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Background: In traditional Chinese Medicine (TCM), Zhimu (4nemarrhena asphodeloides Bunge, ZM) - Chuanbeimu (Fritillaria
Cirrhosae Bulbus, CBM) (ZC) is one of the most classical herb pairs used in the treatment of lung diseases such as asthma. This study
aimed to investigate how ZC affects asthma and its mechanism.

Methods: Asthma model rats were sensitized by ovalbumin. The anti-asthma efficacy of ZM, CBM and ZC were evaluated through
analysis of lung function, pathological sections and biochemical indices. Metabolomics based on UHPLC-QTOF-MS was conducted
to determine the synergistic anti-asthma effect of combination therapy. Asthma targets and mechanism prediction were performed
using network pharmacology. Then, the potential anti-asthma mechanism of ZC was explored using RT-qPCR.

Results: According to the lung function test, Hematoxylin-Eosin Staining experiment, ZC herb pair had an obvious anti-asthma effect over
either ZM or CBM alone. It has also been demonstrated that positive effect of ZC against Th1/Th2 immune imbalance. Both metabolomics
and network pharmacology were highly enriched in the arachidonic acid metabolism pathway. The mRNA expression levels of ALOXS,
PLA2G4A and CYP1A2, critical targets in arachidonic acid metabolism, were significantly down-regulated by RT-qPCR.

Conclusion: By reducing the expression of cytokines and chemokines mediated by the arachidonic acid metabolism pathway, ZC could
alleviate OVA-induced asthma in vivo. It was the first to demonstrate the complex mechanism of ZC for the treatment of asthma. Meanwhile,
a new paradigm was established for evaluating the pharmacological effects of TCM drugs for asthma based on multiple mechanisms.
Keywords: Anemarrhena asphodeloides Bunge-Fritillaria Cirrhosae Bulbus, anti-asthma, combination mechanisms, network
pharmacology, metabolomics, RT-qPCR

Introduction

Asthma, short for bronchial asthma, is an inflammatory lung disease characterized by reversible obstruction, inflamma-
tion, and increased sensitivity to various stimuli.'? According to the 2020 Global Asthma Prevention and Control
Initiative, the incidence of asthma exceeded 300 million worldwide, with over 40 million people in China. Due to factors,
such as decreased air quality and an increase in obesity, the number of patients is still continuously increasing, and
asthma has become an increasing threat to the global public health that urgently needs to be addressed. Current drug
treatments for asthma included corticosteroids, beta-agonists, leukotriene antagonists, anticholinergic drugs and
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immunotherapy.>* In some cases, therapies currently in clinical use are prone to tolerance and adverse reactions, which
cannot simultaneously treat acute attacks and control asthma symptoms.”® Therefore, anti-asthma drugs with multiple
targets, high-efficiency, and low toxicity still need to be developed.

There are multiple targets and complex components in Chinese herbal medicine, which allows it to be developed into
excellent anti-asthma treatments.”"® Zhimu-Chuanbeimu (ZC, Anemarrhena asphodeloides Bunge-Fritillaria Cirrhosae
Bulbus, 1:1) as a famous herb pair has a long history of application, which was first recorded in famous ancient Chinese
books such as “Jingyue Quanshu” and “Emergency Immortal Formula”. There are many traditional Chinese prescriptions
including ZC herb pair such as Ermu San (from “Zhengzhi Yaojue Leifang”), Ermu Ningshuo Wan (from “Zhengyin

9712 which were widely used to treat phlegm heat cough

Maizhi”), Ermu Shigao Tang (from “Gongjin Yijian”), etc.,
syndrome. Additionally, pharmacological experiments have shown that both Zhimu (ZM) and Chuanbeimu (CBM) have
anti-asthma effects alone, and the combination of ZM and CBM could enhance these effects.'® According to traditional
Chinese medicine theory, ZM is good at clearing lung heat, while CBM is good at resolving phlegm and stopping cough.
The combination of the two can achieve both clearing heat and resolving phlegm, making it suitable for asthma with heat
phlegm obstructing the lungs."> Zhimu saponins had significant pharmacological effects such as anti-inflammatory and
antioxidant effects and could significantly inhibit the degranulation of mast cells and release of histamine'* Chuanbeimu
alkaloids could significantly inhibit the cough frequency induced by ammonia water in mice, increase the cough latency
period, and significantly increase the output of phenol red in the trachea of mice, producing a significant expectorant
effect.'® The two have component synergy and complementary effects in anti-inflammatory and airway dilation. CBM is
a typical traditional Chinese medicine (TCM) with multiple botanical sources including Fritillaria cirrhosa D. Don,
Fritillaria unibracteata Hsiao et K.C. Hsia, Fritillaria przewalskii Maxim., Fritillaria delavayi Franch., Fritillaria
taipaiensis P.Y. Li and Fritillaria unibracteata Hsiao et K.C. Hsiavar. Wabuensis. Based on previous research on
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different sources of CBM and traditional Chinese medicine theory, combined with clinical medication habits in TCM, the
use of Fritillaria cirrhosa D. Don in the selection of varieties for the treatment of cough and asthma in the ZC drug pair
is more effective in accordance with clinical syndrome differentiation.'®'” Previous studies have shown that ZC
compatibility could significantly alter the pharmacokinetic behavior of active ingredients, suggesting the possibility of
drug efficacy synergy.'® Nevertheless, the potential mechanism of synergistic effect of this herb still remains unclear.

