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Background: Tuo-Min-Ding-Chuan Decoction (TMDCD) is an effective traditional Chinese medicine (TCM) formula granule for allergic 
asthma (AA). Previous studies proved its effects on controlling airway inflammations, while the specific mechanism was not clear.
Methods: We conducted a network pharmacology study to explore the molecular mechanism of TMDCD against AA with the public 
databases of TCMSP. Then, HUB genes were screened with the STRING database. DAVID database performed GO annotation and 
KEGG functional enrichment analysis of HUB genes, and it was verified with molecular docking by Autodock. Then, we built 
a classic ovalbumin-induced allergic asthma mice model to explore the mechanism of anti-inflammation effects of TMDCD.
Results: In the network pharmacology study, we found out that the potential mechanism of TMDCD against AA might be related to 
NOD-like receptor (NLR) signaling pathway and Toll-like receptor (TLR) signaling pathway. In the experiment, TMDCD showed 
remarkable effects on alleviating airway inflammations, airway hyperresponsiveness (AHR), and airway remodeling in the asthmatic 
mice model. Further molecular biology and immunohistochemistry experiments suggested TMDCD could repress TLR4-NLRP3 
pathway-mediated pyroptosis-related gene transcriptions to inhibit expressions of target proteins.
Conclusion: TMDCD could alleviate asthmatic mice model airway inflammations by regulating TLR4-NLRP3 pathway-mediated 
pyroptosis.
Keywords: Tuo-Min-Ding-Chuan Decoction, allergic asthma, TLR4, NLRP3, pyroptosis, network pharmacology, traditional Chinese 
medicine

Introduction
Bronchial asthma is a common respiratory disease characterized by chronic airway inflammations. Epidemiological data 
show that asthma has a high incidence all over the world, with nearly 300 million patients worldwide and 45.7 million 
adult patients in China.1,2 Recurrent asthma attacks not only seriously reduce the quality of life of asthmatic patients but 
also bring serious medical burdens to the world. Usually, the phenotypes of bronchial asthma are classified into early- 
onset AA, late-onset persistent eosinophilic asthma, exercise-induced asthma, obesity-related asthma, neutrophilic 
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asthma, smoking asthma, etc.3 AA accounts for more than 50% of the adult asthma patients and 80% of the childhood 
patients.4 The pathogenesis of AA is complex; previous studies hold the view that the adaptive immune system mainly 
participates in the dysregulation of allergy and induces airway inflammations, which is the basis of AHR and airway 
remodeling. The activation of type 2 helper T cell (Th), the crucial player in humans’ adaptive immune responses, brings 
releases of type 2 inflammatory cytokines such as interleukin (IL)-4, IL-5, and IL-13. Nevertheless, recognition of 
environment antigens by innate immune cells should not be ignored for the activation of adaptive immune responses, 
which play a key role in priming naive T cells and generating adaptive immunities.5 Following recent studies, we know 
that the primary means of inducing innate immune responses were associated with ligations and activations of pattern 
recognition receptors (PRRs). As important representatives of PRRs family, TLR4 and NLRP3 could identify pathogens 
or allergens by engaging damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns 
(PAMPs).6 Meanwhile, activations of TLR4 and NLRP3 contribute to the development of chronic inflammation-mediated 
complicated diseases and lead to pyroptosis, the latter is a lytic cell death induced by pathogen infection or endogenous 
challenge.7–9 Typically, pyroptosis occurred in severe asthma with the characteristic of neutrophil infiltrations,10 while 
recent studies also reported pyroptosis was found in classical eosinophilic allergic asthma.11,12 Given pyroptosis was an 
important part of innate immune activation-induced inflammation, which was the key mechanism of asthma attacks, it 
was necessary to conduct research between TLR4-NLRP3 pathway-mediated pyroptosis and allergic asthma.

With the therapeutic properties of multi-target and few side effects, TCM has developed over 2000 years in China and 
has exerted medical influences to 183 countries and regions.13 TMDCD is an effective TCM formula granule in Phase 2 
clinical trial for treating AA created by Professor Wang Qi from Beijing University of Chinese Medicine (BUCM), who 
is also known as the national Chinese medical science master and the academician of the Chinese Academy of 
Engineering. TMDCD is composed of 12 Chinese herbal medicine (CHM) including Ephedrae Herba, Armeniacae 
Semen Amarum, Gypsum, Glycyrrhizae Radix Et Rhizoma, etc. Our results suggested TMDCD showed remarkable 
clinical effects against AA in reducing the dosage of inhaled corticosteroid (ICS), controlling asthma acute exacerbations, 
and improving the quality of life (full data was not reported yet). Previous studies about TMDCD also proved it could 
suppress allergic inflammations and regulate the immune balance between regulatory T cells (Tregs) and Th17 in the AA 
mice model, besides it inhibits the degranulation of mast cells by in vitro experiments,14,15 while more specific potential 
mechanisms of TMDCD against AA were not figured out yet. In this study, we preliminarily explored the effecting 
mechanism of TMDCD on AA with the method of network pharmacology, then investigated the anti-inflammation effects 
of TMDCD on regulating TLR4-NLRP3 pathway-mediated pyroptosis with an animal experiment verification. The 
detailed workflow of the study is shown in Figure 1.

