinase activity, protein serine/threonine 
kinase activity, and endopeptidase activity (Fig. 2A). The signaling pathways identified by the KEGG pathway analysis were including 
the PI3K-AKT signaling pathway, TNF signaling pathway, NF-κB signaling pathway, and so on (Fig. 2B). 

3.3. Molecular docking and simulation 

The PPI network and GO and KEGG pathway enrichment analyses revealed that LP treatment of influenza may entail the positive 
regulation of cytokine production, PI3K-AKT and TNF and NF-κB signaling pathways. Notably, the transcription factor NF-κB P65, 
known for its pivotal role in regulating the transcription of pro-inflammatory cytokines [31], is a central player in activating the TNF 
signaling pathway through the NF-κB signaling pathway [32]. To delve deeper into these associations, we conducted molecular 

Table 4 
The top 10 high expression chemical compounds of LP.  

Components 2DStructure PubChem CID Components 2DStructure PubChem CID 

L-Phenylalanine 6140 Isoleucine 6306 

D-Phenylalanine 71567 L-Leucine 6106 

HBOA 322636 Betaine 247 

2-Phenylglycine 3866 Adenine 190 

2-Hydroxy-6-aminopurine 76900 Adenosine 60961  
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docking to investigate the maximum binding energies of the compounds of LP with related proteins, including PI3K, AKT, TNF, and 
NF-κВ P65. In addition, amino acid [33] does not function as small ligand directly targeting the aforementioned proteins; therefore, we 
selected the remaining compounds from LP to perform molecular docking. In addition, the docking of the original ligands of the target 
protein was also performed for comparison. Table 5 provides an overview of the Autodock results. The original ligands demonstrated 
favorable binding energy with their respective receptors as anticipated and the binding energy of the original ligands except for the 
ligands of NF-κВ P65 was higher compared to the LP compounds interacting with these receptors. Our analysis revealed that the 

Fig. 1. (A) Venn diagram of the co-targets of influenza and LP. (B) PPI network of the co-targets of LP and influenza. Larger and darker nodes 
indicate a higher node degree value, suggesting a greater likelihood of exerting a vital function through the respective target. 

Fig. 2. Analysis of GO and KEGG enrichment to identify the anti-influenza mechanism of LP. (A) The top ten terms in biological processes (BP), 
cellular components (CC), and molecular functions (MF) that were highly enriched (p < 0.05) in the GO analysis were selected. (B) The pathways 
that were significantly enriched (p < 0.05) in KEGG analyses were selected. 
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affinity structure of the corresponding LP compounds bound to protein crystals fell within the range of 3–7 kcal/mol. Among the LP 
compounds, HBOA exhibited the lowest binding energy with PI3K, AKT, NF-κВ P65, and TNF with values of − 3.83, − 6.92, − 5.9, and 
− 7.41 kcal/mol, respectively. While it is commonly accepted that a binding energy of < -5 kcal/mol is suggestive of substantial 
binding activity between a ligand and a receptor [34], our findings showed that the binding energy between PI3K and LP compounds 
exceeded − 5 kcal/mol, suggesting that PI3K may not be the primary target for the theoretical impact that LP has on influenza. Mo-
lecular simulation revealed that the AKT-HBOA, NF-κB-P65-HBOA, and TNF-HBOA complexes all maintained a stable interaction from 
0 ns to 100 ns (Fig. 3A–C). TNF was the pro-inflammatory cytokine transcribed by NF-κB, and AKT served as an upstream element in 
the regulation of NF-κB activation [35,36]. Consequently, our speculation is that AKT/NF-κB signaling pathway may constitute the key 
mediated pathway for influenza treatment with LP. 