Because there are multiple compounds, targets, and pathways, conventional experimental methods have difficulty
dissecting synergetic mechanisms. Network pharmacology and metabolomics can provide insights into the potential
combination mechanisms of TCM.'"?° As a well-established histological technique in the post-genomic era, metabo-
lomics has long been utilized in TCM. A major goal of this research is to identify a number of endogenous low-molecular
metabolites in response to both internal and external signals and provide clues about the molecular basis and mechanisms
of action. In addition, it could contribute to the assessment of disease control rates and elucidating how TCM works.?'
Network pharmacology is an integrated pharmacology-pharmacodynamic approach to constructing and analyzing net-
works. It involves the application of omics and systems biology technologies in a novel research field.**** The latest
developments in network pharmacology have provided a comprehensive understanding of the complex interactions
between bioactive components and potential mechanisms of TCM.** Combining metabolomics with network pharmacol-
ogy is more conducive to the enrichment analysis of biological information, as well as the exploration of core targets and
pathways. Furthermore, the application of RT-qPCR can prove the reliability of the data. The use of molecular docking in
structural molecular biology and computer-aided drug design is of great importance.®” It was used to describe inter-
molecular interactions between proteins and ligands for predicting the poses of multiple ligands and discovering novel
promising bioactive compounds more accurately.*®

In this paper, the collaborative anti-asthma effect of ZC herb pair was assessed by the asthma rat model. Then,
a plasma metabolomic analysis was performed to reveal the synergetic metabolic mechanisms in terms of metabolites and
metabolic pathways. Subsequently, a network pharmacology approach was used to discover the combination of targets,
pathways, and mechanisms of ZC for anti-asthma. To elucidate potential connections, a compound-response-enzyme-
gene network was constructed. Finally, molecular docking was used to predict the interaction between active components
and key targets. The potential anti-asthma mechanism of ZC was validated and explored through RT-qPCR (Figure 1). To
our knowledge, this was the first study that has combined network pharmacology and plasma metabolomics to investigate

the anti-asthma mechanism of a ZC herb pair.

Materials and Methods

Materials and Reagents
Both acetonitrile (ACN; LC/MS grade) and methanol (MeOH; LC/MS grade) were provided by TEDIA Company
(USA). Thermo Fisher Scientific (Shanghai, China) provided UHPLC-grade formic acid. The HPLC grade ethanol was
purchased from Tianjin Fuyu Fine Chemical Co. Ltd (Tianjin, China) and was used to prepare herb extracts. Wahaha
Group Co. Ltd. (Hangzhou, China) supplied the purified water.

Xiaochuanning granule was purchased from Guizhou Ruicheng Pharmaceutical Co., Ltd. Both Fritillaria cirrhosa
D. Don and Anemarrhena asphodeloides Bge. were purchased from the Anguo Medicinal Materials Market in Baoding,
Hebei Province. Professor Yun Huang (Department of Pharmacognosy, School of Pharmacy, Hebei Medical University,
Shijiazhuang, PR China) identified and stored all medicinal materials and vouchers (Number: 20201015) in the
herbarium of the College of Pharmacy, Hebei Medical University.

Preparation of Herbs Extracts

ZM (90 g), CBM (90 g), and ZC (90 g, 1:1, w/w) were extracted twice with 70% ethanol for 1 hour, respectively. After
combining the extraction solutions, ethanol was removed under reduced pressure by filtering. In the next step, extracts
were concentrated in a vacuum and then lyophilized into powder and stored at —80°C (the drug-extract ratio was 38.3%,
8.0%, and 41.7% respectively).
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Figure | Workflow for dissecting the combination mechanisms of ZC for treating asthma.

UHPLC-QTOF-MS Identifying Compounds of ZC Extract
An UHPLC-QTOF-MS methodology was developed for the comprehensive profiling of ZC components. This was
executed using a SHIMADZU LC-30A system (SHIMADZU, Japan), interconnected with an AB SCIEX Triple TOF™
5600+ system featuring a DuoSpray™ Turbo V Source (AB SCIEX, USA). Chromatographic separations took place on
a Phenomenex Kinetex C18 column (2.1 x 100 mm, 1.7 um, Phenomenex, USA), maintained at a temperature of 30°C.
A flow rate of 300 puL/min was sustained, with an injection volume of 5 uL. The mobile phase comprised (A) water
containing 0.1% formic acid and (B) acetonitrile. The gradient elution profile for the mobile phase entailed: 0—1 min, 5%
B; 1-4 min, 5-20% B; 4-15 min, 20-26% B; 15-21 min, 26-40% B; 21-25 min, 40-95% B; 25-26 min, 95-5%
B. Following this, a 5-minute post-run period was allowed for instrument equilibrium before the subsequent injection.
Electrospray ionization (ESI)-generated mass spectrum (MS) data were acquired in both positive and negative ion modes.
The acquisition of MS spectra was carried out using Analyst TF 1.7 software (AB SCIEX), leveraging the Information
Dependent Acquisition (IDA) function with dynamic background subtraction incorporated. Optimal operational parameters
for the MS were established as follows: declustering potential (DP) at 90 V or —90 V, collision energy (CE) at 45 eV or —45 eV,
and collision energy spread (CES) at 20 eV for MS/MS. The mass spectrometry scan ranges were configured to m/z 1001200 for
MS scans and m/z 50—-1000 for MS/MS scans. Each MS experiment had an accumulation time of 250 ms, while MS/MS had 80
ms. In the IDA experiments, the eight most intense ions from every full MS scan were chosen for MS/MS fragmentation. The

