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Background: Steroid-dependent asthma (SDA) is characterized by oral corticosteroid (OCS) resistance and dependence. Wumeiwan
(WMW) showed potentials in reducing the dose of OCS of SDA patients based on our previous studies.
Methods: Network pharmacology was conducted to explore the molecular mechanism of WMW against SDA with the databases of
TCMSP, STRING, etcetera. GO annotation and KEGG functional enrichment analysis were conducted by metascape database. Pymol
performed the molecular docking. In the experiment, the OVA-induced plus descending dexamethasone intervention chronic asthmatic
rat model was conducted. Lung pathological changes were analyzed by H&E, Masson, and IHC staining. Relative expressions of the
gene were performed by real-time PCR.
Results: A total of 102 bioactive ingredients in WMW were identified, as well as 191 common targets were found from 241 predicted
targets in WMW and 3539 SDA-related targets. The top five bioactive ingredients were identified as pivotal ingredients, which
included quercetin, candletoxin A, palmidin A, kaempferol, and beta-sitosterol. Besides, 35 HUB genes were obtained from the PPI
network, namely, TP53, AKT1, MAPK1, JUN, HSP90AA1, TNF, RELA, IL6, CXCL8, EGFR, etcetera. GO biological process analysis
indicated that HUB genes were related to bacteria, transferase, cell differentiation, and steroid. KEGG pathway enrichment analysis
indicated that the potential mechanism might be associated with IL-17 and MAPK signaling pathways. Molecular docking results
supported these findings. H&E and Masson staining proved that WMW could reduce airway inflammation and remodeling of model
rats, which might be related to the downward expression of IL-8 proved by IHC staining and real-time PCR.
Conclusion: WMW could be a complementary and alternative therapy for SDA by reducing airway inflammation.
Keywords: steroid-dependent asthma, Wumeiwan, Chinese herbal medicine, IL-8, network pharmacology, molecular docking

Introduction
Based on the Global Initiative for Asthma (GINA) (2021 update), steroid-dependent asthma (SDA) is a special phenotype of
severe asthma (SA) patients who suffer from frequent exacerbations and/or poor symptoms controlled by high dose inhaled
corticosteroid (ICS) - long-acting beta 2-agonist (LABA) of GINA step five treatment and require daily long-term
maintenance oral corticosteroid (OCS) treatment as the add-on therapy for the control of asthma to meet the clinical
need.1,2 Frequent and serious exacerbations of SDA lead to shortness of breath, wheezing, chest tightness, and cough, which
interfered with daily living and impaired the quality of life of patients. There was no uniform standard for diagnosing SDA in
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the clinic, but some studies indicated that a dose of five to 40 mg per day of prednisone for three to six months was the
necessary criteria.3,4 Although no large sample epidemiological data of SDAwas reported, nearly 20–60% of SA patients had
received long-term OCS therapy according to a previous study.5 However, with the advantage of worldwide easy accessi-
bility, the familiarity of use, and low acquisition costs, long-term exposure to OCS still might induce many side effects
including dyspeptic disorders, obesity, infections, diabetes, osteoporosis, and psychiatric disorders.6 Meanwhile, patients
receiving maintenance OCS meet more expensive medical costs than those without maintenance OCS.7 Although targeted
biologics like omalizumab or mepolizumab are recommended for SA patients by GINA as the step five treatment, the
application of these medicines is still limited in China for their high medical costs and the long course of treatment.

As an important part of complementary and alternative medicine, Chinese herbal medicine (CHM) is preferred by
patients in China because of its few side effects and multi-target therapeutic properties.8 It was reported that CHM could
regulate the immunologic equilibrium mechanism to treat asthma by acting on a number of signaling pathways, such as
Notch, JAK-STAT-MAPK, NF-κB, PI3K/AKT, T-bet/Gata-3, and Foxp3-RORγt.9 Another 13-year population-based
retrospective cohort study also showed that CHM might reduce the medical utility of asthmatic patients emergency visits
and admissions in hospital, especially for those who used CHM for more than 60 days.10 Syndrome differentiation and
treatment were regarded as the essence of Traditional Chinese Medicine (TCM) theory. Wumeiwan (WMW) is a famous
and classical Chinese herbal formula which is first recorded in the “Treatise on Cold Pathogenic and Miscellaneous
Diseases” by Zhong-jing Zhang, a famous doctor in the Han Dynasty of ancient China. Given the syndrome of SDA is
intermingled heat and cold in TCM theory, with the methods of dispelling cold and clearing heat together, WMW may be
classified as the main formula in the TCM treatment of SDA.11,12 Our previous studies indicated that WMW was a safe
herbal medication for SDA individuals, and it could reduce the dose of OCS in SDA patients as well as alleviate patients’
clinical symptoms and improve their lung function.13 Nonetheless, the potential mechanism of WMW against SDA was
not fully understood because of its complex compositions and multi-targets.

Network pharmacology establishes a “compound-protein/gene-disease” network and revealing the regulation principles
of small molecules in a high-throughput manner, which meets the key idea of the holistic philosophy of TCM and plays
a critical role in predicting herb targets, understanding the biological foundation of diseases and syndromes, and identifying
disease and syndrome biomarkers.14–16 In this paper, following the Network Pharmacology Evaluation Method Guidance,17

network pharmacology and molecular docking were conducted to explore the molecular mechanism of WMWagainst SDA,
then experiments were carried out for verification. The detailed workflow of the study is shown in Figure 1.

Materials and Methods
Components and Bioactive Ingredients in WMW
WMW was composed of Mume Fructus (“Wumei” in Chinese, WM), Coptidis Rhizoma (“Huanglian” in Chinese, HL),
Phellodendri Chinensis Cortex (“Huangbo” in Chinese, HB), Ginseng Radix Et Rhizoma (“Renshen” in Chinese, RS),
Angelicae Sinensis Radix (“Danggui” in Chinese, DG), Cinnamomi Ramulus (“Guizhi” in Chinese, GZ), Asari Radix Et

Figure 1 The workflow of the study.
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Rhizoma (“Xixin” in Chinese, XX), Zingiberis Rhizoma (“Ganjiang” in Chinese, GJ), Aconiti Lateralis Radix Praeparata
(“Fuzi” in Chinese, FZ), and Zanthoxyli Pericarpium (“Huajiao” in Chinese, HJ). The natural components of WMW
were obtained from the traditional Chinese medicine systems pharmacology database (TCMSP, https://old.tcmsp-e.com/
index.php, updated on May. 31, 2014), and the bioinformatics analysis tool for the molecular mechanism of traditional
Chinese medicine database (BATMAN-TCM, http://bionet.ncpsb.org.cn/batman-tcm, updated on Jan. 2016). They
consist of all the 499 Chinese herbs registered in the Pharmacopoeia of the People`s Republic of China (2010
edition),18,19 from which we could obtain all the information of these components.

