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Radix Astragali (RA) has been recognized for its therapeutic potential in allergic rhinitis (AR), yet its
potential pharmacological mechanisms remain elusive. This study systematically investigated the
physicochemical properties and biological activities of RA’s phytochemicals, aiming to elucidate

their targets and mechanisms in AR treatment. We identified 775 potential targets of RA’s key
phytochemicals and intersected these with 29,544 AR-related disease targets, pinpointing 747 shared
therapeutic targets. A protein-protein interaction network analysis categorized these targets into five
subclusters, with TNF, NFKB1, IKBKB, NFKBIA, and CHUK emerging as central nodes. Enrichment
analysis revealed their roles in inflammatory and immune responses, particularly through the NF-

kB, TNF, IL-17, Toll-like receptor, and NOD-like receptor signaling pathways. Molecular docking and
dynamics simulations confirmed the strong binding affinity and stability of RA’s phytochemicals to
these targets. In vivo, RA intervention effectively reversed the expression of key inflammatory markers
in an IL-13-induced nasal mucosa inflammation model. Our findings suggest that RA’s multitargeted
approach involves the modulation of critical inflammatory pathways, highlighting its therapeutic
potential.
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Allergic rhinitis (AR) is a chronic airway inflammatory disorder characterized mainly by nasal symptoms,
including itchy nose, sneezing, rhinorrhoea and nasal congestion, which is caused by immunoglobulin E (IgE)-
mediated inflammation of the nasal membranes after allergen exposure!. AR is a global health issue that affects
10-20% of the population worldwide? and severely impairs patients’ lives, including their social activities,
ability to learn in school, and work productivity®. Additionally, AR is linked to various inflammatory illnesses
of the mucosa, including asthma, allergic conjunctivitis, and rhinosinusitis’. Although H1-antihistamines,
antileukotriene medications, and intranasal glucocorticosteroids are used to alleviate the allergic symptoms!+4,
patients are still unsatisfied for relapse after drug withdrawal® and were compelled to seek complementary and
alternative therapies.

Radix Astragali (RA), known as Huanggqi, is a natural product with a history of medicinal and nutritional
use dating back to Shen Nong’s Classic of Materia Medica in 200 AD. In traditional Chinese medicine, it is
the most representative invigorating Qi medicine, which is widely used for anti-fatigue, delaying aging, and
treating deficiency diseases®®. Modern pharmacological studies have revealed RAs immunomodulatory,
anti-inflammatory, and antiviral activities®®. Specifically, RA’s active ingredients, such as formononetin and
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kaempferol, have demonstrated anti-allergic effects by modulating inflammatory pathways and cytokine
production in AR!®!!. Despite RAs recognized therapeutic potential, a comprehensive understanding of its
molecular mechanisms in AR treatment remains elusive.

Network pharmacology represents a cutting-edge, integrative approach that enables a comprehensive and
systematic dissection of the biological targets, molecular functions, and underlying mechanisms of bioactive
compounds. In this study, we have uncovered the therapeutic potential of RA in modulating the expression of
pivotal inflammatory biomarkers in a model of IL-13-induced nasal mucosa inflammation. Our investigation
was conducted through a multi-faceted strategy that combined network pharmacology predictions with rigorous
experimental validation to delineate the therapeutic mechanisms. Furthermore, we conducted a detailed analysis
of the interactions between key compounds in RA and the core molecular players implicated in allergic rhinitis
progression, utilizing molecular docking and molecular dynamics simulations to elucidate these interactions.

The graphical abstract encapsulating the essence of our findings is presented in Fig. 1.

Materials and methods

Physicochemical properties and biological activities of ingredients

The phytochemicals of RA were procured from the Traditional Chinese Medicine Systems Pharmacology
Database and Analysis Platform (TCMSP), and oral bioavailability (OB) of >30% and a drug-likeness (DL) of
>0.18 was set to candidate active ingredients. The Molinspiration server was utilized to assess the molecular
descriptors, drug-likeness and bioactivity of the candidate active compounds. The value of the additional
percentage of absorption (%ABS) was calculated as follows: %ABS =109 - [0.345*TPSA]'2.

Targets of RA and AR

TCMSP, Swiss Target Prediction, HERB, ChEMBL, PubChem, Search Tool for Interacting Chemicals (STITCH)
and Super-PRED were used to find out targets of RA. The UniProt database was utilized to transform candidate
targets into standard gene symbols with human settings, and then duplicates were removed. AR-associated targets
were gathered from the eight open-source databases, including GeneCards, Online Mendelian Inheritance in
Man (OMIM), Comparative Toxicogenomics Database (CTD), DisGeNET, Drugbank, MalaCards, NCBI Gene
and Therapeutic Target Database (TTD). After eliminating duplications, all the disease targets were discovered.
The ultimate targets of RA against AR were filtered by intersecting AR and RA targets.

Construction of PPl network
The STRING database was utilized to construct the protein-protein interaction (PPI) network of the shared
targets with the setting was restricted to “Homo sapiens” and interaction scores greater than 0.99. Subsequently,
Cytoscape was utilized to visualize and analyze the PPI network. The significant module of the network was
screened by the MCODE plugin'?.

Analysis of GO and KEGG pathway enrichment

Enrichment analysis of Gene Ontology (GO) function and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway!4~1¢ were performed by in R with “ClusterProfiler” and “org.Hs.eg.DB”. Considering GO enrichment
analysis may include a substantial amount of redundant information, ‘rrvgo was utilized to simplify the
enrichment results'.