Figure 1 The workflow of the study.
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Materials and Methods
Components and Bioactive Ingredients in TMDCD
TMDCD was composed of Ephedrae Herba (“Mahuang” in Chinese, MH), Armeniacae Semen Amarum (“Xingren” in 
Chinese, XR), Gypsum (“Shigao” in Chinese, SG), Glycyrrhizae Radix Et Rhizoma (“Gancao” in Chinese, GC), 
Saposhnikoviae Radix (“Fangfeng” in Chinese, FF), Ganoderma (“Lingzhi” in Chinese, LZ), Mume Fructus 
(“Wumei” in Chinese, WM), Cicadae Perios Tracum (“Chantui” in Chinese, CT), Fagopyri Dibotryis Rhizoma 
(“Jinqiaomai” in Chinese, JQM), Polygoni Multiflori Caulis (“Shouwuteng” in Chinese, SWT), Gastrodiae Rhizoma 
(“Tianma” in Chinese, TM), and Bombyx Batryticatus (“Jiangcan” in Chinese, JC). The natural components of TMDCD 
were obtained from the traditional Chinese medicine systems pharmacology database (TCMSP, https://old.tcmsp-e.com/ 
index.php, updated on May 31, 2014), traditional Chinese medicines integrated database (TCMID, http://www.mega 
bionet.org/tcmid, updated on Nov. 12, 2012), and Shanghai institute of organic chemistry of Chinese academy of sciences 
chemistry database (http://www.organchem.csdb.cn, updated on Jun. 10, 2018). If the herb from TMDCD was 
not included in above databases, China national knowledge infrastructure (CNKI, https://www.cnki.net, updated on 
Apr. 10, 2022) database was searched by taking the herb name and component as keywords (such as “Gastrodiae 
Rhizoma” + “component”). These databases almost contained all the 499 Chinese herbs registered in the Pharmacopoeia 
of the People`s Republic of China (2010 edition),16 from which we could obtain all the information on these components.

Based on previous studies, the criteria of oral bioavailability (OB) ≥30% and drug likeness (DL) ≥0.18 were used to 
screen bioactive ingredients from the TCMSP database,13 OB and DL reflected the CHM absorption in the gastro-
intestinal tract. For those components obtained from other databases, Swiss ADME web service performed the screening 
with the method of computing the physicochemistry and estimating the pharmacokinetics, druglikeness, and medicinal 
chemistry friendliness of small molecules.17

Targets Related to Bioactive Ingredients
We used the TCMSP database to get the majority of bioactive ingredients-related targets, which was based on the method 
of experiments validated drug–target interactions and similarity-based drug–target interactions.16,18 For those compo-
nents which did not exist in the TCMSP database, predicted targets were acquired from Swiss Target Prediction web 
service by using the 2-dimensional structure of bioactive ingredients obtained from PubChem, with parameters of the 
organism for “Homo sapiens” and the probability ≥0.7.19 UniProt Knowledgebase (UniProtKB) contributed to the 
standardization of target gene names.

AA-Related Targets and Common Targets Between TMDCD and AA
The following databases were used to collect AA-related targets with the keywords of “allergic asthma”: Online 
Mendelian Inheritance in Man database (OMIM),20 DisGeNET database,21 GeneCards the human gene database,22 and 
Therapeutic Target Database (TTD).23 After removing the repetitive targets, common targets between AA and TMDCD 
were screened from a Venn diagram and standardized to consistent gene names in the UniProtKB database. Then, we 
used Cytoscape v3.7.1 to create the “herb–ingredient–target” network,24 in which way to explore the potential effecting 
targets of TMDCD against AA. At last, the “degree (DC)” information was acquired from the “herb–ingredient–target” 
network to identify the pivotal ones from bioactive ingredients of TMDCD. Detailed steps of the “Network analysis” tool 
in Cytoscape were as previously reported.13

Constructions of the Protein–Protein Interaction Network
The protein–protein interactions (PPI) network was conducted by Search Tool for the Retrieval of Interacting Genes/ 
Proteins (STRING), a web service for implementing a functional system based on known and predicted PPI,25 with 
parameters of the organism for “Homo sapiens” and the minimum required interaction score ≥0.9. To optimize the 
complex PPI network, the topology analysis method of the PPI network was conducted to get HUB genes as previously 
reported.13 Specifically, HUB genes were defined as nodes with DC over twofold the median degree of all the nodes, as 
well as “betweenness centrality (BC)”, “closeness centrality (CC)”, and “stress” were higher than the corresponding 
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median values of their own. Furthermore, the molecular complex detection (MCODE) plug-in performed the topology 
analysis based on HUB genes, the following parameters were set: DC was set to 2, cut-off score was set to 0.2, K core 
score was set to 2, and the mix distance was set to 100. At last, visual processing was made by Cytoscape.

Gene Ontology and KEGG Pathway Enrichment Analysis
Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment 
analysis of HUB genes were conducted by Database for Annotation, Visualization, and Integrated Discovery (DAVID) 
v6.8.26 Results of biological processes (BPs), cell components (CCs), molecular functions (MFs), and KEGG enriched 
pathways were considered as a significant difference with the P-value ≤0.05, which helped to understand the biological 
processes of HUB genes. Hiplot web service (https://hiplot.com.cn) contributed to visualizations.

Molecular Docking
To prove the interaction between HUB genes and bioactive ingredients, AutoDock v4.2.6 was used to conduct molecular 
docking.27 We selected the top 10 genes from HUB genes as the core target receptor proteins by sorting the DC value, 
and pivotal ingredients, usually called ligands, were screened as mentioned before. The 3-dimensional structures of core 
target receptor proteins and ligands were downloaded from the RCSB Protein Data Bank database (PDB),28 TCMSP, and 
PubChem. Detailed steps of molecular docking were as previously reported.13 At last, we evaluated whether the binding 
energy was less than 0 kcal/mol to confirm molecules could spontaneously bind to each other.13 Visualization of receptor 
protein–ligand interactions was performed by Pymol v2.4.

Animals
An in vivo experiment was conducted to verify the predicted pathways obtained from the network pharmacology study. 
Thirty-six female BALB/c mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd 
(Beijing, China), weighted 18–20 g at 7–8 weeks of age. The mice were bred in the scientific research and experiment 
center of BUCM [certification SCXK (Beijing) 2016-0006]. This study was approved by the Research Ethics Committee 
of BUCM [No. BUCM-4-2020092001-3146] and followed the laboratory animal guideline for ethical review of animal 
welfare [GB/T 35892–2018].