approach for compound identification in ZC was consistent with a method detailed in a prior publication.?”*®

Construction of Asthma Rats Model

Male Sprague-Dawley rats (180 = 20 g) were provided by Liaoning Changsheng Biotechnology Co., Ltd (SCXK
2019-0001). All animal studies were conducted according to the Guide for Care and Use of Laboratory Animals approved
by the Hebei Medical University Ethics Committee (IACUC-Hebmu-2022134, Approval Date: March 28, 2022).
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The experimental procedure of the in vivo asthma rat model is shown in Figure 2A. Fifty-four rats were randomly
divided into 9 groups, 6 rats in each group: (1) blank control group (B-C group), (2) model group, (3) positive control
group (Xiaochuanning granule, 2.18 g/kg; P-C group); (4) Low dose ZM group (1 g/kg), (5§) Low dose CBM group (1 g/
kg), (6) Low dose ZC group (1 g/kg), (7) High dose ZM group (2 g/kg), (8) High dose CBM group (2 g/kg), (9) High
dose ZC group (2 g/kg). Except for the blank control group, the other eight groups were sensitized by freshly prepared
OVA aluminum hydroxide solution (1 mL, i.p. containing 100mg/mL OVA NacCl solution and equal volume AI(OH);
adjuvant) on day 1 and day 8, respectively. The blank group was injected with the same volume NaCl solution. On day 15
of the experiment, all animals except for the blank control group received 10% OVA aerosol in saline (10 mL) for
30 minutes every day for 17 days in a closed box, via ultrasonic nebulizer connected to the box. Animals of
administration groups were orally administered with positive control drug, ZM, CBM, ZC 30 min before the OVA
challenge began on day 15 and lasts for 17 days. The entire experiment lasted for 32 days. This experiment set
a concentration gradient with clinical equivalent dose as low dose and twice the clinical equivalent dose as high dose.

Rat Lung Function Test

On day 33, after anesthetizing the rats (20% urethane, i.p., 1.2 g/kg, n = 6), pulmonary function tests were performed using
the AniRes 2005 lung function meter (Peking Biolab Tech Company, Beijing, China) in accordance with the guidelines
provided by the manufacturer. The rats were inserted with an endotracheal tube, which was connected to the ventilator’s
outlet. Then, the rats were immediately placed supine in a sealed whole-body plethysmograph and connected to a computer-
controlled ventilator through the tracheal cannula. Each of the subjects was subjected to mechanical ventilation at a pace of
90 respirations per minute, with an air displacement of 5 milliliters per kilogram of body weight and a breathing cycle ratio
of 1.5 to 1.0 during exhalation and inhalation, managed by a computerized small animal ventilator with assistive features.
The parameters of lung function, including expiratory resistance (Rrs) and lung dynamic compliance (Cydn), are measured
after 30 normal respiratory cycles. A total of five lung function tests were performed on each animal. Data was analyzed
using AniRes 2005 software (Beijing Beilangbo Technology Co. Ltd., Beijing, China). The differences between the groups
were assessed by r-test. Differences with P < 0.05 indicated statistical significance.

Sample Collection

After measurement of lung function, blood (n = 6) was collected from the abdominal aorta. The plasma was collected after
4000 rpm centrifugation for 10 min and stored at —80°C until analysis. The lung was taken out, flushed with normal saline.
The right lung was immediately fixed with 10% neutral formalin for histological analysis, and the left lung was divided into
three parts and immediately frozen in liquid nitrogen for biochemical assay, metabolomics analysis and real-time
quantitative PCR, and stored at —80°C. Finally, the rats were euthanized in a sealed container containing 5% isoflurane.

Histological Analysis and Biochemical Assay

After being fixed for 72h, the lung tissue samples (n = 6) were blocked in paraffin after passing through an ascending
alcohol series and becoming transparent after passing through an ascending xylene series. Lung tissues samples (5 um)
were sectioned and stained with hematoxylin and eosin (H&E) and then examined under a light microscope.