Molecular docking and molecular dynamics simulation verification

The 3D structure of the main phytochemical was obtained from the PubChem database. The core target’s crystal
structure was downloaded from the Protein Data Bank database (PDB). PyYMOL (2.4.0) was used to extract the
crystal structure of the complex’s ligands and water molecules, and add hydrogen. Autodock tools were used to
convert the pdb format into the pdbqt format, and AutoDock Vina performed the molecular docking between
the receptor and ligand, with the final docking results visualized using PyMOL. The Schordinger 2019 software
“Desmond” module was used for molecular dynamics (MD) simulation. A predefined Simple Point Charge
(SPC) water model was used to simulate water molecules using the OPLS 2005 force field. In order to neutralize
the system charge, an appropriate amount of chloride or sodium ions were added to balance the system charge
and randomly placed in the solventized system. Performed energy minimization of the solvated system using
the default protocol integrated with the Desmond module (using OPLS 2005 force field parameters). Employed
Nose-Hoover temperature coupling and isotropic scaling to maintain the temperature and pressure at 300 K
and 1 atmosphere; following the operations, ran a 100 ns NPT simulation, saving trajectories at 100 ps intervals.

Human nasal epithelial cells culture

Human nasal epithelial cells (HNEpCs) were purchased from Guangzhou Genio Biotech Co., Ltd. and have been
confirmed to be consistent through STR identification. HNEpCs were cultured in DMEM supplemented with
18% fetal bovine serum and 100 U/mL penicillin, 100 ug/mL streptomycin in a 37 'C with 5% CO, humidified
incubator. When the cell growth reached confluence of 80% ~ 90%, they were digested at a ratio of 1:2 using
0.25% EDTA trypsin at 37 “C. These cells were then seeded into a six-well plate until they reached a density of
90%. HNEpCs were incubated with IL-13 (100 ng/mL) for 12-24 h separately.

Preparation of Radix astragali lyophilized powder

The RA herbal medicine, which purchased from Kangmei Pharmaceutical Co., Ltd., was combined and
pulverized using a high-speed universal machine. A 5-fold volume of deionized water was added to the mixture
in a bottle. RA was soaked in deionized water for 30 min before being boiled twice at 100 °C in ten times
its volume of deionized water for 2 h. The resulting filtrates were concentrated using a rotary evaporator and
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Fig. 1. The flow diagram of this research shows a pragmatic strategy for identifying the pharmacological
mechanisms of RA against AR based on system pharmacology and bioinformatics analysis.

dried through lyophilization to obtain powdered extract, which was stored at 4 °C. Subsequently, the decoction
process involved heating with a water frying sleeve thermostat for 120 min, followed by filtration of the drug
residue through a 400 mesh filter screen and centrifugation at 3500 r/min (r=40 cm) for 5 min. The supernatant
containing the medicinal solution was then concentrated using a rotary evaporator until reaching a final
concentration of 1 g/mL. Finally, the concentrate underwent freezing at -80°C for 48 h before being freeze-dried
with a vacuum freeze-drying machine over a period of 72 h.
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The logarithmically cultured HNEpCs were seeded into 96-well cell culture plates at a density of 1x 10 cells
per well. Various concentrations of freeze-dried Radix astragali powder (0 mg/mL, 0.16 mg/mL, 0.3125 mg/
mL, 0.625 mg/mL, 1.25 mg/mL, 2.5 mg/mL, 5 mg/mL, 10 mg/mL and 20 mg/mL) were used to treat the cells
for durations of both 24 h and 48 h. Subsequently, each well was supplemented with CCK8 reagent (10 pL) and
incubated in darkness for a period ranging from half an hour to two hours. The absorbance at a wavelength of
490 nm was measured for each well.

Western blot

The proteins from each group were extracted using RIPA lysis buffer containing 1 mM phosphatase inhibitors
and 1 mM protease inhibitors. After centrifugation of the cell lysates at 12,000 g and 4°C for 15 min, the total
protein content in the supernatant was quantified using the bicinchoninic acid protein assay kit. Supernatants
were mixed with a 5Xprotein sample loading buffer, boiled for 10 min, and stored at -20°C for future use.
Subsequently, equal quantities of protein (40 pg/lane) from each sample were loaded onto a 10% SDS-PAGE
gel and transferred to a polyvinylidene difluoride membrane with a pore size of 0.45 um. The gel blocking step
was performed using Tris-buffered saline containing 0.1% Tween-20 (TBST) and nonfat dry milk (5%) at room
temperature for two hours, followed by overnight incubation with primary antibodies f-Actin/STAT3/ pSTAT3/
NF-«xB / pNF-«B (diluted to 1:1000), which were purchased from CST, at a temperature of 4 C. After three
washes with a TBST solution (10 min each), the membranes were incubated with HRP-conjugated goat anti-
rabbit secondary antibody (diluted to 1:3000) for one hour at room temperature. Subsequent to three additional
washes with TBST, chemiluminescence detection reagents were used to visualize the bands via the ChemiDoc
Touch-1 (BIO-RAD).

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

The HNEpCs were subjected to total RNA extraction using the Cell RNA Rapid Extraction Kit following the
manufacturer’s guidelines. The extracted RNA was quantified using a Nano-300 Micro-Spectrophotometer, and
samples with a D(A)260/D(A)280 ratio falling within 1.8-2.0 were stored at -80 °C. For cDNA synthesis, 1 ug
of RNA was utilized with the HiScript RT SuperMix for qPCR (+ gDNA wiper) Kit. Reverse transcription was
carried out at 50°C for 15 min, followed by 85°C for 5 s. All PCR primers were designed using NCBI Primer-
BLAST and obtained from Guangzhou Miaobo Biotechnology (STable 1). RT-qPCR analysis was conducted on
an ABI ViiA 7-384 instrument using ChamQ Universal SYBR qPCR master mix as per the following cycling
conditions: initial denaturation at 95 “C for 30 s, followed by amplification cycles of denaturation at 95 C for 5 s
and annealing at 60 C for 30 s. The expression levels of the GAPDH gene served as internal controls and were
assayed simultaneously with the samples. Relative gene expression was determined utilizing the AACT method
(2A—AACT). Each experiment was conducted in triplicate. Primer specificity validation included both in silico
analysis (NCBI Primer-BLAST) and melting curve analysis post-qPCR amplification.