Drugs and Reagents
The following drugs and reagents were used in this study: ovalbumin (OVA) [Sigma Aldrich, A5503], acetyl-β- 
methylcholine chloride [Sigma Aldrich, A2251], Imject alum adjuvant [Thermo Fisher Scientific, 77161], Trizol 
Reagent [Thermo Fisher Scientific, 15596026], modified Masson trichrome stain kit [Beijing Solarbio, G1340], glycogen 
periodic acid Schiff (PAS/hematoxylin) stain kit [Beijing Solarbio, G1281], tris buffered saline buffer with Tween 20 
(TBST) [Beijing Solarbio, T1082], 5% non-fat powdered milk [Beijing Solarbio, D8340], ECL Western blotting substrate 
kit [Beijing Solarbio, PE0010], peroxidase-conjugated goat anti-rabbit IgG [ZSGB-BIO, PV-9001], 3,3`- 
diaminobenzidine (DAB) [ZSGB-BIO, ZLI-9018], normal goat serum [Beijing Biotopped, SYX1100], Omni-Easy one- 
step PAGE gel fast preparation kit [Shanghai Epizyme, R4011-03], Reverse Transcription System [Promega, A3500], 
qPCR Master Mix [Promega, A6002], radio-immunoprecipitation assay (RIPA) lysis buffer [Beijing Applygen, C1053], 
anti-TLR4 antibody [Abcam, ab13867], anti-TRAF6 antibody [Abcam, ab33915], anti-NLRP3 antibody [Abcam, 
ab263899], anti-Caspase-1 antibody [Abcam, ab138483], anti-GSDMD antibody [Abcam, ab219800], ASC/TMS1 rabbit 
mAb [CST, 67824], β-Actin rabbit mAb [CST, 4970S], mouse OVA-specific immunoglobulin E (OVA-sIgE) enzyme 
linked immunosorbent assay (ELISA) kit [Jiangsu Meimian, MM0816], mouse IL-1β ELISA kit [Beijing Dongge, 
DG30057M], mouse IL-4 ELISA kit [Beijing Dongge, DG30030M], mouse IL-5 ELISA kit [Beijing Dongge, 
DG30031M], mouse IL-6 ELISA kit [Beijing Dongge, DG30062M], mouse IL-13 ELISA kit [Beijing Dongge, 
DG30613M], mouse IL-18 ELISA kit [Beijing Dongge, DG30082M], mouse tumor necrosis factor (TNF)-α ELISA 
kit [Beijing Dongge, DG30048M], mouse interferon (IFN)-γ ELISA kit [Beijing Dongge, DG30056M]. Dexamethasone 
(DEX) acetate tablets were brought from Zhejiang Xianju Pharmaceutical Co., Ltd (Zhejiang, China)[200327]. The 
ingredients of TMDCD, containing 12 kinds of CHM including MH 10 g, XR 10 g, SG 30 g, GC 6 g, FF 10 g, LZ 10 g, 
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WM 20 g, CT 10 g, JQM 15 g, SWT 15 g, TM 10 g, and JC 10 g, were purchased from Beijing Tong Ren Tang 
Technology Development Co., Ltd. (Beijing, China). TMDCD solution was prepared as previously described, the active 
constituents of TMDCD were measured by LC-MS/MS.15 Detailed batch information of ingredients is listed in 
Supplementary Table 1.

OVA-Induced Asthmatic Model and Therapeutic Interventions
The model was established according to our previous studies.14,15 Briefly, mice were allowed to acclimatize themselves 
for 1 week to adapt to the experimental environment, then they were equally and randomly divided into six groups: 
control group, OVA-induced asthma (OVA) group, DEX group, high-dose TMDCD (TMDCD-H) group, middle-dose 
TMDCD (TMDCD-M) group, and low-dose TMDCD (TMDCD-L) group. Each group contained six mice. Mice in the 
OVA group, DEX group, and TMDCD-H/M/L group were intraperitoneally injected with a 0.2 mL PBS mixture 
containing 2 μg OVA and 20 μg aluminum hydroxide on day 0 and day 14 for sensitization. From day 21 to day 25, 
all mice except the control group were challenged with the 1% OVA nebulization inhalant solution using a compression 
atomizer [Omron Health Care China Co., Ltd, NE-C900] every day at the rate of 2 mL/min for 30 minutes. The control 
group mice were intraperitoneally injected and inhaled the same amount of PBS. Based on the method of preventive 
treatment of TCM, mice in the TMDCD-H/M/L group were respectively administered three-dose TMDCD (40.56, 20.28, 
and 10.14 g/kg/d) through gastric administration at 1 hour before the OVA challenge once a day from day 14 to day 25. 
Meanwhile, with the dose of 1 mg/kg/d, DEX was given to the DEX group mice from day 21 to day 25, and the control 
group mice were orally given the same amount of PBS. All mice were sacrificed on day 26. The sensitization, challenge, 
and therapeutic interventions are shown in Figure 2.

Measurement of AHR
Mice were anesthetized and intubated 24 hours after the last OVA challenge. Then, Buxco FinePointe RC system 
(St. Paul, MN, USA) was used to measure the AHR of all mice. Parameters of the RC system and ventilator were set as 
our previous study reported, and four gradient concentrations of methacholine (0, 3.125, 6.25, and 12.5 mg/mL) were 
used to perform the pulmonary resistance and compliance by recording pulmonary resistance (RL) and dynamic 
pulmonary compliance (Cdyn) values.15

Figure 2 Schematic diagram of OVA-induced asthmatic model and therapeutic interventions. Sensitization: the mixture of OVA and aluminum hydroxide was intraper-
itoneally injected into mice on day 0 and 14. Challenge: from day 21 to 25, mice were challenged with 1% OVA nebulization inhalant solution every day. Therapeutic 
interventions: three-dose TMDCD (40.56, 20.28, and 10.14 g/kg/d) were orally given to mice from day 14 to 25, while DEX (1 mg/kg/d) was given from day 21 to 25.
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Detection of Serum and Bronchoalveolar Lavage Fluid (BALF) Cytokines
BALF was collected by syringe three times with 1 mL PBS after the pulmonary resistance and compliance test. Serum 
was obtained by centrifugation after blood collection. Cytokine levels of IL-4, IL-5, IL-13, IL-1β, IL-18, IL-6, TNF-α, 
and IFN-γ in BALF, and IL-1β, IL-18, OVA-sIgE in serum were detected by above ELISA kits strictly following the 
instructions.