Given CHM is usually administered orally in the clinic, oral bioavailability (OB) and drug likeness (DL) are the main
screening conditions for medicine absorbing in the gastrointestinal tract. OB refers to the percentage of an orally
administered active substance that reaches the systemic circulation, and DL is used to estimate which compounds
have similar properties.20 Therefore, based on previous studies, the criteria of OB≥ 30% and DL≥ 0.18 were used to
screen bioactive ingredients from the TCMSP database.20 For those components obtained from the BATMAN-TCM
database, the parameter score≥ 20 and the adjusted P-value< 0.05 were necessary for identification.20

Targets Related to Bioactive Ingredients
Targets related to bioactive ingredients in WMW were obtained from the TCMSP database and the BATMAN-TCM
database. These two databases adopted complicated methods: (1) For those drug-target interactions validated by experi-
ment, targets information were retrieved from databases such as Herb Ingredients` Targets.21 (2) For those compounds
without validated targets, a similarity-based target prediction based on the known drug-target interactions method was used
to do the prediction.18,19 Since the targets might be incomplete, the Swiss Target Prediction web service was also used to get
more accurate predicted targets of WMW by using the 2-dimensional (2D) structure of bioactive ingredients obtained from
PubChem. Relevant parameters of Swiss Target Prediction were set included the organism for “Homo sapiens” and the
probability≥ 0.6.22 Finally, standardized the gene names of targets related to bioactive ingredients with the species limited
into “Homo sapiens” by UniProt Knowledgebase (UniProtKB, http://www.uniprot.org, updated on Jan. 28, 2021).

SDA-Related Targets and Common Targets Between WMW and SDA
It could obtain more targets relevant to SDA by searching databases as many as possible. Targets were collected from
GeneCards the human gene database (https://www.genecards.org, updated on Apr. 28, 2021),23 Online Mendelian
Inheritance in Man database (OMIM, http://www.omim.org, updated on Apr. 30, 2021),24 Therapeutic Target Database
(TTD, http://db.idrblab.net/ttd, updated on Jun. 1, 2020),25 and DisGeNET database (http://disgenet.org, updated on May.
4, 2021)26 by using the keywords of “steroid-dependent asthma” and/or “corticosteroid-dependent asthma”. After removing
the repetitive targets retrieved from various databases, the target database of SDAwas built. They were also standardized in
the UniProtKB database. The potential effecting targets of WMW against SDAwere screened by comparing the common
targets between SDA-related targets and the predicted targets of WMW. With these common targets, the “herb-ingredient-
target” network was created by Cytoscape software (version 3.7.1) (http://www.cytoscape.org).27 To identify the pivotal
ingredients of WMW, “Network analysis” tool in Cytoscape was used to get the “degree (DC)” information of bioactive
ingredients from the “herb-ingredient-target” network.

Construction of the Protein–Protein Interaction Network
Search Tool for the Retrieval of Interacting Genes/Proteins (STRING, https://string-db.org/, updated on Oct. 17, 2020) is
a database of known and predicted protein-protein interactions (PPI), which are ultimately essential for implementing
a functional system.28 The following parameters of STRING were set including the organism for “Homo sapiens” and the
minimum required interaction score≥ 0.9. Given the PPI network was complex, we conducted the topology analysis of
the PPI network to get HUB genes by means of Cytoscape. Specifically, the parameter information of “DC”, “between-
ness centrality (BC)”, “closeness centrality (CC)”, and “stress” was obtained by “Network analysis” tool of Cytoscape. If
the DC of a node was more than twofold the median degree of all the nodes in the network, meanwhile BC, CC, and
stress were higher than the corresponding median values of their own, the node might function as a HUB gene.29 At last,
visual processing was made by Cytoscape.
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Gene Ontology and KEGG Pathway Enrichment Analysis
Metascape (http://www.metascape.org, updated on May. 1, 2021) database was used for pathway enrichment analysis,
which could provide a comprehensive gene list annotation and analysis resource.30 In order to obtain the biological
processes and relevant targets of HUB genes, biological processes (BPs), cell components (CCs), and molecular
functions (MFs) of Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG)
functional enrichment analysis were conducted by metascape database with a considering significant P-value ≤ 0.05.

Molecular Docking
AutoDock (version 4.2.6) (http://www.autodock.scripps.edu, updated on Feb. 27, 2013) was used to predict how
bioactive ingredients bind to HUB genes with the 3D structure.31 Usually, the former one was called ligands as well
as receptor proteins for the latter one. The top 10 genes were selected as the core target receptor proteins after sorted the
DC value of HUB genes by size. The structures of receptor proteins were obtained from the RCSB Protein Data Bank
database (PDB, https://www.rcsb.org, updated on Apr. 27, 2021),32 and that of ligands were downloaded from TCMSP.
After deleting water and adding hydrogen of ligands and receptor proteins, molecules were converted from pdb or mol2
to pdbqt, and molecular docking was performed by AutoDock. The binding energy of less than 0 kcal/mol indicates that
the conformation of ligands and receptor proteins can be stably bound; the larger the absolute value, the stronger the
stability.20 Visualization of receptor protein-ligand interactions was performed by open source Pymol (version 2.4)
(https://pymol.org/, updated on Jun. 2, 2020).