Each sample of lung tissue was assessed for the type, severity, and extent of lung lesions, as well as the degrees of
inflammatory cellular infiltration. The severity of lung lesions consisting of inflammatory cell infiltration around bronch-
ioles, inflammatory cells around blood vessels infiltration, bronchial mucosal inflammatory cell infiltration and bronchial/
bronchiolar goblet cell hyperplasia were evaluated and graded by two independent pathologists. Using a light microscope,
analysis of entire visual fields and 5-point semiquantitative scale (0 = no change, 1 = minimal change, 2 = mild, 3 =
moderate, and 4 = marked) was conducted. In semi-quantitative terms, the scores were graded as follows: no injury = score
of 0, minimal injury = score of 1 (+), mild injury = score of 2 (++), moderate injury = score of 3 (+++) and marked injury =
score of 4 (++++). The median lesion score of each group of rats was taken as the lesion score of that group.

Using enzyme-linked immunosorbent assay (ELISA) kits, a portion of plasma was tested for the level of interleukin-4
(IL-4) and interleukin-13 (IL-13) according to manufacturer’s instructions. All kits were purchased from ABclonal
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Biotech Co., Ltd (USA). A microplate reader (Labsystems Multiskan) was used to measure each well’s absorbance at 450
nm. Three independent experiments were performed.

Metabolomics Analysis

After mixing 50 pL plasma samples (n = 6) with 150 pL. methanol and vortexing for 5 minutes, the supernatant was
centrifuged at 4°C for 10 min at 12000 rpm, and evaporated under a gentle stream of nitrogen to dryness. After drying, the
residue was resuspended in 50 pL of acetonitrile-water (50:50, v/v). Following vortexing for 1 min and centrifugation at
12000 rpm for 5 minutes, an aliquot of 5 puL supernatant was injected for metabolomics analysis. A quality control (QC)
sample was prepared from each test sample in a volume of 10 pL. In order to ensure that the instrument is stable and performs
well, the QC sample was inserted into every five test samples using the same analytical method as the test samples.

Plasma metabolomics data were acquired by a SHIMADZU LC-30A system and an AB SCIEX Triple TOF™ 5600 +
system with a DuoSpray™ Turbo V Source (AB SCIEX, Foster City, CA, USA). A chromatographic separation was
achieved by a Phenomenex Kinetex C18 (3.0 mm X 100 mm, 2.6 um). During the experiment, the column temperature
was kept at 40°C. Solution A (0.1% formic acid in water) was used as the solvent and solution B (0.1% formic acid in
acetonitrile) was used as the mobile phase. It flowed at a rate of 0.3 mL/min. A gradient program of 5% B was followed
for 0-2 min, 5-100% B for 2-26 min, and 100% B for 26-30 min. To ensure that the instrument was fully equilibrated
after injection, it was allowed to rest for 5 min following injection.

In positive ion mode, ESI was used to collect MS data. Using an IDA function with dynamic background subtraction, MS
spectra were acquired by Analyst TF 1.7 software (AB SCIEX). It was determined that the optimal operating conditions for
the MS were as follows: ion spray voltage of 5500 V, DP of 60 V, CE of 10 eV for MS, CE of 35 eV and CES of 15 eV for
MS/MS. Turbo spray temperature was set to 500°C. Nitrogen was used as both nebulizer and auxiliary gas in this experiment.
We set the nebulizer gas (Gas 1), the heater gas (Gas 2), and the curtain gas at 55, 55, and 15 psi, respectively. A mass range of
100-1000 Da was used for TOF MS scans and 50—1000 Da for TOF MS/MS scans. A TOF MS accumulation time of 250 ms
was used for the experiments, and a TOF MS/MS accumulation time of 80 ms was used for the experiments. Throughout the
run, the calibration delivery system (CDS) with ESI-TOF Calibration Solution (AB SCIEX, United States) was used for mass
accuracy maintenance every two hours. Random injections were performed on all real samples.

From the raw LC-MS data, matched peak data was obtained by Progenesis QI 2.2 software (Waters Corporation,
Milford, MA). Principal component analysis (PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA)
of the normalized data were conducted using SIMCA-P 14.1 software (Umetrics, Sweden). Stability of the analytical
system was assessed through PCA, which was used to identify clustering behavior related to the different data sets in the
analysis. Meanwhile, OPLS-DA was used to identify discriminating metabolites that contribute to the classification among
the experimental samples. The model’s predicative ability and statistical significance were evaluated on the basis of three
important model characteristics (R*X, R?Y, and Q?Y) of permutation tests. Based on OPLS-DA, variables relevant for
discriminating groups were screened using Variable Importance in Projection (VIP) scores. In addition, significant
differences in variables were evaluated using independent t-tests and fold change analysis (FC) in MetaboAnalyst 5.0
software. By using VIPs (VIP > 1), t-test (P < 0.05) and FC > 1.2 or FC < 0.8, the differential metabolites were selected
between the control group and the model group, and between the model group and the administration groups.

The biomarkers were identified according to online databases. There are four databases: KEGG (http:/www.kegg.jp),
HMDB (http://www.hmdb.ca), METLIN (http://metlin.scripps.edu/) and LIPID MAPS (http://www.lipidmaps.com/).
Based on the tentatively identified biomarkers, clustering heatmaps were used to further understand metabolic differences

using clustering heatmap by MetaboAnalyst 5.0. We analyzed pathways using MetaboAnalyst 5.0 using parameters (P <
0.05) as the index of relevancy.