Lung Histopathology and Immunohistochemistry (IHC)
Lung tissues paraffin sections (4 μm) were made and dyed with hematoxylin/eosin (H&E), Masson, and PAS staining 
following the standard protocol. Firstly, two independent observers scored H&E staining sections’ inflammatory degrees 
from 0 to 4, which reflected the severity of the pathological tissue.13 IHC was conducted to identify the target proteins’ 
positive expressions. Detailed steps of IHC staining followed the guidance of antibody manufacturers, mainly including 
antigen retrieval (pH 6.0 or pH 9.0) for 45 min, blocking proteins with normal goat serum for 1 hour to prevent the non- 
specific antibody binding, primary antibodies incubations overnight at 4 °C, secondary antibodies incubations at room 
temperature for 1 hour, finally detected and amplified with horseradish peroxidase (HRP)-DAB. The following primary 
antibodies were used: TLR4 1:500, TRAF6 1:1000, NLRP3 1:500, ASC 1:100, Caspase 1 1:1000, GSDMD 1:1000. 
Image acquisitions of H&E, Masson, PAS, and IHC staining were performed by Olympus BX-60 upright microscope 
(Tokyo, Japan), then ImageJ software (version 1.53, National Institutes of Health) conducted the image quantitative 
analysis and the calculation of the positive area of goblet cell (AREA%), collagen volume fractions, the percentage of 
total airway wall area (Wat) to the area enclosed by outer airway perimeter (TAt%), and the percentage of Wat to internal 
airway perimeter (Wat/Pi). Detailed methods followed our previous study.13

Protein Preparations and Western Blot Analysis
Mice lung tissues were homogenized and lysed in RIPA lysis buffer containing protease inhibitors, then the lysates were 
centrifuged to get the supernatants and mixed with 5× loading buffer. Boil them for denaturation. Sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Tris-Glycine running buffer were used to separate the 
protein samples with the parameters at 120 V for 90 min, then samples were transferred to polyvinylidene fluoride 
(PVDF) [Sigma Aldrich, IPVH00010] membranes using a transfer buffer at 200 mA for 2 hours. Then the PVDF 
membranes were blocked with TBST containing 5% non-fat milk for 2 hours. The membranes were washed with TBST 
three times, incubated with primary antibody overnight at 4 °C, and followed by HRP-labeled secondary antibody 
incubations at room temperature for 1 hour. The following primary antibodies were used: TLR4 1:500, TRAF6 1:2000, 
NLRP3 1:1000, ASC 1:1000, Caspase 1 1:1000, GSDMD 1:1000, β-actin 1:8000. ECL substrate kit performed the 
visualization of target proteins.

Real-Time Quantitative Polymerase Chain Reaction (Real-Time PCR)
Total RNA was extracted and purified from mice lung tissues with the Trizol method. Then, it was reverse-transcribed to 
cDNA using Promega Reverse Transcription System with Gene Amp PCR 9700 (Thermo Fisher Scientific, Waltham, 
MA, USA). Stratagene Mx3000P (Agilent, La Jolla, CA, USA) performed real-time PCR with qPCR Master Mix 
according to the manufacturer’s instructions, detailed fluorescence quantitation steps were as follows: hot start poly-
merase activation at 95°C for 2 min, followed by 45 cycles of PCRs: denaturation at 95°C for 15s, annealing and 
extension at 60°C for 60s, successively, then extension at 72°C for 60s by one cycle. The relative expressions of target 
genes were calculated using the 2−ΔΔCt method. Detailed primers are listed in Table 1.

Data Analysis and Statistics
Statistical analysis was performed by SPSS 20.0 statistical software (SPSS Inc., USA). The data conforming to normal 
distribution would be expressed as mean ± standard error of the mean (SEM). Median (quartile 25%, 75%) [M (Q1, Q3)] 
was used for data not conforming to normal distribution. One-way analysis of variance (ANOVA) was used to compare 
the unpaired parametric data between groups, the least-significant difference (LSD) performed post hoc tests, and the 
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nonparametric test was used for two groups’ nonparametric data analysis. The P-value of less than 0.05 was considered 
statistically significant.

Results
Screening of Common Targets Between TMDCD and AA
A total of 179 bioactive ingredients were identified in TMDCD after removing repetitive ingredients, of which 23 were 
from MH, 19 were from XR, 92 were from GC, 18 were from FF, 61 were from LZ, 8 were from WM, 15 were from 
JQM, 3 were from CT, 9 were from SWT, 5 were from TM, and 12 were from JC. The bioactive ingredient of Gypsum 
was magnesium sulfate, and it was rejected because it has no corresponding target information. Detailed information was 
listed in Supplementary Table 2.

TMDCD-related targets were predicted by TCMSP database and Swiss Target Prediction web service. Respectively, 
228, 73, 234, 84, 40, 191, 207, 29, 83, 16, and 30 potential target genes were predicted for MH, XR, GC, FF, LZ, WM, 
JQM, CT, SWT, TM, and JC. After removing repetitive targets, 360 genes were left.