Results

Physicochemical properties and bioactivity of the active components

A comprehensive list of 87 phytochemicals was discovered in RA, with 20 active compounds meeting the
inclusion criteria of oral bioavailability (OB) >30% and drug-likeness (DL) >0.18 (STable 2). We analyzed the
physicochemical properties of 18 active ingredients in our study, excluding two that the PubChem database
could not retrieve. Most key active phytochemicals, except MOL000433, MOL000374 and MOL000439, satisfied
Lipinski’s Rule of Five with no violations. And the majority of active ingredients were in accordance with TPSA
values < 140 A% and %ABS > 63%, indicating that they were within the optimal range of oral bioavailability
(Table 1).

The physiological function for the key components of RA might be linked to various mechanisms, including
the interplay of ion channel modulators, GPCR ligands, nuclear receptor ligands, kinase inhibitors, protease
inhibitors and enzyme inhibitors. Molecular compounds with a bioactivity value greater than 0.00 have a high
probability of exhibiting significant biological activity'®. Mairin exhibited excellent enzyme inhibitor and nuclear
receptor ligand affinities with bioactivity scores > 0.5, good protease inhibitor, ion channel modulator and GPCR
ligand affinities with bioactivity values > 0, and moderate kinase inhibitor affinities with bioactivity scores ranging
from —5.0 to 0. The results illustrated that mairin possesses exceptional enzyme inhibitor and nuclear receptor
ligand affinity (nuclear receptor ligand>enzyme inhibitor > GPCR ligand > protease inhibitor >ion channel
modulator > kinase inhibitor). Table 2 presents comprehensive information on additional phytochemicals.

Identifying the targets associated with RA and AR

The targets of RA were extracted from seven open-source databases: TCMSP (209), CheMBL (255), HERB (233),
PubChem (363), Swiss Target Prediction (375), STITCH (44) and Super-PRED (327). The RA-associated target
set was acquired by merging the results of different databases, and 775 potential targets were acquired after
eliminating duplicates (Fig. 2A). AR-associated targets were obtained via eight open-source databases: CTD
(43837), GeneCards (2718), DisGeNET (446), NCBI gene (817), OMIM (3), DrugBank (18), TTD (30) and
MalaCards (39). A total of 29,544 targets were obtained after the elimination of duplicates (Fig. 2B). Ultimately,
a total of 747 intersection target was acquired as the target of RA against AR (Fig. 2C).

PPI network construction and top cluster analysis

The PPI was generated by using the STRING database with the 747 intersection targets (Fig. 2D, E). Figure 2F
shows the top 30 ranked targets. MCODE was used to analyze the PPI network and recognized five significant
clusters (Fig. 2G; Table 3). The top-ranked hub cluster including five key targets, namely TNE, NFKB1, IKBKB,

Scientific Reports |

(2024) 14:29873 | https://doi.org/10.1038/s41598-024-80101-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Compound %ABS MiLogP | TPSA(A) | n-atoms | MW | HBA | HBD | n-violations | n-rotb | MV
Standard criteria <5 <140 <500 |<10 |<5 <1 <10
MOL000211 89.15215 | 7.04 57.53 33 456.71 |3 2 1 2 472.04
MOL000239 78.2467 | 2.98 89.14 23 314.29 | 6 2 0 3 267.12
MOL000033 102.02065 | 8.88 20.23 31 428.75 | 1 1 1 7 473.32
MOL000354 67.4758 | 1.99 120.36 23 316.26 | 7 4 0 2 257.61
MOL000371 93.07135 | 3.08 46.17 23 314.34 | 5 0 0 3 278.83
MOL000374 23.89195 | -1.75 246.69 45 642.61 | 16 9 3 9 543.41
MOL000378 89.2798 | 3.17 57.16 23 316.35 | 5 1 0 4 288.68
MOL000379 61.9696 | 0.76 136.32 33 462.45 | 10 4 1 5 393.43
MOL000380 89.2798 | 2.55 57.16 22 300.31 | 5 1 0 2 261.30
MOL000387 71.73655 | 2.61 108.01 30 418.35 | 10 0 1 7 343.46
MOL000392 88.41385 | 3.10 59.67 20 268.27 | 4 1 0 2 233.56
MOL000417 81.4345 |2.38 79.90 21 284.27 | 5 2 0 2 241.58
MOL000422 70.6636 | 2.17 111.12 21 286.24 | 6 4 0 1 232.07
MOL000433 354184 | -2.37 213.28 32 441.40 | 13 7 2 9 367.26
MOL000438 85.4848 | 2.63 68.16 22 302.33 | 5 2 0 3 271.15
MOL000439 30.8713 | -1.20 226.46 44 626.61 | 15 8 3 9 535.40
MOL000442 80.9515 | 3.43 81.30 23 31429 |6 2 0 2 263.08
MOL000098 63.68425 | 1.68 131.35 22 302.24 |7 5 0 1 240.08

Table 1. Physicochemical properties of key phytochemicals of RA evaluated by Molinspiration. %ABS,
percentage of absorption; miLogP, logarithm of partition coefficient between n-octanol and water; TPSA,
topological polar surface area; n-atoms, number of atoms; MW, molecularweight; n-ON, number of hydrogen
bond acceptors; n-OHNH, number of hydrogen bond donors; n violations, number of Lipinski’s rule-of-five
violation; n-rotb, number of rotatable bonds; MV, molecular volume.