Animals
To verify the predicted target, we conducted an animal experiment. Male Sprague Dawley rats were purchased from SBF
(Beijing) Biotechnology Co., Ltd (Beijing, China), weighted 120–140 g with four-five weeks of age. The rats were bred
in the school of basic medicine of Beijing University of Chinese Medicine[certification SCXK (Jing) 2016-0002]. Rats
were housed in a room with a temperature of 22±2°C, a humidity of 55±5%, and a 12 hours light-controlled environment.
Animals were raised with accessing food and water freely and allowed to acclimatize themselves for one week before the
initiation of the experiment. This study was approved by the Research Ethics Committee of Beijing University of
Chinese medicine[No. BUCM-4-2018031001-1012] and followed the laboratory animal guideline for ethical review of
animal welfare[GB/T 35892-2018].

Drug and Reagents
Ovalbumin (OVA) was purchased from sigma Co., Ltd. (Louis, MO, USA)[A5378-1G]. Imject™ Alum Adjuvant, which
contains aluminum hydroxide (40mg/mL) and magnesium hydroxide (40mg/mL), was purchased from Thermo Fisher
Scientific (Waltham, MA, USA)[77161]. Dexamethasone sodium phosphate injection (DEX) was brought from Sinopharm
Rongsheng Pharmaceutical Co., Ltd. (Henan, China)[H41020036]. Modified Masson trichrome stain was purchased from
Beijing Solarbio Science & Technology Co., Ltd (Beijing, China)[G1345]. Rabbit Anti-IL-8/CXCL8 antibody was purchased
from Bioss Antibodies (Beijing, China)[bs-0780R]. Peroxidase-conjugated goat anti-rabbit IgG (secondary antibody) and
3,3`-diaminobenzidine (DAB) were purchased from ZSGB-BIO (Beijing, China)[PV-9001 and ZLI-9018]. RaPure Total
RNA Mini Kit was brought from Guangzhou Magen Biotechnology Co., Ltd. (Guangzhou, China)[R4011-03]. All-in-One
First-Strand Synthesis Master Mix was brought from Fujian BioMED Medical Technology Co., Ltd (Fujian, China)
[BM60501S]. 2x qPCR SYBR Green Master Mix was brought from Dalian Meilunbio Biotechnology Co., Ltd (Dalian,
China)[MA0691-1]. Primers were synthesized by Sangon Biotech (Shanghai, China). Compression atomizer (Omron Health
Care China Co., Ltd)[NE-C900] were employed for the OVA challenge. Stratagene Mx3000P (Stratagene, La Jolla, CA) was
used for fluorescence quantitation. Olympus BX-60 upright microscope (Tokyo, Japan) performed image acquisition.

All herbal granules of WMW formula were purchased from Good Manufacturing Practice (GMP)-certified pharma-
ceutical company, Beijing Tcmages Pharmaceutical Co., Ltd. Specifically, the dosage of the granule was converted from
WMW formula pieces: WM 10g, HL 6g, HB 6g, RS 10g, DG 10g, GZ 6g, XX 3g, GJ 3g, FZ 10g, and HJ 10g. The daily
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dose of WMW formula was processed into 18g granules. At last, granules were dissolved in 400 mL water at
a temperature of 100°C and stored at 4°C after it cools.

OVA-Induced Plus Descending DEX Intervention Chronic Asthmatic Model and
Therapeutic Interventions
Given SDA belonged to chronic asthma or SA with long-term courses, we built the OVA-induced plus descending DEX
intervention chronic asthma (OVA+DEX) model based on our previous studies.33 Rats were equally and randomly divided into
four groups: control group, OVA-induced chronic asthma (OVA) group, OVA+DEX group, and WMW group. Each group
contained three rats. The rats in the OVA group, OVA+DEX group, and WMW group were intraperitoneally injected with
a 1.0 mL saline mixture containing 100mg OVA and 100mg aluminum hydroxide on day 1 and day 8 for sensitization. The
control group was intraperitoneally injected with the same amount of saline. From day 15, all rats except the control group were
challenged with 1% OVA nebulization inhalant solution every two days at the rate of 0.25mL/min for 30 minutes, and it would
last for seven weeks, while the control group inhaled the same amount of saline. To simulate the descent use of glucocorticoid
from a high-dose to a low-dose of SDA patients, we adopted a method of descending glucocorticoid administration for rats.
Specifically, OVA+DEX group andWMWgroup rats were intraperitoneally injected with 0.5mg/kg DEX 30 minutes before the
OVA challenge from day 15 to day 28. Then DEXwas withdrawn at the rate of 0.1mg/kg per week from day 29 to the end of the
challenge.33 TheOVAgroup and control groupwere injectedwith the same amount of saline from day 15 to the end. Besides, rats
in the WMW group were administered WMW formula granules with the dose of 1.86g/kg through gastric administration at 30
minutes before the OVA challenge once a day from day 15 to the end (the dosage ofWMW formula granules is determined based
on the results of pre-experiment, which is not described in this paper). All rats were sacrificed on day 63. The sensitization,
challenge, and therapeutic interventions were shown in Figure 2.

Figure 2 Schematic diagram of OVA-induced plus descending DEX intervention chronic asthmatic model. Sensitization: the mixture of OVA and aluminum hydroxide was
intraperitoneally injected into rats at day 1 and 8. Challenge: from day 15, rats were challenged with 1% OVA nebulization inhalant solution every two days for 30 minutes,
and it would last for seven weeks. Therapeutic interventions: DEX was intraperitoneally injected into rats with the dosage of 0.5mg/kg in day 15 to day 28, and it was
withdrawn at the rate of 0.1mg/kg per week from day 29 to the end of the challenge.
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Lung Histopathology and Immunohistochemistry
Lung tissueswere fixed overnight in 4%paraformaldehyde solution, dehydrated and embedded in paraffin. Tissue sections (4 μm)
were made, and dyed with hematoxylin/eosin (H&E) and Masson staining following the standard manufacturer’s protocol. The
inflammatory degree was scored based on the H&E staining by two independent observers who were blinded to the experiment.
Briefly, grades of 0 to 4 were given based on a previous study: score 0 for no inflammation, score 1 for occasional cuffing with
inflammatory cells, score 2 formost bronchi or vessels were surroundedwith inflammatory cells by a thin layer, and score 3 and 4
for a moderate layer and a thick layer respectively.34 Immunohistochemistry (IHC) was conducted to identify the positive
expression of IL-8 around the airway epithelial cells. Detailed steps of IHC staining were as follows:35 sections were boiled
bathing with citrate buffer (pH 6.0) for 15min, then they were washed in phosphate-buffered saline before blocking endogenous
peroxidase with 3% hydrogen peroxide for 30min. Then normal goat serum was used to block non-specific binding of the
antibodies at 37°C for 20 min, after which sections were incubated overnight at 4°C with IL-8 primary antibodies (1:500).
Sections were incubated with secondary antibodies for 20 min after incubation with primary antibodies. Finally, sections were
stained and developedwithDAB.After nuclear stainingwith hematoxylin, the stained sectionswere observed under amicroscope
at 400× magnification (Olympus BX60, Tokyo, Japan). ImageJ software (version 1.53, National Institutes of Health) performed
the image quantitative analysis. Simply, the brown stained area on IHC stainingwas separatedwith themethod of auto threshold in
ImageJ after the image was converted into RGB stack type, then the average optical density (AOD) of each image was measured
and calculated to assess IL-8 staining strength. Similar steps were applied to Masson staining. The collagen volume fraction of
Masson staining images reflected the percentage area (% Area) of the total surface occupied by the blue-stained collagen area.