In total, 3267 AA-related targets were obtained by screening the above databases and removing repetitive targets, of 
which 2524 were from Genecards, 904 were from OMIM, 371 were from Disgenet, 9 were from Drugbank, and 4 were from 
TTD. In total, 200 common targets were get by comparing the targets between TMDCD and AA (Supplementary Table 3). 
With the method mentioned above, the “herb–ingredient–target” network was built by Cytoscape and shown in Figure 3A, 
which comprised 421 nodes and 2851 edges. The relationship between TMDCD bioactive ingredients and target genes was 
described by edges in the “herb–ingredient–target” network, the larger the area of the node represented the closer connected 
nodes. Besides, the top five pivotal ingredients were obtained as follows: quercetin (MOL000098), kaempferol 
(MOL000422), luteolin (MOL000006), wogonin (MOL000173), and 7-Methoxy-2-methyl isoflavone (MOL003896). 
The common targets network was performed by the Jvenn plug-in (Figure 3B).29

PPI Network Construction, GO Function and KEGG Pathway Analysis
STRING database conducted common targets PPI network analysis (Figure 3C). With 200 nodes, 885 edges, and an 
average node degree of 8.89, the PPI network performed the interaction of common targets and depicted the biological 
processes of TMDCD against AA. Then, we used the “Network analysis” tool to perform the topology analysis and 
obtain 35 HUB genes of TMDCD based on the parameters results of “DC”, “BC”, “CC”, and “stress” (Table 2). The 
median degree of DC, BC, CC, and stress was 8, 0.3872549, 0.00304641, and 672. Visual processing of HUB genes was 

Table 1 Primers of Target Genes

Gene Name Primers

GATA3 Forward: CCTTTATTCCTCCGTGTCTGC
Reverse: ATCTTTGCGGGATAGTTTAGC

TLR4 Forward: CTCTGGGGAGGCACATCTT

Reverse: CTGCTGTTTGCTCAGGATTC
TRAF6 Forward: GCCGAAATGGAAGCACAG

Reverse: CAGGGCTATGGATGACAACA

NLRP3 Forward: GCTGCTGAAGATGACGAGTG
Reverse: TTTCTCGGGCGGGTAATCTT

PYCARDΔ Forward: ATGCCAACCAAAGCCAGAAG
Reverse: CCTTGGGGTTGGAGAGATGA

CASP1 Forward: TCATTTCCGCGGTTGAATCC

Reverse: CCAACAGGGCGTGAATACAG
GSDMD Forward: CTGGGTCTTGCTAGAAGAATGTGG

Reverse: CTGGCCTAGACTTGACAATAGGAAC

β-Actin Forward: CGCCACCAGTTCGCCATGGA
Reverse: TACAGCCCGGGGAGCATCGT

Note: ΔPYCARD was the gene name of ASC.
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performed by Cytoscape, larger sizes and brighter colors represented high degree values, and smaller sizes and darker 
colors represented low degree values (Figure 3D). Results of MCODE indicated each HUB gene had good correlations 
and similar functions, it was shown in Figure 3E.

Figure 3 (A) The “herb–ingredient–target” network of TMDCD. The inverted triangle, octagon, and diamond corresponded to the herb (11 in total), ingredient (179 in 
total), and target (360 in total) respectively. (B) Venn diagram of common targets, which were identified as the potential targets of TMDCD against AA. (C) PPI network of 
common targets was performed by STRING database, each edge represented the connection between targets. (D) HUB genes network was conducted by Cytoscape. High 
degree values showed large sizes and bright colors, and small sizes and dark colors for low degree values on the contrary. (E) MCODE analysis of PPI network of 35 HUB 
genes. It was indicated that 35 HUB genes could be clustered into three functional modules (a–c).

Table 2 DC, BC, CC, and Stress Information of HUB Genes

Gene Name DC BC CC Stress

STAT3 26 0.06853034 0.80952381 434

JUN 25 0.06382307 0.79069767 408
SRC 24 0.04680268 0.77272727 322

MAPK3 23 0.03109997 0.75555556 274

MAPK1 23 0.03235062 0.75555556 288
RELA 22 0.04463108 0.73913043 294

MAPK14 21 0.03319729 0.72340426 260

HSP90AA1 20 0.02793235 0.70833333 216
TP53 19 0.0170279 0.68 154

FOS 19 0.02565112 0.69387755 212

ESR1 18 0.01671097 0.68 156
EGFR 17 0.02028711 0.65384615 156

IL2 16 0.02527874 0.65384615 168
HIF1A 16 0.01407544 0.65384615 130

(Continued)
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DAVID database conducted the analysis of the GO function and KEGG pathway on 35 HUB genes. After deleting 
data with the P-value ≥0.05 and unrelated to AA, 283 BPs, 26 CCs, 52 MFs, and 119 KEGG pathways related to AA 
were obtained. The top 10 significantly enriched clusters in BPs, CCs, and MFs were selected for analysis (Figure 4A), as 
well as the top 20 significant KEGG pathways were enriched (Figure 4B). BPs enrichment analysis demonstrated that the 
HUB genes were related to positive regulation of transcription from RNA polymerase II promoter, positive regulation of 
transcription, DNA-templated, negative regulation of apoptotic process, and lipopolysaccharide-mediated signaling 
pathway. The main MFs of HUB genes were enzyme binding, transcription factor binding, identical protein binding, 
RNA polymerase II core promoter proximal region sequence-specific DNA binding, and chromatin binding. The CCs of 
HUB genes were enriched in cytosol, nucleoplasm, protein complex, nuclear chromatin, and mitochondrion. Results of 

Table 2 (Continued). 