3.4. Molecular docking validation and comparison 

To validate molecular docking, we performed re-docking of the crystallized ligands (CHEMBL213618 or 1-(4-methanoylphenyl) 
carbonylpiperidine-4-carbonitrile or [4-(isoquinolin-8-yl)phenyl]acetonitrile) to their respective proteins: AKT (2GU8), NF-κB-P65 
(7BIY), or TNF (6 × 81). The crystallized ligand was extracted from each protein and subsequently docked back into the same protein. 
The docking grid box was specifically constructed at the active site for each protein. To assess the accuracy of docking, we super-
imposed the lowest energy pose of the docked ligand onto the crystallized ligand, allowing us to calculate the RMSD. A successful 
validation of the docking process requires an RMSD of <2 Å. As shown in Fig. 4A, D, G, the RMSD of the superimposed conformation of 
the docked and native ligands about CHEMBL213618, 1-(4-methanoylphenyl)carbonylpiperidine-4-carbonitrile, and [4-(isoquinolin- 
8-yl)phenyl]acetonitrile were 1.2475 Å, 1.6884 Å, and 0.8104 Å, respectively, which were all <2 Å. Furthermore, molecular docking 
was conducted with the corresponding proteins for the AKT inhibitor (CHEMBL213618), NF-κB-P65 inhibitor (magnolol), and TNF 
inhibitor (SPD304), revealing binding energy values of − 10.0, − 6.27, and − 11.85 kcal/mol, respectively. As shown in Fig. 4 (B, C, E, F, 
H, I), 2D intermolecular interaction of the above complexes revealed that the compound HBOA had the same sites as the docked 
inhibitors of the target proteins produced. The results indicated that HBOA could be a potential molecular inhibitor that targets the 
AKT/NF-κB signaling pathway. 

3.5. LP improved the weight loss, decreased the lung index and virus titres, and reduced the number of lung lesions in mice post-infection 

To assess the effectiveness of LP against H3N2, we monitored the daily body weight of mice for 6 days. As depicted in Fig. 5A, the 
H3N2 group exhibited a significant body weight loss of approximately 15 % compared with the Ctrl group. In contrast, the OSE, LP 1.2 
g/kg, and LP 0.6 g/kg groups showed increased weight with an approximate increase of 5 %, 7 %, and 8 %, respectively, compared to 
the H3N2 group. Furthermore, to assess the severity of viral pneumonia induced by H3N2 (Fig. 5B), we calculated the lung index. The 
H3N2 group had a markedly higher lung index than the Ctrl group (1.09 ± 0.10; p < 0.001), whereas the OSE group had a significantly 
lower lung index than the H3N2 group (0.81 ± 0.07; p < 0.001); similar findings were noted for the LP 1.2 g/kg (0.87 ± 0.07; p < 0.01) 
and LP 0.6 g/kg (0.94 ± 0.07; p < 0.05) groups. Additionally, we determined the antiviral activity of LP by measuring the virus titres in 
the lungs. As shown in Fig. 5C, the virus titre in the H3N2 group was 5.70 ± 0.33. Notably, both LP and OSE treatments significantly 
inhibited virus replication in the lungs of mice. The virus titres in the OSE, LP 1.2 g/kg, and LP 0.6 g/kg groups were 4.07 ± 0.35 (p <
0.001), 4.61 ± 0.20 (p < 0.001), and 4.90 ± 0.26 (p < 0.001), respectively. 

Subsequently, we proceeded to examine histopathological changes in the lungs of the mice (Fig. 5D). Following infection with 
influenza virus, the alveoli of mice in the H3N2 group experienced extensive atrophy. Additionally, the alveolar walls exhibited 
thickening and dilation, accompanied by a significant infiltration of inflammatory cells within the alveoli. Conversely, when subjected 
to treatment with either OSE or LP, there was a marked improvement in alveolar atrophy, along with a noticeable decrease in the 
infiltration of inflammatory cells. These findings strongly revealed that LP has the ability to shield the host’s lungs from damage 
inflicted by H3N2. 

Table 5 
The molecular docking’s binding energy between the target proteins and LP compounds or the original ligands.  