Compound | GPCRligand | Ion channel modulator | Kinase inhibitor | Nuclear receptor ligand | Protease inhibitor | Enzyme inhibitor
MOL000211 | 0.31 0.03 -0.50 0.93 0.14 0.55

MOL000239 | -0.10 -0.21 0.13 0.22 -0.26 0.17

MOLO000033 | 0.15 0.04 -0.49 0.70 0.06 0.49

MOL000354 | -0.10 -0.26 0.25 0.28 -0.30 0.22

MOL000371 | 0.21 -0.24 -0.14 -0.06 -0.36 0.37

MOLO000374 | -0.11 -0.72 -0.41 -0.24 -0.11 -0.14
MOL000378 | 0.01 -0.10 0.01 0.28 -0.21 0.15

MOL000379 | 0.25 -0.10 -0.10 -0.01 -0.14 0.053
MOL000380 | 0.27 -0.17 -0.09 0.05 -0.38 0.46

MOL000387 | -0.00 -0.16 -0.16 -0.08 -0.12 -0.04
MOL000392 | -0.30 -0.69 -0.19 0.05 -0.80 -0.02

MOL000417 | -0.25 -0.65 -0.08 0.06 -0.78 0.01

MOLO000422 | -0.10 -0.21 0.21 0.32 027 0.26

MOL000433 | 0.27 -0.08 0.10 -0.49 0.12 0.51

MOL000438 | 0.03 -0.07 0.04 0.32 -0.24 0.18

MOLO000439 | -0.07 -0.62 -0.34 -0.20 -0.08 -0.07

MOL000442 | 0.03 -0.26 0.00 0.30 -0.15 0.28

MOL000098 | -0.06 -0.19 0.28 0.36 -0.25 0.28

Table 2. Bioactivity scores of key phytochemicals of RA based on Molinspiration cheminformatics. Bioactivity

score of >0 represented promising activity, bioactivity score between — 5.0 and 0.00 represented moderate
activity, and bioactivity score of < -5.0 represented no activity.
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Fig. 2. (A) The number of target genes related to the ingredients of RA comes from seven open-source
databases. (B) The number of target genes related to AR from eight open-source databases. (C) Venn
diagram depicting common target genes between AR and RA. Results of PPI network analysis of Radix
astragali interfering with AR intersection targets. (D) The PPI network of intersection targets. (E) PPI
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network visualized with Cytoscape; the color of each node represents the degree of freedom. (F) Bar chart of
intersection targets with top 30 degree values. (G) Screened hub targets in Cytoscape with MCODE. (H) GO

analysis of the top-ranked cluster. (I) KEGG analysis of the top-ranked cluster.

1 IKBKB, NFKB1, CHUK, NFKBIA, TNF 4.5 5 9
2 MYC, HIF1A, STAT3, SMAD3, SP1, SKT1 | 4.4 6 11
3 CCL2, IL1B, IL6, CXCL8 4 4 6
4 TP73, MDM2, AR, NCOA3, EP300 35 5 7
5 CAT, SOD1, SOD2, SOD3 333 |4 5

Table 3. Targets clusters of the PPI network identified based on MCODE analysis. MCODE scores > 3; degree

cut-off =2; node score cutoff =0.2; k-core =2; and max. Depth =100.
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NFKBIA and CHUK. Enrichment analysis showed that top-ranked hub cluster were involved in NF-kappa
B signaling pathway, Toll-like receptor signaling pathway, T-cell receptor signaling pathway, TNF signaling
pathway, IL-17 signaling pathway and so on (Fig. 2H, I).

GO and KEGG pathway enrichment analyses of key clusters

For a more comprehensive understanding of the potential mechanisms of intervention, clusters with a score
of four or higher were considered as important therapeutic targets, including clusters 1, 2, and 3 (Table 3). GO
and KEGG analyses were also performed for these three clusters (Fig. 3A, B). Since the GO enrichment analysis
might contain extensive duplicated data, the results were streamlined using an R package, as shown in Fig. 3C.
The results showed that the GO biological processes mainly involved humoral immune response, regulation of
epithelial cell proliferation, cellular response to lipopolysaccharide, cellular response to biotic stimuli, regulation
of inflammatory responses, positive regulation of cytokine production, and cellular response to tumor necrosis
factor, among others. The KEGG analysis revealed that the key targets were associated with 89 pathways, with the
top 30 pathways displayed in a histogram and a bubble chart based on their counts or fold enrichment (Fig. 3D,
E). The main KEGG pathways targeted by RA against AR included the NF-kappa B signaling pathway, TNF
signaling pathway, IL-17 signaling pathway, Toll-like receptor signaling pathway, NOD-like receptor signaling
pathway, and cytokine-cytokine receptor interaction, among others. The biological processes and KEGG
pathways were strongly correlated with inflammation, immunological responses, and epithelial cell proliferation.
Finally, we constructed an interaction network that includes the active ingredients of RA, targets, and KEGG
pathways to better elucidate the multi-component and multi-target interventional role of RA in AR (Fig. 3F).

Binding activities of the key phytochemicals to core targets

The binding energy between the top-ranked clusters and their corresponding RA components was determined
by molecular docking, as shown in Table 4. A lower binding energy implies a greater affinity. The docked
complexes exhibited the binding affinities and interactions between ligand and receptor, as depicted in Fig. 4.
Binding energies below — 5.0 kcal/mol are considered good binding interactions between the major compounds
and targets'®. The docking results indicated that the essential compounds of RA might bind to TNF, NFKBI,
NFKBIA, IKBKB and CHUK. Furthermore, TNF (PDB ID, 2az5), NFKB1(7lfc) and NFKBIA (PDB ID, 6ylj)
showed the lowest binding energies with MOL000387, MOL000378 and MOL000392, respectively.