Gene Name DC BC CC Stress

MYC 16 0.00872274 0.65384615 80

AKT1 15 0.00921628 0.64150943 78
STAT1 15 0.01021808 0.64150943 98

TNF 15 0.02586872 0.64150943 140

NR3C1 14 0.00925173 0.62962963 98
MAPK8 13 0.0097901 0.61818182 86

IL6 13 0.01069923 0.61818182 102

AR 12 0.01131313 0.60714286 102
FYN 12 0.00723064 0.59649123 58

CDKN1A 11 0.00342553 0.59649123 36

CCND1 11 0.00277618 0.59649123 30
VEGFA 11 0.01058551 0.59649123 96

NFKBIA 11 0.00523123 0.59649123 40

PTK2 10 0.00197901 0.57627119 26
CAV1 9 0.00568693 0.57627119 46

PRKCA 8 0.00260342 0.5483871 18

PRKCB 8 0.00168055 0.55737705 18
IL4 8 0.00152133 0.5483871 20

IL1B 8 0.0016058 0.56666667 24
IL10 7 0.00202786 0.53125 20

NCOA1 6 7.93E-04 0.51515152 8

Figure 4 GO function and KEGG pathway analysis of HUB genes. (A) Barplot performed the top 10 enriched terms of BPs, CCs, and MFs. The horizontal axis represented 
the counts of genes in the enriched term, and the vertical axis represented the name of each term. (B) Bubble plot performed the top 20 signaling pathways of TMDCD 
against AA. The horizontal axis represented the enrichment scores of pathways, and the vertical axis represented the name of pathways. The counts of genes in each 
enriched pathway were presented via the bubble, and the P-value was marked by the bubble color.
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KEGG pathways analysis indicated that the potential mechanism of TMDCD against AA might be associated with NOD- 
like receptor (NLR) signaling pathway, prolactin signaling pathway, VEGF signaling pathway, T cell receptor signaling 
pathway, and Toll-like receptor (TLR) signaling pathway, etc. As listed in the KEGG map, NLR and TLR signaling 
pathways were closely related to inflammations and would induce pyroptosis, which suggests that TLR4-NLRP3 
pathway-mediated pyroptosis might be the potential mechanism of TMDCD against AA.

Molecular Docking Prediction
Molecular docking was finished by the top 10 core targets and five pivotal ingredients, the former was identified by 
sorting DC values from 35 HUB genes by size, and the latter was obtained from the “herb–ingredient–target”. Detailed 
information on docking results is listed in Table 3 and Figure 5A. The binding energy of less than −5 kcal/mol indicates 
a stronger connection between ligands and receptor proteins.13,30 Hence, we screened out the receptor protein–ligand 
interactions with the lowest energy, and Pymol contributed to the visualization (Figure 5B). These results indicated that 
potential pivotal ingredients of TMDCD had excellent abilities to spontaneously bind the receptor proteins of AA.

TMDCD Alleviated OVA-Induced Pulmonary Damages and AHR
In this study, H&E, PAS, and Masson staining were used to evaluate OVA-induced pulmonary damage. It was observed 
that OVA group mice showed typical pathological changes around the peribronchial and perivascular regions including 
airway epithelial defect, inflammatory cell especially eosinophil infiltration, mucus hypersecretion, airway smooth 
muscle cells (ASMs) proliferation, and collagen deposition, which suggested gradual progression of airway inflamma-
tion, goblet cell hyperplasia, and airway remodeling (Figure 6A). On the contrary, TMDCD attenuated these pathological 
changes and helped in decreasing inflammatory degrees, AREA%, collagen volume fractions, TAt%, and Wat/Pi 
(P<0.05) (Figure 6B–F). Some quantitative analysis results did not show statistical differences between the DEX 
group and the TMDCD-H/M/L group.

Besides, we used Buxco FinePointe RC system to measure the AHR of mice. It was indicated that OVA group mice 
showed a significant deterioration in different doses of methacholine induced RL and Cdyn (P<0.05), and they were 
attenuated by treating with TMDCD (P<0.05) (Figure 7A and B). These data suggested that TMDCD could decrease 
airway inflammation, airway remodeling, and AHR in asthmatic mice.

TMDCD Mitigated OVA-Induced Type 2 Inflammations
Usually, AA was induced by Th2 and characterized by type 2 inflammation. Hence, we measured the level of Th2-related 
cytokines by ELISA. As illustrated in Figure 7C, TMDCD decreased the abnormal release of OVA-sIgE in serum and IL- 
4, IL-5, and IL-13 in BALF compared with the OVA group (P<0.001). Meanwhile, it increased the level of IFN-γ in 
BALF and the ratio of IFN-γ/IL-4 (P<0.05) (Figure 7C), which suggested that TMDCD might regulate the imbalance of 
Th1 and Th2. Furthermore, we evaluated the mRNA level of GATA-binding protein 3 (GATA3) to validate the inhibitory 
effects on the transcription factor of Th2-related cytokines. It was shown that oral administration of TMDCD 

Table 3 Binding Energy Between Receptor Proteins and Ligands from Molecular Docking Results (kcal/mol)

Receptor Proteins/PDB Entry Quercetin Kaempferol Luteolin Wogonin 7-Methoxy-2-Methyl Isoflavone

STAT3/6QHD −3.35 −4.1 −3.56 −3.36 −4.63

JUN/5T01 −4.63 −5.94 −5.15 −4.28 −5.39
SRC/1O43 −4.92 −5.25 −5.82 −5.24 −4.63

MAPK3/6GES −3.3 −3.47 −4.17 −3.42 −5.2

MAPK1/6SLG −4.08 −5.21 −5.62 −3.86 −4.61
RELA/4KV1 −4.54 −6.09 −4.59 −4.12 −4.64

MAPK14/2FST −3.1 −3.89 −3.52 −4.31 −4.67

HSP90AA1/3T10 −5.09 −6.22 −4.74 −4.08 −4.92
TP53/2X0W −5.9 −6.71 −6.28 −3.82 −4.88

FOS/1FOS −3.77 −4.12 −4.55 −3.87 −5.39
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significantly inhibited GATA3 mRNA relative expressions in OVA-induced asthmatic mice (Figure 7D), which were 
consistent with the above findings in cytokines. Collectively, TMDCD mitigated OVA-induced type 2 inflammation in 
a dose-dependent manner, especially TMDCD-H could be regarded as the best dose.

TMDCD Inhibited Airway Inflammations by Regulating TLR4-NLRP3 
Pathway-Mediated Pyroptosis
Given airway inflammation was the main pathological manifestation of asthmatic mice, the inhibition of airway 
inflammation is conducive to decreasing airway remodeling and AHR. As mentioned earlier, we suggested the predicted 
mechanism of TMDCD against AA might be related to NLR and TLR signaling pathways and confirmed that TMDCD-H 
was the best dose. In this part, we evaluated levels of target genes and proteins of the TLR4-NLRP3 pathway-mediated 
pyroptosis in asthmatic mice and the effects of the TMDCD-H on regulating them.