Protein 
Binding energy kcal/mol 
Compound 

PI3K AKT TNF NF-κВ-P65 

HBOA − 3.83 − 6.92 − 5.95 − 7.41 
2-Hydroxy-6-aminopurine − 3.24 − 6.03 − 5.89 − 6.97 
Betaine − 2.85 − 3.04 − 3.61 − 4.02 
Adenine − 3.06 − 5.64 − 5.23 − 5.66 
Adenosine − 2.54 − 6.87 − 5.90 − 6.32 
RU-PYRIDOCARBAZOLE-2 − 9.37 \  \ 
CHEMBL213618 \ − 10.00  \ 
1-(4-methanoylphenyl)carbonylpiperidine-4-carbonitrile \ \ \ − 6.27 
4-(isoquinolin-8-yl)phenyl]acetonitrile \ \ − 11.06 \  
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Fig. 3. Molecular docking and simulation of the compounds of LP and the target proteins. (A) AKT-HBOA complex: (a) Three-dimensional ribbon 
structure of the AKT-HBOA complex. (b) Surface simulation model of the AKT-HBOA complex in 0 and 100 ns. (c) RMSD of all atoms of AKT (red) 
and HBOA (blue). (B) The NF-κВ-P65-HBOA complex: (a) Three-dimensional ribbon structure of the NF-κВ-P65-HBOA. (b) Surface simulation model 
of the NF-κВ-P65-HBOA complex in 0 and 100 ns. (c) RMSD of all atoms of NF-κВ-P65 (red) and HBOA (blue). (C) The TNF-HBOA complex: (a) 
Three-dimensional ribbon structure of the TNF-HBOA complex. (b) Surface simulation model of the TNF-HBOA complex in 0 and 100 ns. (c) RMSD 
of all atoms of TNF (red) and HBOA (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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Fig. 4. Molecular docking validation and comparison. (A) Re-docking pose with RMSD value of 1.2475 Å (docked CHEMBL213618 presented in 
green and original CHEMBL213618 presented in blue). (B) 2D intermolecular interaction between CHEMBL213618 and AKT. (C) 2D intermolecular 
interaction between HBOA and AKT. (D) Re-docking pose with RMSD value of 1.6884 Å (docked 1-(4-methanoylphenyl)carbonylpiperidine-4- 
carbonitrile presented in green and original 1-(4-methanoylphenyl)carbonylpiperidine-4-carbonitrile presented in blue) (E) 2D intermolecular 
interaction between magnolol and NF-κB-P65. (F) 2D intermolecular interaction between HBOA and NF-κB-P65. (G) Re-docking pose with RMSD 
value of 0.8104 Å (docked [4-(isoquinolin-8-yl)phenyl]acetonitrile presented in green and original [4-(isoquinolin-8-yl)phenyl]acetonitrile pre-
sented in blue). (H) 2D intermolecular interaction between SPD304 and TNF. (I) 2D intermolecular interaction between HBOA and TNF. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.6. Effect of LP on inflammation and immunity of lungs in mice post-infection 

A regulated inflammatory response is crucial for clearing pathogens and safeguarding the host, but an excessive reaction can result 
in tissue damage and disrupt normal function. The overproduction of inflammatory cytokines can exacerbate this response. To assess 
these dynamics, qPCR was employed to measure the levels of pro-inflammatory cytokines in the lungs of mice after infection with 
H3N2. As illustrated in Fig. 6A, compared with the Ctrl group, the H3N2 group had significantly heightened mRNA expression levels of 
TNF-α, IL-6, IL-1β, and MCP-1 (p < 0.001). Notably, compared with the H3N2 group, the LP 1.2 g/kg group had significantly reduced 
mRNA expression levels of TNF-α (p < 0.01), IL-6 (p < 0.01), IL-1β (p < 0.05), and MCP-1 (p < 0.05), whereas the LP 0.6 g/kg group 
had significantly decreased levels of TNF-α (p < 0.01) and IL-6 (p < 0.01) but non-significant reductions in the levels of MCP-1 and IL- 
1β. Furthermore, compared with the H3N2 group, the OSE group exhibited a significantly lower mRNA expression of the mentioned 
cytokines (p < 0.01 or p < 0.001). 