Molecular dynamics simulations

Molecular docking revealed that MOL000417 (calycosin) displayed a superior binding energy to TNF compared
to other compounds and proteins. Therefore, 100 ns molecular dynamics (MD) simulations were performed to
investigate the stability of the calycosin-TNF complex. The stability of the protein-ligand complex was assessed
using RMSD plots, which measured the deviation of protein and ligand atoms in the binding pocket at the end of
the 100 ns simulation cycle relative to their initial positions at 0 ns before the simulation. In Fig. 5A, the RMSD
plot of the complex’s 100 ns trajectory analysis is shown. The left Y-axis represents the RMSD change of TNF,
while the right Y-axis represents the stability of calycosin relative to the protein and its binding pocket. It was
observed that the calycosin-TNF complex exhibited some stability, with an RMSD of 1.4 A for TNF and 9 A for
the complex. The complex demonstrated a highly fluctuating pattern before 55 s, after which it stabilized. The
RMSE plot of TNF indicated that the residue with the highest flexibility and fluctuation during the simulation
was at index 11, which is important for the protein’s functional performance (Fig. 5B). Interactions between
calycosin and TNF residues were analyzed, revealing that interactions with TYR151, TYR119, TYR59, LEU57,
and SER60 were maintained above 50%, 45%, 30%, 20%, and 25% of the simulated time, respectively (Fig. 5C).
A detailed examination of interactions with protein residues indicated hydrophobic interactions with TYR151
(23%) and polar interactions with SER60 (14%) (Fig. 5D). The upper part of Fig. 5E illustrates the overall
specific interaction between calycosin and TNE while the lower part shows the protein residues that interact
with calycosin at each time point. The dark orange color observed throughout the trajectory represents the
interaction sites, including TYR151, TYR119, TYR59, LEU57, and SER60. It was found that these interactions
primarily involved hydrogen bonding, hydrophobicity, and water bridges.

Effect of RA on HNEpCs proliferation

The HNEpCs were treated with varying concentrations of lyophilized powder of RA. The results (Fig. 6A)
demonstrated that RA intervention at concentrations of 0.16 mg/mL, 0.3125 mg/mL, 0.625 mg/mL, 1.25 mg/mL,
2.5 mg/mL, 5 mg/mL and 10 mg/mL for a duration of 24 h significantly enhanced cell proliferation compared
to the control group (0 mg/mL). However, the group treated with a concentration of 20 mg/ml exhibited
inhibitory effects on cell growth without statistical significance. Additionally, after RA intervention period
of 48 h, concentrations of 0.625 mg/mL, 1.25 mg/mL and 2.5 mg/mL showed significant promotion in cell
proliferation, while concentrations of 0.16 mg/mL, 0.3125 mg/mL and 10 mg/mL had no effect on cell growth.
The group treated with a concentration of 20 mg/ mL of RA displayed statistically significant inhibition of cells.
The concentration of 5 mg/mL was ultimately chosen for cell intervention.

The effect of RA on protein levels of main targets of AR

The HNEpCs were exposed to control conditions, IL-13, and IL-13 plus RA for 24 h. The protein levels of STAT3,
pSTAT3, NF-kB, and pNF-«B were quantified using Western blot (WB) analysis. Compared to the control group,
the IL-13-induced inflammatory cell model group showed increased levels of pNF-«xB, STAT3, and pSTAT3,
while the levels of NF-kB protein remained unaffected. Additionally, treatment with RA inhibited the levels of
pNF-kB, STAT3, and pSTAT3 proteins, as depicted in Fig. 6B.

Scientific Reports |

(2024) 14:29873 | https://doi.org/10.1038/s41598-024-80101-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

response to virus

response to interleukin-1

regulation of vasculature development
regulation of angiogenesis

epithelial cell prolferation

cellular response to interleukin-1

vitamin D biosynthetic process |

negative regulation of mRNA processing 1

fever generation 1

response o interleukin-17 4

cellular response 1o interleukin-17 4

regulation of endothelial cell development 1
regulation of establishment of endothelial barrier <

response to molecule of bacterial origin
response to lipopolysaccharide regulation of vitamin metabolic process 1 . Count
regulation of inflammatory response reguiation of heat generation < - . 20
regulation of epithelial cell proliferation negative regulation of mRNA-mediated gene silencing < . ® 25
regulation of DNA-binding transcription factor activity ~logso(p.adjust) positive regulation of neuroinfiammatory response < ) ® a0
positive regulation of DNA-binding transcription factor activity fat-soluble vitamin biosynthetic process < .
positive regulation of cytokine production negative regulation of post-transcriptional gene silencing 1 . @ s
cellular response to molecule of bacterial origin 9 negative regulation of gene silencing by regulatory ncRNA < . @ o
cellular response to lipopolysaccharide s negative reguiation of post-ranscriptional gene silencing by reguiatory NCRNA 1 -
cellular response to biotic stimulus primary miRNA processing 1 0 )
stress-activated protein kinase signaling cascade 7 inflammatory response to wounding | ™) ~logio(p-adjust)
stress-activated MAPK cascade N hyaluronan biosynthetic process - .
response to tumor necrosis factor positive regulation of heterotypic cell-cell adhesion < . 5
regulation of small molecule metabolic process 5 positive regulation of gl cell prolferation |
5

regulation of MRNA metabolic process
regulation of endothelial cell proliferation
positive regulation of vasculature development
positive regulation of MIRNA metabolic process

positive regulation of cytokine production involved in inflammatory response <
positive regulation of membrane protein ectodomain proteolysis 1