Component-Target-Pathway-Metabolite Network and Joint Pathway Analysis

A network pharmacology approach was carried out to explore the mechanism of ZC’s anti-asthma effects. The compounds’
information of ZC was obtained from our previous studies and TCMSP.'®!” Integrated oral bioavailability (OB) (>30%)
and drug-likeness (DL) (>0.1)* were used to filter the active compounds. Swiss Target Prediction (http://www.swisstarget

prediction.ch/) was used to predict the targets of active compounds.’® Additionally, the database GeneCards,>' Online
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Mendelian Inheritance in Man database (OMIM),** TTD,* DrugBank®* were used to collect targets related disease of
“asthma”. By Venny, the common targets were screened out as the target of ZC in the treatment of asthma. Using the
STRING database (version 11.0, https://string-db.org/), we explored protein—protein interactions (PPIs), and targets whose

degree was higher than two medians were considered core genes.’ Cytoscape software version 3.8.2 (National Resource
for Network Biology) was used to construct the compound-target network and the PPI network.*® Using the Metascape
online analysis, we performed 15 pathway enrichment analyses (KEGG analysis) based on all proteins/genes.”’ The
identified differential metabolites by metabolomics were then imported into the Cytoscape App MetScape. To visualize
the interactions between metabolites, pathways, enzymes, and genes, a compound-reaction-enzyme-gene network was
constructed.*® The joint analysis of the targets from network pharmacology and the metabolites from plasma metabolomics
were conducted by MetaboAnalyst to select crucial metabolism pathways.>”

Molecular Docking

The intersection of the two parts above was considered to be the core targets of anti-asthma efficacy by ZC. According to
the compound-target network, the components associated with the core targets were selected as the corresponding active
compounds. Finally, a molecular docking study was conducted on the key genes and the corresponding active
compounds. Data from the PDB database was used to obtain the structural files of protein receptors. MOE software
(version 2022.02) was used for subsequent analysis. Genetic algorithms were used to calculate.® It is good binding
activity with the target protein if the binding energy is less than —5 kcal/mol, which indicates that the ligand can freely
bind to the receptor. In addition, PyMOL was used to visualize docking results with minimal binding energy and distance
from best mode.

Real-Time Quantitative PCR

A total of 30 mg of lung tissue (n = 6) was used for RNA extraction with Super Total RNA Extraction Kit by Eastep®
(Promega, Shanghai, China). RNA was reverse transcribed and followed the instructions into cDNA using GoScript™
Reverse Transcription Mix, Oligo (dT) (Promega, Shanghai, China). As soon as the cDNA has been mixed with ChamQ
Universal SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China), the assay was performed. As shown in
Table 1, the primer sequences were used to calculate the relative mRNA expression using 2 4",

Statistical Analyses

Independent ¢ tests used for comparing continuous variables between the two groups, and multiple comparisons were
carried out using ANOVA, which were examined for normality before analysis. In this study, the chi-square test was
assumed to analyze the data for various clinicopathological factors. Differences with P < 0.05 were considered
significant.

Results

|dentification of Components in ZC Extract

Through the correlation analysis with existing literature and database records, 138 compounds were recognized,
encompassing triterpenoids, flavonoids, phenolic acids, and saponins, among others, with 11 compounds being defini-
tively authenticated. The base peak chromatogram for ZC is depicted in Figure S1, and the elaborate MS/MS details and
intensity metrics are presented in Table S1. The chemical profile comprised 67 constituents derived from CBM, which
included 52 alkaloids, 6 nucleosides, 4 organic acids, 3 flavonoids, and 2 sugars, while ZM contributed 71 components,
featuring 46 saponins, 9 flavonoids, 7 alkaloids, 4 lignans, 3 phenylpropanoids, 1 anthraquinone, and 1 organic acid.

Rats Symptoms

As a result of sensitization and excitation by OVA, rats in the model and administration groups were presented with the
following symptoms: cyanosis, cough, shortness of breath, irregular breathing, significant tremors in limbs, and reduced
activity. Contrary to this, rats in the blank control group exhibited no obvious symptoms. It is noteworthy that rats in the
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Table | Primer Sequences

Primer Primer Sequences (5’ to 3’)

Forward Primer Reverse Primer

PLA2G4A | CAGCACATTATAGTGGAACACCA | AGTGTCCAGCATATCGCCAAA
ALOX5 AGCATGAAAGCAAGGCGCATA GTACGCATCTACGCAGTTCTG
CYPIA2 CTGGGCACTTCGACCCTTAC TCTCATCGCTACTCTCAGGGA
GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA

administration group had mild symptoms in comparison with the model groups. However, rats in the administration
groups did not vary to a great extent. No rats died during this experiment.