Flow cytometry was utilized to assess the expression of T cells, specifically CD3+, CD4+, and CD8+, and to scrutinize changes in the 
immune response induced by H3N2 in the mouse lungs. CD3+, CD4+, and CD8+ T cells were significantly diminished in the H3N2 
group compared with those in the Ctrl group (p < 0.01 or p < 0.05; Fig. 6B), whereas the LP 1.2 g/kg group showed no reduction in 
CD3+, CD4+, and CD8+ T cells (p < 0.05 or p < 0.01). The LP 0.6 g/kg group exhibited a slight, but non-significant, increase in these T 
cells compared with the H3N2 group. Furthermore, the OSE group demonstrated a substantial increase in the mentioned T cells (p <
0.01 or p < 0.05). 

SDC-1 has immunomodulatory capabilities and is essential in controlling lung inflammation [37,38]. The respiratory mucosa, 
including plasma cells, tissue-resident memory B cells, and plasmablasts, secretes the antibody IgA [39]. IgA, in turn, binds to pIgR to 
form sIgA, which is then transported from the epithelium to neutralize the virus [40]. We conducted IHC to assess SDC-1 expression 
and employed ELISA to measure sIgA levels in the lungs. As depicted in Fig. 6C and D, compared with the Ctrl group, the H3N2 group 
exhibited significantly reduced SDC-1 and sIgA expressions (p < 0.01), whereas the LP 1.2 g/kg group showed markedly increased 
SDC-1 expression (p < 0.001) and elevated sIgA levels (p < 0.01) compared with the H3N2 group. On the other hand, the LP 0.6 g/kg 
group showed significantly increased SDC-1 expression (p < 0.01) compared with the H3N2 group. Notably, SDC-1 and sIgA ex-
pressions in the OSE group were not significantly increased compared with those in the H3N2 group. These results implied that LP 
treatment can mitigate excessive inflammation and enhance immunity in the lungs of mice infected with H3N2. 

3.7. LP suppressed the phosphorylation of AKT and NF-ĸB-P65 in the lungs of mice post-infection 

Following H3N2 infection, we thoroughly examined the protein expression levels in the lungs of mice post LP administration, 
guided by the results from molecular docking and simulation studies. As depicted in Fig. 7A, B, a decrease in AKT expression was 
observed in the Ctrl, OSE, LP 1.2 g/kg, and LP 0.6 g/kg groups compared to the H3N2 group, although these variations did not reach 
statistical significance (p > 0.05). Conversely, there was a significant increase in the expression of p-AKT, NF-κB-P65, and p–NF–κB- 
P65 in the H3N2 group compared to the Ctrl group (p < 0.01 or p < 0.001). Notably, the expression of p–NF–κB-P65 was significantly 
reduced in the LP 1.2 g/kg and LP 0.6 g/kg groups (p < 0.05) in comparison to the H3N2 group. Moreover, the LP 1.2 g/kg group 