T-helper 17 celllineage commitment <

regulation of mRNA processing 1

posilive regulation of angiogenesis oy vt @
mIRNA metabolic process heat gunration | »
humoral |mmune‘ response fegulation of regulatory ncRNA processing 1
gliogenesis sequestering of trglyceride |
endothelial cell proliferation
positive regulation of vascular endothelial growth factor receptor signaling pathway |
cellular response to tumor necrosis factor
positive regulation of acute inflammatory response @
o 2 4 6 200 250 300 350
Flod Enrichment

cellular
response to
lipopolysaccharide

tointerleukin-1 o
production involved

in inflammatory

response proces:

small molecule
metabolic

Count

receptor Human cytomegalovirus infection

positive PrOCE88] emoselng
regulation of

neurogenesis localization

regulation
of lipid

Measles

Malaria

Legionellosis

Insuiin resistance

Fluid shear stress and atherosclerosis
C-type lectin receptor signaling pathway
Antifolate resistance

postve

rogultion of
matrix

organization

s

positive positive negative  sensory regulation et
rogulstion of | ToGUIBLON | requionet o) susssasivas rouiaionof [signaling "-2uIE" Lid o ateroscross | |
epithelialicell | pNA-pinding Of MRNA  lipid metabolic PErCepon ypy cascade angiogenssis pathway via secm“ion Coronavirus disease - coviD-19{ | RS
humoral immune | proliferation  transcription | Metabolic process of pain JAK-STAT AGE-RAGE signaling pathway in diabetic complications < - | SRR
Yersinia infection | | N R
s : - negative
response factor activity  P'0°eSS [ canonical | positive TSR reguiation of reguistion Th17 cell diferentiation - | N NMENMEE
NF-kappaB  regulation  pnosphoprotsin D100 vessel  of synaptic
endotelial  transmission, NOD-like receptor signaling pathway | [ SRR
Signal| || offeukoeyte phosprmase | (LR, SUTICE el —————————
leukocyte - chemotaxis transduction activation  *
i : reguiation of e ol 1L-17 signaling pathway 1 [ A A AEE
gy M B S o T s —
endothelial cel i Cytonkel
L) | fever  regulation oepuuumion “yocess Chagas disease | [N
vascular S T generation of miRNA <35 Tolike receptor signaing patrwey | logso(p-adjust)
L regulation processing 1 TNF signaling pathway | [ AR SRR
endothelial growth n e T anelng periney "
4 of protein negative  genome _developme| saimonella infection | | N R EREEEEE 0
factor production  regulation of T = astrocyte  regulation of replication 0 gl Pathogenic Escherichia coli infection < - | N D EEEEEE
epithelial cell adhesion | | yerentiation cell junction 1 o rloase Non-alcoholic fatty liver disease [ A A AN 9
apoplotic  raguiation of P assembly — Kaposi sarcomarassociatec herpesvius nfecton | NN s
process organieh regulation of  positive 'eg"':‘m" oo 10T \nﬂam:‘vztc;ry‘ bu‘we\ leease 1 ;
: : regulatin of doveiopmen (coholic iver disease | | NN
myeloid Gell o jation of et 5 " ver i 6
= T transport  differentiation %" hormone response to Rheumatoid arthritis - | A A
cellular fesponse  Positive regulation proteolysis ¢cration B R Peruss's| N
of cytokine regulation of I J-1 NF-kappa B signaling pathway | [

Amoebiasis

o
@
=

Count

Antifolate resistance

Malaria

Inflammatory bowel disease
Legionellosis

Afican trypanosomiasis

AGE-RAGE signaling pathway in diabetic complications
IL-17 signaling pathway
Graft-versus-host disease

Chagas disease

Pertussis

Th17 cell differentiation

Adipocytokine signaling pathway
RIG-I-like receptor signaling pathway
Toll-ike receptor signaling pathway
Rheumatoid arthritis

Pancreatic cancer

TNF signaling pathway

Yersinia infection

Amoebiasis

Cytosolic DNA-sensing pathway
NF-kappa B signaling pathway

C-type lectin receptor signaling pathway
Type | diabetes melitus

Insulin resistance
PD-L1 expression and PD-1 checkpoint pathway in cancer
Acute myeloid leukemia
Type Il diabetes mellitus
Hepatitis B

Epithelial cell signaling in Helicobacter pylori infection
Alcoholic liver disease

~logso(p.adjust)

75 100 125

Flod Enrichment

50

Fig. 3. GO and KEGG enrichment analyses for main targets. (A) The bar plot shows the hub gene-enriched
top 20 items ranked by counts. (B) The bubble diagram shows the hub genes-enriched top 20 items ranked
by fold enrichment. (C) The rectangular tree diagram shows the simplified results of all the terms of GO
enrichment. (D) The bar plot shows the hub gene-enriched top 20 KEGG enrichment pathways ranked by
counts. (E) The bubble diagram shows the hub genes enriched in the top 20 KEGG enrichment pathways
ranked by fold enrichment. (F) Network visualization from bioinformatics analysis highlighting the detailed

interactions of ingredient-target-KEGG.
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Targets | Phytochemicals | binding energy (kcal/mol)
MOL000098 -7.7
MOL000211 -9.3

TNE MOL000354 7.6

(2az5) | MOL000387 | -6.8
MOL000417 -7.6
MOL000422 -7.4
MOL000442 -6.6
MOL000211 -7.4
MOL000387 -6.2
MOL000417 -6.7

NEKB1 | MOL000392 -6.58

(7lf) | MOL000033 | -7.0
MOL000239 -6.4
MOL000378 -6.1
MOL000380 -6.5
MOL000438 -6.2
MOL000098 -5.0
MOL000211 -5.2

EI;IE];IA MOL000354 -5.3
MOL000392 -4.3
MOL000422 -5.7

Table 4. Molecular docking score of core targets and key phytochemicals.