Real-Time Quantitative Polymerase Chain Reaction (Real-Time PCR)
Total RNA was extracted and purified from the upper left lung of each group of rats using RaPure Total RNA Mini Kit
according to the manufacturer’s instructions. Then total RNA was reverse transcribed to cDNA using All-in-One First-
Strand Synthesis Master Mix. Real-time PCR was performed using a Stratagene Mx3000P as follows: the reaction
mixture consisted of 10 ul 2x qPCR SYBR Green Master Mix, 10 μM forward and reverse primer, 2 ul cDNA, and the
final volume of the mixture was adjusted to 20 μL with the addition of nuclease-free water. The cDNA was amplified at
95°C for 60s, followed by 45 cycles of PCRs: at 95°C for 10s, at 60°C for 30s, successively. Detailed primers were in the
following: CATTAATATTTAACGATGTGGATGCGTTTCA (IL-8 forward), GCCTACCATCTTTAAACTGCACAAT
(IL-8 reverse), TATGCTCTCCCTCACGCCATCC (β-actin forward), GTCACGCACGATTTCCCTCTCAG (β-actin
reverse). The relative expressions of the gene was calculated using the 2−ΔΔCt method.

Data Analysis and Statistics
SPSS 20.0 statistical software (SPSS Inc., USA) performed the statistical analysis. All data were expressed as Mean ±
SEM (standard error of the mean). One-way analysis of variance (ANOVA)/ post hoc least-significant difference (LSD)
test and nonparametric test were respectively used to compare the unpaired parametric or nonparametric data between
groups. The P-value of less than 0.05 was considered statistically significant.

Results
Bioactive Ingredients and Predicted Targets in WMW
With the criteria mentioned above (OB ≥ 30% and DL ≥ 0.18 for TCMSP; the parameter score ≥ 20 and the adjusted
P-value < 0.05 for BATMAN-TCM), a total of 129 bioactive ingredients were identified in WMW, of which 8 were from
WM, 14 were from HL, 37 were from HB, 22 were from RS, 2 were from DG, 7 were from GZ, 8 were from XX, 5 were
from GJ, 21 were from FZ, and 5 were from HJ. After removing repetitive ingredients, 102 bioactive ingredients were
left. Detailed information was listed in Supplementary Table 1.

Targets of 102 bioactive ingredients in WMW were predicted by TCMSP database, the BATMAN-TCM database,
and Swiss Target Prediction. Respectively, 192, 184, 210, 118, 54, 53, 110, 46, 21, and 174 potential target genes were
predicted for WM, HL, HB, RS, DG, GZ, XX, GJ, FZ, and HJ. After removing repetitive targets, 241 genes were
obtained.
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SDA-Related Targets and Common Targets Between WMW and SDA
By screening GeneCards, OMIM, and DisGeNET database, 3539 SDA-related targets were obtained. By comparing the
targets of WMWand SDA, 191 common targets from SDAwere shared with those of the bioactive ingredients of WMW
(Supplementary Table 2). Based on the above data, the “herb-ingredient-target” network was made by Cytoscape and
shown in Figure 3, which comprised 294 nodes and 1755 edges. Each edge represents the relationship between herb
ingredients and target genes, the closer the nodes are connected, the larger the area of the node is. Besides, the following
top five pivotal ingredients were identified with the method mentioned above: quercetin (MOL000098), candletoxin
A (MOL002671), palmidin A (MOL000762), kaempferol (MOL000422), and beta-sitosterol (MOL000358). Jvenn plug-
in performed the common targets network (Figure 4).36

PPI Network Construction and HUB Gene Screening
PPI network analysis on common targets was performed by STRING database, and it was shown in Figure 5A. With 191
nodes, 773 edges, and an average node degree of 8.09, the PPI network performed the interaction of common targets and
depicted the biological processes of WMW against SDA. Based on the four parameters of “DC”, “BC”, “CC” and
“stress”, “Network analysis” tool in Cytoscape was used to conduct the topology analysis and obtain the HUB genes of
WMW. The median degree of DC, BC, CC, and stress was seven, 0.340164, 0.002839, and 654. Finally, 35 HUB genes

Figure 3 The “herb-ingredient-target” network. The inverted triangle, octagon, and diamond corresponded to the herb, ingredient, and target respectively. The closer the
nodes were connected, the larger the area of the node was.
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Figure 4 Venn diagram of common targets.

Figure 5 Screening of HUB genes. (A) PPI network of WMW against SDA performed by STRING database with the parameters of the organism for “Homo sapiens” and the
minimum required interaction score≥ 0.9. (B) 35 HUB genes network performed by Cytoscape yFiles Radial Layout. Low degree values showed large sizes and bright colors,
and small sizes and dark colors for high degree values on the contrary. (C) The 10 core targets network, including JUN, MAPK1, IL6, TP53, RELA, HSP90AA1, EGFR, AKT1,
CXCL8, and TNF.

https://doi.org/10.2147/DDDT.S349950

DovePress

Drug Design, Development and Therapy 2022:16916

Lyu et al Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


were obtained after screening data (Table 1). Cytoscape performed the visual processing of HUB genes, with the setting
of large sizes and bright colors for low degree values, and small sizes and dark colors for high degree values on the
contrary (Figure 5B). Sorted DC values by size, the 10 core targets were identified, and the network was shown in
Figure 5C.