Lung Function Tests

The lung function of rats was assessed and analyzed. As shown in Table S2, Rrs increased significantly in the model group
compared to the blank control group (P < 0.05), while Cydn decreased significantly (P < 0.05). This indicated that there
were obvious asthma symptoms in the rats of the model group. In comparison with the model group, the lung function
parameters significantly improved after administration (Figure 2B). It can be clearly seen from the graph that the anti-
asthma effect of the positive control drug was comparable to that of the low-dose ZC group. And the anti-asthma effects of
ZC herb pair were more effective than either ZM or CBM alone. Following the findings that ZM, CBM, and ZC had greater
anti-asthma effects at high doses (2 g/kg), a high dose of 2 g/lkg ZM, CBM, and ZC was used in subsequent studies.

Lung Tissue Histopathology and Biochemical Assay of Th2 Cytokines

Hematoxylin-Eosin staining results of rat lung tissue sections in each group and inflammation scores are shown in
Figure 2C and Table S3, respectively. An H&E staining was performed on lung tissue to determine its histological
features. Rats in the control group showed normal histological features. In contrast, pathological features associated with
asthma were observed in the group induced by OVA. From moderate-to-severe bronchi and bronchiolar damage with
perivascular, massive infarctions of inflammatory cells were observed in the prebronchi and peribronchioles of tissue
samples from rats induced with OVA. In addition, moderate goblet cell hyperplasia in bronchi and bronchiolar was noted.
There was a marked reduction in pulmonary injury with treatment with positive drug, ZM, CBM and ZC. Lung tissues
from positive drug, ZM, CBM and ZC group rats showed slight infiltration of inflammatory cells. In these groups, the
incidence and severity of peribronchiolar and perivascular inflammatory cell infiltration, bronchial and bronchiolar goblet
cell proliferation decreased. After comparison, the improvement effect of the P-C group on lung lesions was not as
significant as other treatment groups. It is worth noting that CBM could obviously alleviate the prebronchiolar
inflammation, and ZM and ZC could clearly alleviate the prevascular inflammation. The score showed that the anti-
inflammatory effect of ZC was more obvious than ZM or CBM alone.

IL-4 and IL-13 are two cytokines generated by T helper (Th) 2 cell, which participate in the pathogenesis of asthma.*'
IL-4 and IL13 were found to be increased in the bronchoalveolar lavage fluid of asthmatic mice in previous studies.** As
shown in Figure 2D, the expression of IL-4 and IL-13 genes in the plasma of the OVA-induced group rats was
significantly higher than that in the control group (P < 0.05). Inflammatory processes are mediated by cytokines 1L-4
and IL-13. With the help of ELISA Kkits, quantitative analysis of the two cytokines can be conducted. Their concentra-
tions in plasma were decreased observed in P-C, ZM, CBM and ZC group compared to OVA-induced group (P < 0.01),
while the decrease degree in ZC group was significantly higher than ZM group and CBM group (P < 0.01). In addition,
the decrease degree in ZC group was lower than other three treatment groups.

LC-MS Screening of Plasma Differential Metabolites

Typically based peak intensity chromatograms of plasma samples were analyzed in a positive manner. PCA and OPLS-
DA were used to analyze metabolic variation using SIMCA-P 14.1 analysis techniques. Using PCA score plots, model
and control groups were clearly separated (Figure 3A). In the meantime, the QC group gathered and confirmed that the
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instrument had stable behavior. Figure 3A also showed that all experimental groups were separated to the model group in
the LC-MS metabolic profiles. However, the metabolic profiles in the ZM, CBM and ZC group were not closer to the
control group than the model group, suggesting that drug intervention not only reversed the metabolic disorders caused
by the model but also affected other metabolic pathways to achieve the therapeutic effect. OPLS-DA was used later to
further uncover differences and identify significant variables between the control group and the model group as well as
the model group and all experimental groups. OPLS-DA model validation was carried out using the permutation test
(Figure 3B). Based on the RZX, R?Y, and Q? of the OPLS-DA model shown in Table S4, the OPLS-DA model showed
good fitness and prediction capabilities.

We screened for differential metabolites in the control and model groups based on VIP > 1, P < (.05, and FC > 1.2 or
FC < 0.8. As a result, a total of 36 differential metabolites were screened out between control group and model group
(Table S5). Seventeen differential metabolites were significantly increased in the model group compared to the control
group, while 19 differential metabolites were significantly decreased. ZM could regulate 56 metabolites, and CBM could
regulate 52 metabolites. A total of 62 metabolites were regulated by ZC herb pair (Table 2 and Figure 3C). Among them,
26 metabolites were shared regulated by ZM and CBM, and 13 metabolites were uniquely regulated by ZC herb pair.
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Figure 3 Plasma Metabolomics uncovers the mechanism of ZC for asthma (n = 6). (A) PCA score plots, (B) OPLS-DA score plots, (C) Volcano plots of upregulated and
downregulated metabolites, (D) Pathway analysis (a: model group; b: ZM group; c¢: CBM group; d: ZC group).
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Table 2 List of Differential Metabolites Between Each Administration Group and Model Group (n = 6)