Fig. 5. Protective actions of LP on H3N2-infected mice. (A) Body weight changes in mice in the Ctrl group, the H3N2 group, the OSE group, the LP 
1.2 g/kg group and the LP 0.6 g/kg group (the OSE and LP treatment from 4 h of H3N2 virus infection); (B) Alterations in the lung index of mice 
from each group; (C) Viral titers in the lungs of mice in each group; (D) HE staining of the pathological sections of the lungs in mice in each group 
after day 5 post-infection (magnification = 200×). The results are shown as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 vs. the H3N2 group. 
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Fig. 6. Effects of LP treatment on inflammatory and immune response to H3N2 in the lungs of mice. (A) qPCR analysis of the mRNA expression of 
pro-inflammatory cytokines TNF-α, IL-6, IL-1β, and MCP-1 in lungs of mice in the Ctrl group, the H3N2 group, the OSE group, the LP 1.2 g/kg group 
and the LP 0.6 g/kg group (the OSE and LP treatment from 4 h of H3N2 virus infection). (B) Flow cytometry analysis of T cells in lungs in each 
group, including CD3+, CD4+, and CD8+ T cells. (C) Immunohistochemistry assay detection of SDC-1 expression of lungs in each group (magni-
fication = 400×). (D) ELISA detection of sIgA expression of lungs in each group. The results are shown as mean ± SD, *p < 0.05, **p < 0.01, ***p <
0.001 vs the H3N2 group. 
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exhibited a significant decrease in p-AKT expression (p < 0.05), while the LP 0.6 g/kg group showed a non-significant decrease (p >
0.05). Additionally, the OSE group displayed markedly reduced protein levels of p-AKT, NF-κB-P65, and p–NF–κB-P65 (p < 0.001 or p 
< 0.01 or p < 0.05). These results suggest that LP therapy effectively inhibits the phosphorylation of AKT and NF-κB-P65, offering 
protection against influenza-induced damage. 

4. Discussion 

In this study, we identified 1600 compounds in LP by employing LC-MS/MS analysis. Given the complex multi-component nature of 
LP, we carefully selected 10 main compounds and employed network pharmacology to comprehensively investigate possible mech-
anisms behind the effectiveness of LP in treating influenza. Network pharmacology represents a pioneering approach at the inter-
section of traditional Chinese medicine and modern science that has been widely adopted to elucidate the intricate interactions 
between drugs and diseases by examining holistic biological networks [41]. By combining the putative targets of LP with therapeutic 
targets associated with influenza virus infection, we identified 86 targets through network topological analysis. Subsequently, we 
performed PPI network and GO and KEGG enrichment analyses on these 86 targets, which revealed that LP might mitigate influenza 
virus infection by modulating pathways such as regulation of cytokine production, TNF, PI3K-AKT and NF-κB signaling pathways. 
Importantly, the transcription factor NF-κB P65, known for its role in regulating pro-inflammatory cytokine transcription [31], 
emerged as a key player in these mechanisms. Furthermore, we predicted that the target proteins responsible for the treatment of 
influenza virus infection with LP were TNF, PI3K, AKT, and NF-κB P65. To validate these interactions, we employed molecular docking 
and dynamic simulation methods. Notably, our results demonstrated that HBOA formed better interactions with AKT, NF-κB P65 and 
TNF compared to the other compounds of LP. Furthermore, upon comparing the intermolecular interaction sites of existing molecular 
inhibitors of these proteins with HBOA, we found that HBOA shares the same sites with these inhibitors. HBOA has previously 
demonstrated potential in blocking the NF-κB signaling pathway to mitigate liver fibrosis [42]. Additionally, a literature review 
revealed the effects of other compounds in LP. For example, isoleucine, a branched-chain amino acid, is known to enhance the immune 
system, including both innate and adaptive immunity [43]. However, the specific effects of these compounds on influenza virus injury 
remain unclear. Thus, further studies should elucidate the impact and mechanisms of action of these compounds against influenza 
virus. 

To elucidate the underlying mechanism, we conducted in vivo experiments to validate our network analysis findings. As demon-
strated in the in vivo experiments, LP improved the weight loss of mice, decreased the lung index and viral titres, and alleviated 
pathological changes in the lungs induced by H3N2. Moreover, LP inhibited the release of TNF-α, IL-6, IL-1β, and MCP-1 in the lungs of 
mice post-infection and prevented the depletion of CD3+, CD4+, and CD8+ T cells from the lungs of mice. Furthermore, LP exhibited 
inhibitory effects on the reduction of SDC-1 and sIgA expressions in the lungs of mice post-infection. The respiratory epithelial cell 
layer serves as the initial line of defense when the influenza virus enters the body through oral or nasal cavities. SDC-1 is an indicator of 