GO Function and KEGG Pathway Analysis
Metascape database was used to analyze the BPs, CCs, and MFs of the GO function and KEGG pathways on 35 HUB
genes. 595 BPs, 22 CCs, 58 MFs, and 260 KEGG pathways related to SDA were obtained with the criteria of the
P-value<0.01, a minimum count of 3, and an enrichment factor> 1.5. Similar terms were enriched to one representative
cluster, and the top 10 significantly enriched clusters in BPs, CCs, and MFs were selected for analysis, as well as top 20
significant KEGG pathways were enriched. It was shown in Figures 6 and 7 by Hiplot (https://hiplot.com.cn),
a comprehensive web platform for scientific data visualization. BPs enrichment analysis demonstrated that the HUB
genes were related to bacteria, transferase, cell differentiation, and steroid. The main MFs of HUB genes were cytokine

Table 1 DC, BC, CC, and Stress Information of HUB Genes

Number Hub Gene Name Degree Betweenness Centrality Closeness Centrality Stress

1 TP53 37 0.08694128 0.45355191 16624

2 AKT1 36 0.08522859 0.44504021 15118

3 MAPK1 36 0.12742872 0.49112426 20616
4 JUN 36 0.09645964 0.48538012 19138

5 HSP90AA1 33 0.1062704 0.46368715 16540

6 TNF 33 0.05921156 0.45730028 9786
7 RELA 32 0.04454007 0.45604396 10492

8 IL6 25 0.03953757 0.42783505 7584

9 CXCL8 24 0.04595284 0.40389294 8538
10 EGFR 23 0.06353801 0.44864865 10124

11 FOS 22 0.02112597 0.43569554 5042

12 ESR1 21 0.02791165 0.4403183 5578
13 MAPK8 21 0.01921663 0.41708543 4802

14 VEGFA 20 0.02932016 0.43684211 5530

15 RB1 19 0.02473773 0.42025316 5420
16 PRKCA 18 0.03881227 0.41708543 7520

17 MYC 18 0.01938051 0.41919192 3630

18 NR3C1 18 0.01061043 0.41813602 3170
19 F2 17 0.11206153 0.38694639 15498

20 PRKCB 17 0.0229569 0.40096618 5236

21 CCND1 17 0.01260435 0.40487805 3530
22 CDKN1A 17 0.00883462 0.39808153 2578

23 IL1B 17 0.00915936 0.39712919 2126

24 CXCL2 16 0.00700863 0.35394456 1818
25 EGF 16 0.02763723 0.41089109 4252

26 CHRM2 15 0.02079833 0.36165577 2596

27 IL4 15 0.04035183 0.39243499 5480
28 CASP8 15 0.02310684 0.39150943 4716

29 NCOA1 15 0.03587812 0.38785047 9074

30 IL2 14 0.00681991 0.41919192 1898
31 AR 14 0.00890765 0.38248848 2636

32 CDK1 14 0.011109 0.35853132 3066

33 CCL2 14 0.00497893 0.38694639 1498
34 IFNG 14 0.01205977 0.39712919 2862

35 PPARA 14 0.08271518 0.44266667 14568
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receptor binding, transcription factor binding, and kinase binding. The CCs of HUB genes were enriched in cyclin-
dependent protein kinase, RNA polymerase II, and vesicle lumen. From the results of KEGG pathways analysis, it was
indicated that the potential mechanism of WMW against SDA might be associated with IL-17 signaling pathway, human
cytomegalovirus infection, AGE-RAGE signaling pathway, MAPK signaling pathway, PI3K-Akt signaling pathway,
TNF signaling pathway, endocrine resistance, etcetera.

Molecular Docking
The 10 core target receptor proteins and five pivotal ingredients were used to finish the molecular docking. Detailed
information of docking results was listed in Table 2 and Figure 8. The binding energy of less than −5 kcal/mol indicates
a stronger connection of ligands and receptor proteins.37 Hence, we screened out the receptor protein-ligand interactions
with the lowest energy, which was CXCL8, and it was visualized by Pymol (Figure 9). These results indicated that
potential pivotal ingredients of WMW had excellent abilities to spontaneously bind the receptor proteins of SDA.

WMW Decreased the Airway Inflammation and Airway Remodeling in Lung Tissues
In order to evaluate the model and detect the effects of WMWon airway inflammation and airway remodeling, H&E and
Masson staining were observed. The results of the H&E staining inflammatory degree showed that OVA group and OVA
+DEX group rats showed significant inflammatory cell infiltration and airway epithelial thickening in the peribronchial
and perivascular regions, while it was not observed in the control group (P<0.05). Compared with the OVA group,
inflammatory cell infiltration in the WMW group was significantly reduced (P<0.05), but it was still obviously shown in
the OVA+DEX group (P>0.05) (Figure 10A and D).

Results of Masson staining showed that the collagen deposition around the airway increased gradually and sig-
nificantly in the OVA group and the OVA+DEX group (P<0.01), which indicated the gradual progression of airway

Figure 6 GO function of HUB genes. The horizontal axis represented the counts of genes in the enriched terms, and the vertical axis represented the specific terms of BPs,
CCs, and MFs.
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remodeling. Interestingly, the OVA+DEX group showed similar pathological changes as the OVA group instead of as
normal as we predicted before, and there was no statistical difference in collagen volume fractions between the OVA
group and the OVA+DEX group (P=0.548). On the contrary, compared with these two groups, collagen deposition was
found to be attenuated by treating with WMW (P<0.01) (Figure 10B and E).