Figure 5 Molecular docking and correlation heatmap of docking results. (A) Heatmap of docking results between receptor proteins and ligands. The binding energy was 
marked by different colors, red for higher scores and green for lower scores. (B) Best pairs between the 10 core targets and five pivotal ingredients from molecular docking, 
TP53 – quercetin was for a, TP53 – kaempferol was for b, TP53 – luteolin was for c, SRC– wogonin was for d, and JUN-7 – methoxy-2-methylisoflavone was for e.
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First of all, we measured the level of IL-1β and IL-18 in serum and BALF by ELISA, which represented the 
activation of TLR4-NLRP3 pathway-mediated pyroptosis. It was observed that the level of IL-1β and IL-18 in serum and 
BALF in the OVA group were all statistically higher than that in the control group (P<0.001), while they were attenuated 
by treating with the TMDCD-H group (P<0.01) (Figure 8A). Besides, TMDCD-H also reduced the production of 
inflammatory cytokines such as IL-6 and TNF-ɑ, they were related to IL-1β and IL-18 (P<0.001) (Figure 8A). Secondly, 
we hypothesized that TMDCD-H might prevent IL-1β derived inflammations through the inhibition of TLR4-NLRP3 
pathway-mediated pyroptosis, which played a key role in enlarging inflammatory signalings and tissue damage. As 
evidenced by IHC of the lung tissues in OVA-induced asthmatic mice, we proved that the main target proteins of TLR4- 
NLRP3 pathway-mediated pyroptosis, including TLR4, TRAF6, NLRP3, ASC, Caspase 1, and GSDMD, were obviously 
expressed and marked in brown around airway epithelial cells, airway basement membranes, alveolar cells, and vascular 
around regions. After applying TMDCD, these positive expressions were inhibited (Figure 8B). Similar findings were 
also observed by Western blot, these results all proved that TMDCD could downregulate the target protein level of 
TLR4-NLRP3 pathway-mediated pyroptosis (P<0.05) (Figure 8C and D). Further real-time PCR experiments proved that 
the respective relative gene expressions of the above target protein were reduced in the TMDCD group (P<0.05), so it 
was suggested that TMDCD could repress target gene transcriptions to inhibit expressions of target proteins (Figure 8E). 
Overall, these observations suggested that TMDCD inhibited airway inflammation by regulating TLR4-NLRP3 pathway- 
mediated pyroptosis.

Figure 6 Effects of TMDCD on pathological features of OVA-induced asthmatic model. TMDCD could reduce asthmatic model’s airway inflammations, airway remodeling, 
and goblet cell hyperplasia (A) H&E staining, magnification×100; Masson staining, magnification×400; PAS staining, magnification×400. Meanwhile, TMDCD chould decrease 
inflammation scores of lung tissues (B), calculations of collagen volume fraction (C), Wat/Pi (D), TAt% (E), and AREA% (F). AREA%, positive area of goblet cell; TAt%, the 
percentage of Wat to the area enclosed by outer airway perimeter; Wat, total airway wall area; Wat/Pi, the percentage of Wat to internal airway perimeter. All data were 
expressed as mean ± SEM, except inflammation scores (B) was for M (Q1, Q3), n = 6 animals per group. Compared with the control group, ***P < 0.001; compared with the 
OVA group, †††P < 0.001, ††P < 0.01, †P < 0.05; compared with the DEX group, ‡‡P < 0.01, ‡P < 0.05.
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Figure 7 Effects of TMDCD on attenuating AHR and type 2 inflammations of the asthmatic model. TMDCD could decrease RL (A) and Cdyn (B) induced by different doses 
of methacholine. Besides, It was supposed that TMDCD could mitigate the level of OVA-sIgE in serum and regulate the imbalance of Th1/Th2 related cytokines in BALF (C) 
by inhibiting GATA3 mRNA relative expressions (D). All data were expressed as mean ± SEM, n = 4 animals per group for AHR tests, and n = 6 animals per group for 
cytokine detections. Compared with the control group, ***P < 0.001, **P < 0.01, *P < 0.05; compared with the OVA group, †††P < 0.001, ††P < 0.01, †P < 0.05; compared 
with the DEX group, ‡‡‡P < 0.001, ‡‡P < 0.01, ‡P < 0.05.
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Discussion
As a common phenotype of bronchial asthma, AA is supposed by conventional wisdom to belong to Th2-driven type 
2-high asthma, adaptive immune responses exert prime functions in the initiation of chronic airway inflammations of 