Fig. 7. Protein expression of AKT, p-AKT, NF-κВ-P65, and p–NF–κВ-P65. (A) Associated proteins (AKT, p-AKT, NF-κВ-P65, and p–NF–κВ-P65) in the 
lungs of mice in the Ctrl group, the H3N2 group, the OSE group, the LP 1.2 g/kg group and the LP 0.6 g/kg group (the OSE and LP treatment from 4 
h of H3N2 virus infection) were detected using Western blot assay. (B) Quantification of the associated proteins (AKT, p-AKT, NF-κВ-P65, and 
p–NF–κВ-P65) was performed on Image J software. The results are presented as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 vs. the 
H3N2 group. 
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intact respiratory epithelium and is essential in controlling innate immunity to mitigate lung injury and inflammation caused by 
influenza [38]. sIgA, the main antibody in mucus, provides non-specific protection by neutralizing viruses and other pathogens [44]. 
Changes in SDC-1 and sIgA levels reflect immune responses at mucosal surfaces to combat influenza virus invasion. Pro-inflammatory 
cytokines and chemokines are released as the virus replicates in host cells and activates various pattern recognition receptors. 
Excessive pro-inflammatory cytokine production exacerbates inflammation, cell death, and the release of progeny viruses [45]. In 
addition, chemokines recruit additional immune cells. T cells are essential in antiviral immune response [46]. CD3, composed of three 
polypeptides, is expressed in all T cells [47]; therefore, CD3+ T cells can serve as an active marker total T cells. While CD8+ T cells 
release cytotoxic particles to destroy infected cells, CD4+ T cells emit a variety of cytokines that support the development of protective 
antibodies [48]. The number of lymphocytes typically decreases in influenza-infected patients [49]. Additionally, the susceptibility to 
H3N2 could be reduced by augmenting CD4+ and CD8+ T cells [49]. However, following H3N2 infection, LP treatment appears to 
restore host immunity, reduce excessive inflammation, and restrict viral reproduction and spread, indicating the potential 
anti-influenza therapeutic mechanisms of LP. 

As the limitation of the study, we didn’t perform internal validation of LC-MS/MS analysis and further explore mechanism of the 
individual compound of LP on inflammation and immunity against H3N2. In addition, we selected only the first ten major monomer 
compounds (excluding some uncertain ones) for network pharmacology analysis. The potential mechanism of action of the other 
monomer compounds in LP remains deserving of further investigation. 

Furthermore, the results from network analysis, molecular docking, and simulation demonstrated that AKT and NF-κB P65 are the 
core potential targets for LP treatment of influenza. This hypothesis gains support from Western blot assays, which confirm that LP can 
inhibit the phosphorylation of these proteins. AKT, a serine-threonine kinase, is essential for several functions, including cell division, 
metabolism, and proliferation [50]. AKT interacts with the non-structural protein 1 (NS1) of the influenza virus, and its activity may 
reduce the sensitivity of conventional T cells, ultimately promoting susceptibility to influenza virus infection [51–53]. Furthermore, 
AKT is a crucial upstream element that regulates NF-κB activation [35], while NF-κB itself is vital in regulating immune development, 
immune reaction, inflammation, and various cellular activities [54]. Notably, when the NF-κB pathway is activated, it induces the 
release of the aforementioned cytokines [31]. Taken together, the mechanism of action of LP against H3N2 involves inhibiting the 
AKT/NF-κB signaling pathway, which, in turn, helps restore physiological homeostasis in the host. 

5. Conclusion 

To sum up, our study demonstrates that LP has the capability to boost host immunity and curb the excessive production of pro- 
inflammatory cytokines, thereby shielding the host from H3N2 infection. The mechanism of action of LP against influenza virus in-
volves inhibiting the AKT/NF-κB signaling pathway. These results establish a theoretical and research groundwork for considering LP 
and its components as a potential countermeasure against influenza. 
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