WMW Inhibited the Expression of IL-8 in the Lung of OVA-Induced Plus Descending
DEX Intervention Chronic Asthmatic Model
CXCL8 is the transcriptional gene of IL-8. Results from molecular docking indicated CXCL8 had the lowest receptor
protein-ligand interactions energy. Hence, we conducted the IHC staining and real-time PCR of IL-8 for further
verifications. It was shown in the IHC staining that the expression of IL-8 was significantly increased in the OVA
group and OVA+DEX group comparing with the control group (P<0.01), but there was no statistical difference between
these two groups (P=0.053). While the expression of IL-8 was significantly decreased in the WMW group comparing
with the OVA group and OVA+DEX group (P<0.01), which suggested WMW might reduce the airway inflammation by
inhibiting the secretion of IL-8 (Figure 10C and F). As a result of analyzing IL-8 gene expression using real-time PCR,
similar findings were observed. As shown in Figure 10G and Table 3, the relative expression of IL-8 in the OVA group
and OVA+DEX group were significantly increased respectively when compared to the control group (P<0.01), and
WMW decreased these abnormalities (P<0.05). The statistical difference in relative expression of IL-8 was not found
between the OVA group and OVA+DEX group (P=0.07).

Discussion
SDA is a special phenotype of SA characterized by OCS dependence. Despite OCS is the second-line therapy for step
five treatment asthmatic patients recommended by GINA, 40% of them still receive regular OCS at a daily dose of

Figure 7 KEGG pathway analysis. Bubble plot performed the top 20 signaling pathways of WMW against SDA. The horizontal axis represented the enrichment scores of
pathways, and the vertical axis represented the names 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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Table 2 Molecular Docking Results

Ligands Receptor Proteins PDB Entry Binding Energy (kcal/
mol)

Quercetin TP53 2X0W −5.9

AKT1 1UNR −5.34

MAPK1 6SLG −4.08

JUN 5T01 −4.63

HSP90AA1 3T10 −5.09

TNF 5UUI −5.42

RELA 4KV1 −4.54

IL6 1ALU −4.89

CXCL8 4XDX −7.24

EGFR 5UG9 −4.41

Candletoxin A TP53 2X0W −3.96

AKT1 1UNR −4.9

MAPK1 6SLG −4.01

JUN 5T01 −2.65

HSP90AA1 3T10 −5.25

TNF 5UUI −6.71

RELA 4KV1 −5.64

IL6 1ALU −5.12

CXCL8 4XDX −10.07

EGFR 5UG9 −7.26

Palmidin A TP53 2X0W −6.19

AKT1 1UNR −5.34

MAPK1 6SLG −4.79

JUN 5T01 −4.79

HSP90AA1 3T10 −5.8

TNF 5UUI −8.15

RELA 4KV1 −6.67

IL6 1ALU −7.21

CXCL8 4XDX −9.87

EGFR 5UG9 −6.73

(Continued)
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15mg.38 Usually, the phenotypes of asthma are classified into type 2-high asthma and type 2-low asthma. The former is
associated with type 2 helper T(Th2) cells responses, while the latter is associated with obesity, aging, and smoking.39

Conventional wisdom would seem to suggest SDA belongs to type 2-high asthma,40 but recent studies supposed that the
airway inflammation in SA is not limited to Th2 cells responses and eosinophilic inflammation. Transcriptomic and
proteomic analysis from SA cohorts recruited in the Unbiased Biomarkers for the Prediction of Respiratory Diseases
Outcomes (U-BIOPRED) study indicated that mixed neutrophilic/eosinophilic inflammation was more prevalent in
patients with SA compared with mild/moderate asthma,41 which meant more individualized treatment was needed
in SDA.

The pathogenesis of SDA is complex, the potential mechanisms include the following parts:1 (1) Activation of the
p38 MAPK pathway lead to decreased affinities of the phosphorylated glucocorticoid receptor (GR) to corticosteroids;
(2) Increased expression of GRβ compete with GRα to bind corticosteroids; (3) Interaction between GRs via coactivator
molecules and inflammatory transcription factors NF-κB may not be efficient; (4) Histone acetylation is defective.
Finally, corticosteroid resistance and dependence are induced, and unsatisfied curative effects of OCS occur in SDA
individuals. Since the introduction of biological agents, treatment strategies of SDA have been drastically changed.
Although monoclonal antibodies have the effects of inhibiting the migration of eosinophils to airways or decreasing the
free immunoglobulin E (IgE) to decrease the OCS requirement in SA patients, meanwhile avoiding the side effects of

Table 2 (Continued).

Ligands Receptor Proteins PDB Entry Binding Energy (kcal/
mol)

Kaempferol TP53 2X0W −6.71

AKT1 1UNR −5.45

MAPK1 6SLG −5.21

JUN 5T01 −5.94

HSP90AA1 3T10 −6.22

TNF 5UUI −6.28

RELA 4KV1 −6.09

IL6 1ALU −6.15

CXCL8 4XDX −8.86

EGFR 5UG9 −6.77

Beta-sitosterol TP53 2X0W −5.4

AKT1 1UNR −6.47

MAPK1 6SLG −7.51

JUN 5T01 −9.31

HSP90AA1 3T10 −8.88

TNF 5UUI −7.47

RELA 4KV1 −7.08

IL6 1ALU −5.51

CXCL8 4XDX −10.2

EGFR 5UG9 −7.25
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OCS, there are just a few biologics are approved for type 2-high asthma and have the potential to be used for SDA, such
as mepolizumab (anti-IL5), benralizumab (anti-IL5R), and dupilumab (anti-IL4Rα).40 Even so, the application of
biologics is limited in China for their high medical costs and the long course of treatment.

TCM has been used in Asian countries for thousands of years, and it has been spread to 183 countries and regions. As
a classical formula of TCM, WMW showed potential treatment prospects in the field of chronic colitis, obesity, diabetes,

Figure 8 Molecular docking between CXCL8 and five pivotal ingredients, including quercetin (A), beta-sitosterol (B), kaempferol (C), palmidin A (D), and candletoxin A (E).