Figure 8 Effects of TMDCD on regulating TLR4-NLRP3 pathway-mediated pyroptosis. It was observed that IL-1β and IL-18 in BALF and serum were significantly increased 
in the OVA-induced asthmatic model (A), which indicated the activation of TLR4-NLRP3 pathway. IHC staining showed that typical expressions of the main target proteins 
of TLR4-NLRP3 pathway, including TLR4, TRAF6, NLRP3, ASC, Caspase 1, and GSDMD, were marked in brown in areas around airway epithelial cells, airway basement 
membranes, alveolar cells, and vascular around regions in the asthmatic model (B). With the treatment of TMDCD, these positive expressions were inhibited. Further, 
Western blot and real-time PCR experiments suggested TMDCD could decrease TLR4-NLRP3 pathway-related protein expressions by repressing their gene transcriptions 
(C–E). All data were expressed as mean ± SEM, except real-time PCR results (E) was for M (Q1, Q3), n = 3 animals per group for western bolt, and n = 6 animals per group 
for real-time PCR. Compared with the control group, ***P < 0.001, **P < 0.01, *P < 0.05; compared with the OVA group, †††P < 0.001, ††P < 0.01, †P < 0.05; compared with 
the DEX group, ‡P < 0.05.
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AA.31 When asthmatic patients were challenged with allergens from the environment, the cleaved airway epithelial 
barrier promoted antigen-presenting cells (APCs) to present antigens and generate adaptive immunities, the crosstalk 
between the airway epithelial barrier and APCs is crucial to inhaled allergens in Th2 immunity.32 With increasing levels 
of cytokines like IL-4, IL-5, and IL-13 released by Th2 and type 2 innate lymphoid cells (ILC2s), a cascade of 
downstream events was driven including IgE-triggered hypersensitivity, developments and activations of inflammatory 
cells like eosinophils, goblet cell metaplasia, airway narrowing mediated by ASMs contractions, and remodeling of the 
epithelium and subepithelial matrix.33 Finally, airway inflammations, AHR, and airway remodeling were induced. 
GATA3 was recognized as the Th2-related specific transcription factor, knocking down or deletions of GATA3 resulted 
in diminished Th2 differentiation.34 As previous studies reported that GATA3 expressions were critical for maintaining 
Th2 identities,35 we explored the effects of TMDCD on regulations of GATA3 in asthmatic models and proved that 
TMDCD alleviated OVA-induced Th2-related inflammations, AHR, and airway remodeling by inhibiting GATA3 
expressions to reduce Th2-related cytokines releases, which met with our previous findings.14

It is quite difficult to elucidate the potential effecting mechanisms of TCM formulas, but the development of the network 
pharmacology study in the recent two decades brings the dawn. By establishing the “compound–protein/gene–disease” 
network based on high-throughput data, network pharmacology reveals the regulation principles of small molecules, which 
helps to predict herb targets, understands the biological foundation of diseases, and identifies new biomarkers to distinguish 
different TCM syndromes.36,37 In this study, we found that the beneficial effects of TMDCD against AA might be related to 
NLR and TLR signaling pathways. TLR and NLR were located in the cell membrane and cytoplasm, respectively, which 
participated in the recognition of bacteria, viruses, and allergens. TLR4 and NLRP3 were the main components in TLR/ 
NLR family and were widely distributed in many cells, including macrophages, airway epithelial cells (AECs), neutrophils, 
etc. When PAMP and DAMP were recognized by TLR4, the myeloid differentiation factor 88 dependent pathway was 
activated, which involved the IL-1R-associated kinases, TRAF-6, and mitogen-activated kinases (MAPK) and culminated 
with the transcription of nuclear factor kappa B (NFκB).38,39 Meanwhile, the NLRP3 inflammasome triggered Caspase 
1-mediated ligand bound pro-IL-1β and pro-IL-18 to produce bioactive IL-1β and IL-18. The up-regulation of the TLR4- 
NLRP3 pathway led to innate immunities activations characterized by releases of cytokines and chemokines, such as IL-1β, 
IL-18, IL-25, IL-33, and thymic stromal lymphopoietin (TSLP), not only which directly promoted local innate inflamma-
tory cells recruitments and infiltrations around the airway, such as mast cells, eosinophils, and neutrophils, but also 
enhanced APCs motilities and Th2/Th17 differentiation.8,40–43 In addition, TLR4-NLRP3 pathway activations also induced 
pyroptosis, a form of programmed pro-inflammatory cell death, which was first found to be a self-protection and defense 
behavior of the host cell when clearing infected cells.44 Different from apoptosis, excessive pyroptosis promoted 
inflammatory responses.44 GSDMD pores played as the effectors of pyroptosis. Cleaved by Caspase 1, N-GSDMD was 
integrated into the cell membrane to form a pore, which was large enough to release small proteins like IL-1β and to bring in 
sodium with water, finally resulting in the cell volume to increase and membrane rupture.45 Our findings indicated TMDCD 
could repress TLR4-NLRP3 pathway-related gene transcriptions to inhibit expressions of target proteins and then decreased 
pyroptosis, which echoes hypotheses from the previous network pharmacology study. However, limited by funds, 
morphological changes of pyroptosis in different groups were not observed by the transmission electron microscope. We 
hope to conduct more experiments in the future.

Previous studies around the TLR4-NLRP3 pathway mainly focus on severe asthma and steroid-resistant asthma,10,46 

and rarely on classical AA. Some studies claimed that pyroptosis was found in toluene diisocyanate-induced asthma.47 In 
this study, we proved that TLR4-NLRP3 pathway-related proteins and gene expressions were statistically increased in the 
OVA-induced AA mice model, which supported related studies.7,48 Further experiments proved the effects of TMDCD 
on alleviating these pathological changes. Results from our previous studies indicated that TMDCD had effects on down- 
regulating differential expression proteins such as IL-25 and TSLP, which were representative innate immune cytokines.15 

Given TMDCD might act as the negative regulator of innate immune cytokines, we carried out this study for further 
verification. Besides, IL-1β and IL-18 could promote Th17 differentiation, it was found in this study TMDCD could 
reduce the level of IL-1β and IL-18 in serum and BALF by inhibiting TLR4-NLRP3 pathway activations, which meets 
with our previous findings about Th17 percentage in the spleen and RORγt mRNA level in the lung were decreased after 
applying TMDCD on the BALB/c eosinophilic asthma model,14 supporting our findings in another way.
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This study has some limitations. We just focused on the classical TLR4-NLRP3 pathway-mediated pyroptosis, while 
non-classical pyroptosis pathway players were omitted such as Caspase 11. Besides, this was just an exploring study, we 
planned to conduct more in vitro experiments around AECs or macrophages to prove the effects of TMDCD on 
regulating innate immune cells.

Conclusion
With the method of network pharmacology, we supposed the effecting mechanisms of TMDCD against AA were related 
to NLR and TLR pathways. Further experiments verified that TMDCD alleviated airway inflammations, AHR, and 
airway remodeling in the OVA-induced asthmatic mice model by regulating TLR4-NLRP3 pathway-mediated pyroptosis. 
In this paper, we claimed that TMDCD could be a complementary and alternative therapy for AA.
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