No | Rt (min) m/z Metabolite Formula Fc* Trend® Fc® Trend® FC© Trend®
| 0.69 146.16 Spermidine C7H 9N; 4.1396 Up 26281 Up 3.7361 Up
2 1.04 266.05 2’-Deoxycytidine - - 0.62967 Down - -
3 1.08 235.09 Glu-ser CgH 4N,Oq 1.2856 Up - - 1.479 Up
4 1.10 189.09 N-Acetylglutamine C7H,N,04 - - 1.2421 Up 1.412 Up
5 1.17 203.11 L-Acetylcarnitine CoH|7;NO4 0.58195 Down 0.73292 Down - -
6 1.17 279.13 N-(I-Deoxy- |-fructosyl) valine Ci1H2NO; 0.12861 Down 0.43287 Down 0.33934 Down
7 1.17 160.13 3-Aminooctanoic acid CgH,7;NO, - - - - 0.34153 Down
8 1.19 294.15 N-(1-Deoxy- | -fructosyl) isoleucine C,H23NO; 0.059818 Down 0.39712 Down 0.33073 Down
9 1.21 316.14 N-(1-Deoxy- | -fructosyl) leucine C2H23NO; 0.028114 Down - - 0.07256 Down
10 5.75 283.18 Hexaethylene glycol C2H2607 - - - - 1.4783 Up
I 6.01 180.07 N-Hydroxytyrosine CoH | |NO, - - - - 2.7931 Up
12 6.22 236.13 1,3-Dipropylxanthine CHsN4O, - - - - 4.6439 Up
13 6.30 326.19 Heptaethylene Glycol C 4H300g - - - - 1.5927 Up
14 6.52 218.11 N-Acetylserotonin CH 14N, O, - - 0.29511 Down - -
15 6.74 37022 Octaethylene glycol C¢H3409 - - - - 1.6584 Up
16 7.75 520.33 2-Aminoethyl (2R)-2-hydroxy- Cy4HsNOsP 1.4615 Up - - 1.9836 Up
3-[(2-methoxyoctadecyl)
oxy]propyl hydrogen phosphate
17 7.94 407.22 Flurogestone Acetate Cy3H3,FO5 - - - - 7.1292 Up
18 8.19 302.23 Nonanoylcarnitine C¢H3 NO4 31.214 Up - - - -
19 10.64 189.08 Indole-3-propionic acid CH;INO, 0.48853 Down 0.56693 Down - -
20 10.64 130.07 3-Methylene-3H-indole CoH;N - - 0.59888 Down - -
21 10.89 187.06 Indoleacrylic acid CHsNO, - - - - 2.3982 Up
22 11.65 515.29 Taurocholic acid Cy6H4sNO;S 2.7502 Up - - 45.825 Up
23 12.22 255.13 Spermic acid CioH20N,04 - - - - 1.9926 Up
24 12.50 243.18 N-Undecanoylglycine C3HsNO3 0.72081 Down - - - -
25 13.30 41225 Grayanotoxin | CyH3607 2.7201 Up 1.5515 Up 2.7827 Up
26 13.36 499.30 Taurodeoxycholic acid CueHysNOS - - - - 26.458 Up
27 14.23 406.27 7-ketodeoxycholic acid Cy4H3g05 - - - - 2.0121 Up
28 14.59 256.26 Hexadecasphinganine C¢H3sNO, 1.8545 Up - - - -
29 15.02 312.23 15,16-DiIHODE CigH3204 0.41898 Down 0.46882 Down - -
30 15.36 449.33 Spirostane-3,6-dione - - 53.13 Up - -
31 15.42 31425 9,10-Epoxy-18-hydroxy-octadecanoic acid CigH3404 - - 0.54319 Down - -
32 15.80 279.23 (S)-Coriolic acid C,gH3,05 041174 Down 0.47979 Down - -
33 15.80 31425 12,13-DIHOME CigH3404 0.48409 Down 0.48017 Down - -
34 16.10 467.30 PE(17:0/0:0) CyoH46NO7P 0.54709 Down 0.75119 Down 0.79682 Down
35 16.60 37231 Tetradecanoylcarnitine CyH4NO,4 0.63571 Down 0.78623 Down - -
36 16.74 517.32 LysoPC(18:3(6Z,9Z,12Z)) Ca6H4gNO,P 0.49363 Down 0.70941 Down - -
37 16.92 47729 LPE(18:2/0:0) Cy3H44NO,P 0.6103 Down - - - -
38 16.94 446.33 3-hydroxyarachidonoylcarnitine Cy7H4sNOs - - 0.59265 Down - -
39 17.02 277.22 (6Z,9Z,12Z)-17-Hydroxy-6,9,12- CigH3003 0.32434 Down 0.3687 Down 0.48692 Down
octadecatrienoic acid
40 17.02 493.32 LPC(16:1(9Z)/0:0) Cy4H4gNO; 0.57165 Down 0.73208 Down 0.74229 Down
4| 17.23 291.20 9-)1-phytoprostane CgHs04 34158 Up - - - -
42 17.23 453.29 LysoPE(0:0/16:0) Cy H44NO,P 0.5915 Down - - - -
43 17.43 254.22 Palmitoleic acid Ci6H300, - - 0.24366 Down - -
44 17.49 481.32 LysoPC(15:0) Cy3H4gNO,P 0.63267 Down 0.78626 Down 0.75482 Down
45 17.71 568.34 LysoPC(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/0:0) C30HsoNO;P 0.69241 Down - - - -
46 17.73 424.34 (9Z)-3-hydroxyoctadecenoylcarnitine CysHy7NOs 0.68965 Down - - - -
47 17.95 296.24 Avenoleic acid CgH3,03 0.37293 Down 0.41177 Down 051728 Down
48 18.05 479.30 LysoPE(18:1(11Z)/0:0) Cy3H46NO,P 061118 Down - - 0.67742 Down
49 18.09 507.33 LysoPC(18:1(11Z)/0:0) CaeHsoNOSP 0.61608 Down 0.76826 Down 0.73005 Down
50 18.34 294.22 Colneleic acid CigH3005 0.40602 Down 0.52639 Down 0.61186 Down
51 18.34 400.34 L-Palmitoylcarnitine Cy3H4sNO, 0.66372 Down 0.79206 Down 0.71149 Down
52 18.34 569.35 LysoPC(22:5(4Z,7Z,10Z,13Z,16Z)/0:0) C30HsoNOsP 0.57317 Down - - 0.65651 Down
53 18.42 249.18 (9S,10E,12Z,15Z)-9-Hydroxy-10,12,15- - - 0.61211 Down - -
octadecatrienoic acid
(Continued)
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Table 2 (Continued).