Figure 9 Correlation heatmap of docking results between the 10 core targets and five pivotal ingredients. The binding energy was marked by different colors, red for higher
scores and green for lower scores. It could be observed that all core targets could stably bind with five pivotal ingredients, especially CXCL8 showed the lowest energy.
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and ulcerative colitis.42–45 Based on the components of WMW, researchers created Food Allergy Herbal Formula, which
was the first botanical investigational new drug approved for clinical studies for food allergy by the US Food and Drug
Administration.46 Given that OCS had lots of side effects, reducing the dose of OCS was categorized as one of the hot
topics for the academics. Our previous studies showed that WMW could help to reduce the dose of OCS in SDA
patients,13 while the specific mechanism was not clear. Hence, we conducted network pharmacology to explore the
bioactive ingredients and related targets of WMW.

Results of 102 bioactive ingredients from the “herb-ingredient-target” network diagram and related topological
parameters showed that the potential pivotal ingredients of WMW might be quercetin, candletoxin A, palmidin A,
kaempferol, and beta-sitosterol. Quercetin and kaempferol may be the main anti-SDA active compounds, which are
known as one of the families of flavonols and thought to be beneficial against cardiovascular diseases, cancer, diabetes,
neurological diseases, obesity, allergy asthma, and atopic diseases with the effect of antioxidant, anti-inflammatory,
cardioprotective, and anti-obesity.47–49 Results from the epidemiological studies indicated that asthma incidence was
lower at higher quercetin intakes (relative risk 0.76; 95% CI: 0.56, 1.01; P for trend= 0.005) and increased intake of
kaempferol was associated with a low incidence of cerebrovascular disease.50 Owing to the chronic airway inflammation
of asthma, preventing oxidative damage and reducing inflammatory cytokines release of airways play a key role in the
treatment of asthma. As previous studies reported, quercetin and kaempferol showed anti-allergic properties character-
ized by a decrease in Th2 related inflammatory cytokines (IL-4, IL-5, and IL-13), inhibition of histamine release and
activation of mast cells (MCs), restrain antigen-specific IgE antibody formation, and elimination of the alterations in

Figure 10 Effects of WMWon pathological features of OVA-induced plus descending DEX intervention chronic asthmatic model. WMW treatment could reduce the airway
inflammations ((A) H&E staining, magnification×400, (D) inflammation scores), airway remodeling ((B) Masson staining, magnification×400, (E) calculations of collagen
volume fraction), and the expression of IL-8 ((C) IHC staining, magnification×400, (F) IL-8 average optical density of IHC staining images, (G) Relative expressions of IL-
8 performed by real-time PCR) in model rats. All results were expressed as Mean ± SEM. Compared with the control group, *P<0.05, **P<0.01, ***P<0.001.
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cough reflex sensitivity.51,52 Sitosterol is one of the bioactive phytosterols, which has shown the potential anti-
inflammatory activity and antihistamine activity by inhibiting the release of histamine from the MCs, expression of
TNF-α, and blocking the activity of cyclooxygenase-2, inducible nitric oxide synthase, and extracellular-signal regulating
kinase pathways.53 Moreover, it is proved that sitosterol treatment could significantly increase the tidal volume and
decrease the respiration rate of asthmatic guinea pigs and protect against airway inflammation in lung tissue
histopathology.54 All in all, these studies about pivotal ingredients of WMW lend support to our findings of HUB
gene GO and KEGG pathway enrichment analysis.

There were 35 HUB genes screened through the PPI network including TP53, AKT1, MAPK1, JUN, HSP90AA1, TNF,
RELA, IL6, CXCL8, EGFR, etcetera. TP53 is a tumor suppressor protein characterized by the regulation of glycolysis and
oxidative phosphorylation, which is involved in several aspects of human function.55 According to reports, the serum
level of IL-1β was associated with TP53 expression, and the high level of IL-1β might indicate the exacerbation of
asthma due to airway epithelial apoptosis and injury.56 AKT1 regulates many cellular processes including metabolism,
proliferation, cell survival, growth, and angiogenesis.57 In the canine tracheal smooth muscle cell model, forced
activation of AKT1 signaling will induce hypertrophy.58 RELA, IL6, CXCL8, and TNF are all pro-inflammatory
mediators, which participate in the chronic airway inflammation of SDA. As mentioned before, mixed neutrophilic/
eosinophilic inflammation was more prevalent in SA patients, neutrophilic bronchitis leads to the overproduction of pro-
inflammatory cytokines such as TNF, IL-1, IL-6, IL-8, IL-23, and IL-17.59 As a multi-functional molecular chaperone,
heat shock protein 90 (HSP90) is induced in response to cellular stress to stabilize client proteins, and the increased
expression of HSP90 is associated with asthma severity.60 HSP90 inhibitors could block the immune-mediated NF-κB
inflammatory cascade and revert goblet cell metaplasia.61,62 So maybe HSP90 inhibitors will be the next generation of
biological agents. EGFR is expressed in airway epithelium and involved in the biological process of cell growth,
proliferation, and differentiation.63 PPI network analysis of gene expression profile of GSE7368 indicates that EGFR
is associated with inflammatory environment and steroid resistance in asthma patients.64 The impaired expression of
EGFR is considered relevant to asthma pathogenesis in terms of airway inflammation, airway remodeling, airway hyper-
responsiveness (AHR), and airway mucus secretion.65 As a consequence of airway inflammation, epithelial damage and
strong EGFR immunostaining are frequently observed in asthmatic patients.66 Meanwhile, EGFR inhibitor treatment
could reduce inflammatory cell influx in bronchoalveolar lavage fluid, perivascular and peribronchial inflammation,
fibrosis, goblet cell hyper/metaplasia, and AHR in the OVA-induced animal model. MAPK1 and JUN belong to the

Table 3 Relative Expression of IL-8 in All Groups

Group Relative Expression of IL-8 Mean ± SEM

Control 0.102237757 0.14 ± 0.03

0.113965311

0.203532817

OVA 1.806670402 1.76 ± 0.30

1.217003514

2.255321854

OVA+DEX 1.543993487 1.16 ± 0.20

0.903335201

1.025741121

WMW 0.2258338 0.33 ± 0.19

0.698984967

0.065304822
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MAPK family. MAPK pathways are involved in the activation of transcription factors such as NF-κB and AP-1, and the
activation of p38 MAPK pathway could lead to glucocorticoid insensitivity for SA patients.67–69 Furthermore, p38
MAPK is crucial in the allergic inflammatory cascade because it is needed in the upregulation of adhesion molecules on
eosinophils and epithelial cells when allergy happens.70 Another in-vitro experiment proves that the inhibition of p38
MAPK pathway may lead to additive and synergistic anti-inflammatory effects and reverse the glucocorticoid insensi-
tivity when corticosteroids are used together.71,72 Similarly, the 35 HUB genes screened through the PPI network in our
study was in corroboration with the previous findings.