The impact of RA on mRNA expression levels of main targets of AR

The HNEpCs were exposed to various treatments: control, IL-13 alone and IL-13 in combination with RA, for
durations of 12 and 24 h. The mRNA expression levels of target genes were quantified using RT-qPCR. The
PCR results (Fig. 7) revealed a significant increase in the mRNA expression levels of CCL2, IL-1p, IL-6, NF-kB,
SP1 and HIF1A in the IL-13 group compared to those in the control group; However, IKBKB was found to be
downregulated. Furthermore, as compared to the control group, there was no statistically significant difference
in the expression of TNF-a and CHUK after 12 h of therapy or NFKBIA, CHUK, and CXCLS after 24 h of
treatment. In contrast to the IL-13 group, the expression levels of CCL2, IL-1p, IL-6, NF-kB, SP1, SMAD3 and
HIF1A were significantly reduced in the IL-13 plus RA group; meanwhile, IKBKB was upregulated. Furthermore,
no statistically significant difference was found in TNF-a expression after 12 h or NFKBIA expression after both
12 and 24 h between groups. Surprisingly, however, the gene expression level of CXCL8 increased in the RA
group compared to the control and IL-13 groups.

Discussion

RA is frequently prescribed for the treatment of AR and has exhibited excellent efficacy in TCM. Studies have
shown that RA reduces the number of eosinophils in the nasal mucosa and decreases the level of inflammatory
cells in nasal lavage fluid while decreasing serum levels of IgE, IL-4, IL-5, and IL-13 and increasing IFN-y
and IL-10 levels®. Furthermore, RA reduced the secretion of inflammatory cytokines by increasing the ratio
of CD4* CD25* Foxp3* T cells and inhibiting the activation of nuclear factor-kB (NF-kB)?°. However, the
therapeutic targets and active ingredients of RA against AR have not been identified. This research utilized
system pharmacology and bioinformatics analyses to screen targets, biological functions, and mechanisms. It
has discovered potential key biotargets and molecular pathways of RA against AR, and then the above results
were verified by in vitro experiments.

Firstly, we predicted the physicochemical properties and biological activities of the active ingredients of RA,
including drug-likeness, absorption, distribution, metabolism, and excretion (ADME), which were assessed
based on Lipinski’s Rule of Five, TPSA, and %ABS. These findings indicated that most key active phytochemicals
fit the criteria of MilogP <5, MW < 500 Da, HBA < 10, and HBD < 5 without violating the simplified Lipinski’s
rule of five except for FA, 5-hydroxyiso-muronulatol-2, 5-di-O-glucoside and isomucronulatol-7,2’-di-
O-glucosiole. Furthermore, the main active components with TPSA <140 A2 and %ABS>63% (aside from
9,10-dimethoxypterocarpan-3-O-B-D-glucoside and the two previously mentioned substances) fell within
the optimal range for oral bioavailability. The analysis revealed that RA is theoretically free of drug-likeness
and ADME restrictions. Additionally, molecules with bioactivity scores exceeding 0.00 are expected to show
significant biological activity, whereas those with scores between —5.0 and 0.00 show moderate activity, and
those with scores below — 5.0 show inactivity?!. Bioactivity analyses indicate that the pharmacological effects
of RA involve multiple mechanisms, including ion channel modulators, enzyme inhibitors, protease inhibitors,
GPCR ligands, nuclear receptor ligands, and kinase inhibitors. Thus, the pivotal active phytochemicals of RA are
synergistic in treating disease.
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Fig. 4. Molecular docking of key phytochemicals and core targets.

Secondly, bioinformatics techniques and in vitro experiments were employed to ascertain potential targets.
We identified 747 potential targets of RA against AR, and 15 targets were screened as main therapeutic targets
in the PPI network. Molecular docking revealed that the active phytochemicals had a strong ability to bind to
the primary targets, and molecular dynamics confirmed that the major complexes were stable. Combining the
results of network pharmacology prediction and experimental validation, we discovered that RA could mitigate
IL-13-induced inflammation by acting on TNE, NFKB1, IKBKB, CHUK, HIF1A, SP1, CCL2, IL-6, SMAD3 and
IL-1p.
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Fig. 5. Dynamics were simulated in TNF and MOL000417 (Calycosin). (A) RMSD plot for the trajectory
analysis of the complex at 100 ns. The blue trace represents the protein trajectory, while the red trace represents
the ligand trajectory. (B) The RMSF plot of TNE. (C) The monitored interactions between proteins and ligands
are categorized. (D) A schematic of detailed ligand atom interactions with the protein residues. (E) Timeline
representation of protein-ligand interactions. The top panel illustrates the total number of specific contacts
between the protein and the ligand over the simulation trajectory. The bottom panel indicates which residues
interact with the ligand at each frame of the trajectory. Residues that form multiple specific contacts with the
ligand are represented by a darker shade of orange, as per the scale provided to the right of the plot.

. Recent research

TNF stimulates proinflammatory and stress-response signals in several types of cell types??
23

has shown that susceptibility to AR is associated with tumor necrosis factor-a (TNF-a) gene polymorphisms*.
Allergen-induced inflammation triggers a TNF-dependent innate memory, which could sustain and aggravate
chronic type 2 airway inflammation?!. Reports have also shown that TNF-a/NF-«xB pathway inhibition might
effectively reduce allergic airway inflammation?>. NFKBI is the transcription factor with the highest expression
in macrophages, and it is also a critical cellular driver of inflammation and immunity?®. Previous research has
shown that M2 macrophages are associated with the severity of AR symptoms and enhance type 2 inflammation?’
NFKBI deletion intensifies canonical NF-kB signaling and boosts the content of macrophages®. IKBKB, also
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protein levels of the target in IL-13-induced inflammatory cell models.