KEGG pathway enrichment analysis of HUB genes indicated that the IL-17 signaling pathway might be the potential
mechanism of WMW against SDA. There have been a couple of studies suggesting that IL-17 plays a key role in the
pathogenesis of SA.73,74 SA might be related to the overexpression of Th 17 cytokines, which induce neutrophil
recruitment via neutrophil-mobilizing cytokines in airways.75 However, the mixed pattern of neutrophilic-eosinophilic
infiltration in airways, and glucocorticoid insensitivity makes SA refractory to currently available therapies like ICS-
LABA.76 So what about biological agents? A randomized, double-blind, placebo-controlled study claimed that inhibition
of IL-17 receptor A did not produce a treatment effect in subjects with moderate to SA.77 Maybe the single targeted
biological agents could not benefit SA patients with its complex pathogenesis and the monoclonal antibody therapy still
has a long reach.

Given the active ingredients of WMW are complex, it is quite difficult to identify each ingredient by the traditional
method. The improvement of molecular docking technology is promising in explaining the mechanism of TCM formulas.
Molecular docking is a computational procedure that analyses the conformation and orientation of drug-protein into the
binding site of a macromolecular target, which could discover the key pharmacodynamic components, reveal the
pharmacodynamic material basis of the complex chemical substance system, and improve the efficiency and pertinence
of the TCM screening process.78 With the method of molecular docking, we could indirectly prove the interaction between
molecules and exclude those connections with high degree scores but invalid ligand-receptor combinations from “herb-
ingredient-target” network. Results from our study showed that potential pivotal ingredients of WMW had excellent
abilities to spontaneously bind the receptor proteins of SDA. Meanwhile, CXCL8 had the lowest receptor protein-ligand
interactions energy. As the gene expression production of CXCL8, IL-8 is regarded as a key mediator in neutrophil-
mediated acute inflammation due to its potent actions on neutrophils.79 It was reported that serum levels of IL-8 were
significantly higher in patients with moderate asthma and SA as compared with healthy non-atopic controls, especially,
higher IL-8 levels were associated with a pattern of current smokers.80 Besides, several studies suggest that IL-17/Th 17 is
involved in the process of IL-8 up-regulation,81 which meets with our findings in KEGG pathway enrichment. Down-
regulated expressions of IL-8 helps to reduce airway inflammation. In our study, the OVA group and OVA+DEX group
showed obvious inflammatory cell infiltration and collagen deposition with high expression of IL-8 by IHC staining and
real-time PCR, while WMW treatment reduced these pathological changes by inhibiting the secretion of IL-8. We couldn't
confirm the specific bioactive ingredient in WMW which helps to down-regulate the IL-8 expression, but quercetin and
kaempferol might be the main effecting ones. As reported by previous studies, quercetin and kaempferol could decrease the
release of inflammatory mediators of TNF-α, IL-1β, IL-6, and IL-8 through inhibitions of the activation of IKKβ, blocks of
the phosphorylation of IκBα, preventions of NF-KB entering into the nucleus, and the attenuation of NF-κB and p38 MAPK
pathway, in which way inhibit the airway inflammation.82,83 We will conduct more research around traditional Chinese
medicine monomers to confirm our suppositions.

To better understand and elucidate the mechanisms of diseases, experimental animal models were widely used in the
medical field. However, the experimental animal model of SDA is still at an initial and exploratory stage. Different from
the classical allergic respiratory diseases animal model induced by OVA, consensuses on the methods of building the
SDA animal models have not been achieved. Given allergic animal models require protocols of allergic sensitization and
subsequent allergen re-exposure (challenge) to induce an allergic inflammatory response,84 we built the OVA-induced
plus descending DEX intervention chronic asthma model based on our previous study. On the one hand, this model, in
common with classical allergic asthma models, satisfies the characteristics of allergic airway inflammation with two
phases of OVA sensitization and inhaled challenge; on the other hand, descending DEX intervention simulates the
descent use of glucocorticoid from a high-dose to a low-dose in the clinic, which might not be reflective in the classical
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model. Results from H&E and Masson staining indicated OVA group rats and OVA+DEX group rats showed obvious
airway inflammation and remodeling, which was consistent with pathology changes of SDA patients.85 It`s quite strange
to observe these obvious pathological changes in OVA+DEX group rats because DEX also has a strong anti-
inflammation effect. While this might be related to over OCS uses induced neutrophil recruitments into airways and
inhibitions of neutrophil apoptosis in airways, as previous reports suggested,86 which explained the obvious inflammation
and up-regulated expression of IL-8 in airways observed in the DEX group.

To our knowledge, this is the first study to discuss the effects of CHM on SDA. We wish more evidence of treating
SDA with CHM will be reported in the future.

Conclusion
With the methods of network pharmacology and molecular docking, we conducted the “herb-ingredient-target” network of
WMW. Five pivotal ingredients were obtained including quercetin, candletoxin A, palmidin A, kaempferol, and beta-sitosterol.
Meanwhile, 35 HUB genes were screened out from the PPI network, namely, TP53, AKT1, MAPK1, JUN, HSP90AA1, TNF,
RELA, IL6, CXCL8, EGFR, etcetera, which played key roles in the treatment of WMW against SDA and showed excellent
abilities to spontaneously bind the pivotal ingredients in molecular docking. Based on the results of GO and KEGG pathway
enrichment analysis, it was suggested that WMW treatment was effective against SDA by reducing inflammation with multi-
pathways. In the experiment, we built the OVA-induced plus descending DEX intervention chronic asthmatic model and proved
WMW treatment could reduce airway inflammation, airway remodeling, and the expression of IL-8 in model rats. In this paper,
we claimed that WMW could be a complementary and alternative therapy for SDA.
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