known as IKKB/IKK2, involves in mediating the classical NF-kB pathway?. Deficits in IKBKB cause an impaired
response to activation stimuli in a variety of immune cells, resulting in clinically relevant impairments in adaptive
and innate immunity*®. CHUK, a catalytic subunit of IxB kinase, has been reported to suppress the activity of
the transcription factor NF-kB through phosphorylating the regulatory molecule TAX1BP1%L. The reduction in
CHUK, which encodes IKKa, promotes inflammation related to NF-kB targets in pancreatic cells®2. Therefore,
CHUK plays a crucial role in the negative feedback of NF-kappa-B canonical signaling to restrict the activation
of inflammatory genes. HIF1A plays a pivotal role as a transcription factor from a mechanistic standpoint.
Pharmacologically or genetically, inhibiting HIF1A can mitigate macrophage inflammation induced by inf-exo-
triggered hyperglycolysis. Additionally, administering an HIF1A inhibitor in vivo can alleviate experimental
osteoarthritis®. SP1 is a transcription factor that plays a crucial role in regulating gene expression. It can activate
or repress transcription in response to various stimuli. SP1 binds to specific DNA sequences known as GC-rich
motifs and controls the expression of a broad array of genes involved in essential cellular processes such as cell
growth, apoptosis, differentiation and immune responses. Knockdown of SP1 suppresses M1 polarization and
related inflammatory responses in microglia by inhibiting the NF-«B signaling pathway. Moreover, silencing SP1
inhibited the activation of microglia and their mediated inflammatory responses®*. The role of C-C chemokine
ligand 2 (CCL2) and its corresponding receptor CCR2 in various inflammatory conditions has been extensively
studied. Evidence suggests that the CCL2/CCR2 pathway extends to immune cell recruitment, inflammation
and even metabolic syndrome®. Previous study has indicated that circ-Phkb enhances LPS-induced alveolar
macrophage apoptosis and inflammation through the TLR4/MyD88/NF-kB/CCL2 axis®. IL-6 belongs to
the pro-inflammatory cytokine family, stimulating the expression of diverse proteins implicated in acute
inflammation and pivotal in human cell proliferation and differentiation®”. Previous research has shown that
within the IL-6 amplifier, stimulation of the IL-6-STAT3 and NF-kB pathways leads to an excessive production
of IL-6, chemokines and growth factors, fostering the development of chronic inflammation that precedes
the onset of inflammatory diseases’. SMAD3, a pivotal signaling transduction protein, is inhibited by miR-
146a-5p. ESP-B4 facilitates the secretion of miR-146a-5p, modulates the Th1/Th2 balance of helper T cells, and
alleviates symptoms of AR through Smad3/GATA-3 interaction®®. IL-1p is a potent pro-inflammatory cytokine.
Fibroblast-macrophage cell circuits were essential in the progression of airway inflammation and remodeling
via IL-1p paracrine signaling®’. Research has showed that excessive release of bioactive IL-1p may contribute to
severe persistent AR inflammation, suggesting IL-1p as a biomarker for allergic diseases such as AR, atopy and
asthma®!.

Finally, we preliminarily validated the potential key mechanisms of RA in the treatment of AR. The
enrichment analysis revealed that the crucial targets of RA are predominantly involved in inflammatory and
immune responses, responses to lipopolysaccharides, cytokine production, and epithelial cell proliferation. They
mainly exert their effects through the NF-«B signaling pathway, the TNF signaling pathway, the IL-17 signaling
pathway, the Toll-like receptor signaling pathway, and the NOD-like receptor signaling pathway. Further in vitro
experiments verified the inhibitory effect of RA on the expression levels of pNF-kB, STAT3, and pSTAT3 in the
inflammatory HNEpCs model. This suggests that one of the possible mechanisms by which RA counteracts AR
is through the regulation of the NF-xB/STAT?3 signaling pathway.

The NF-xB signaling pathway is considered an archetypal proinflammatory signaling pathway, mainly due
to the role of NF-kB in the expression of proinflammatory genes such as cytokines, chemokines and adhesion
molecules*?. Suppressing NF-kB signaling pathway may assist in controlling allergic responses in AR**. Moreover,
RA and its main ingredients, formononetin, have been demonstrated in experiments to inhibit activation of
the NF-kB signaling pathway and production of the inflammatory factors TNF-a and IL-1B*. RA exerts its
anti-allergic effect through multiple pathways, including the NF-kB signaling pathway, while also being able to
comprehensively modulate these aforementioned therapeutic targets to counteract the occurrence of AR.
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Fig. 7. The impact of RA on the mRNA expression of target genes in IL-13-induced inflammatory cell models.
*P<0.05,**P<0.01, **P<0.001.

The strength of our study is integrating of network pharmacological analyses from multiple databases to
identify comprehensive potential therapeutic targets and mechanisms of RA against AR. The validation of the
potential targets through molecular docking, dynamics simulations and in vitro experiments presents a more
comprehensive screening and validation approach. To our knowledge, this research is the first time to provide
a comprehensive insight into the potential therapeutic targets of RA against AR, which offering important

strategies for its clinical application.
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Nonetheless, there are limitations to the study. First, the validation of identified targets was solely based
on computer simulations and in vitro assays, without in vivo confirmation. Secondly, our findings did not
establish an optimal therapeutic dosage of RA for AR in clinical settings. Consequently, in vivo experimental
and pharmacological studies are necessary in depth to better guide clinical practice. We will also add refinements
to provide more favorable evidence in subsequent experiments.

Conclusion

Through network pharmacology analysis and verification by cell experiments, we have discovered and validated
the potential key targets and mechanisms of RA against AR. The study showed that RA treatment may reverse
the abnormal target expression, which is related to inflammation and immune regulation. The research also
suggests that the key phytochemicals of RA have superior drug likeness and bioactivity, and the mechanism of
RA against AR is likely the result of direct or indirect synergistic effects via multiple targets and pathways.

Data availability
The original data presented in the study are included in the article, and further inquiries can be directed to the
corresponding authors.
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