No Rt (min) m/z Metabolite Formula FC* Trend® Fc® Trend® FC* Trend®
54 18.48 298.25 18-hydroxyoleic acid CgH3403 0.40347 Down 0.4778 Down - -
55 18.50 263.24 Linoleic acid CigH3,0, - - 0.46331 Down - -
56 18.50 43424 LysoPA(18:2(9Z,12Z)/0:0) CyH390,P - - 0.44276 Down - -
57 18.56 302.23 Eicosapentaenoic acid CyoH3002 - - 0.25613 Down - -
58 18.78 426.36 12-Hydroxy- 1 2-octadecanoylcarnitine CysH49NOs 0.63837 Down - - 0.65434 Down
59 18.88 52135 LysoPC(18:1(112)) CyeHs,NO,P 0.67813 Down - - - -
60 19.14 296.24 13S-hydroxyoctadecadienoic acid CigH3,03 0.3632 Down 0.52419 Down 0.58977 Down
61 19.18 521.35 PC(0:0/18:1(9Z)) CyeHsNOsP 0.69932 Down - - 0.77301 Down
62 19.35 319.23 17,18-DiHETE CyoH3,04 0.3668 Down 0.50734 Down 0.56997 Down
63 19.57 509.35 LysoPC(17:0/0:0) CysHsNOsP 0.60445 Down 0.77385 Down 0.65781 Down
64 19.59 208.18 2-Cyclotetradecen-|-one C4H240 - - 0.6024 Down - -
65 19.65 547.36 PAF CygHs4NOsP 0.6692 Down 0.75601 Down 0.70802 Down
66 19.75 283.26 2-Hydroxyoctadecanoic acid CgH3¢03 - - 0.5229 Down - -
67 19.97 509.35 LysoPE(20:0) CysH5oNOsP 0.72223 Down - - 0.68714 Down
68 19.99 547.37 LysoPC(20:2(1 1Z,14Z)) CagHs4NOsP 0.68225 Down 0.77004 Down 0.6989 Down
69 20.11 276.21 Stearidonic acid CgH280, 0.41922 Down 0.52006 Down 0.56736 Down
70 20.27 59337 Povpc Cu9Hs5sNOyP 3.5231 Up - - - -

71 20.34 252.21 Palmitolinoleic acid CieH280, - - 0.6846 Down - -
72 20.46 535.37 (2R)-3-{[(2-Aminoethoxy)(hydroxy) Cy7Hs4NOsP 0.63207 Down - - - -

phosphoryl]oxy}-2-hydroxypropy! (11Z)-11-
docosenoate

73 2091 833.60 PC(20:2(11Z,14Z)/20:4(5Z,8Z,1 1Z,14Z)) Ca4gHgaNOgP - - - - 24332 Up
74 20.93 303.23 19-Hydroxyeicosatetraenoic acid Cy0H3,03 0.37528 Down 0.47085 Down 0.4441 Down
75 20.93 347.20 5-(2-Heptadecenyl)- |,3-benzenediol Cy3H30; - - 0.43774 Down 0.48081 Down
76 21.03 27823 Octadec-| |-en-9-ynoic acid CgH300, 0.56132 Down 0.65537 Down 0.71499 Down
77 21.54 219.21 | I-Hexadecynal CeH280 0.5399 Down 0.62461 Down - -
78 21.60 317.25 a-Linolenic acid C,H3,0, - - 0.36144 Down - -
79 21.74 328.24 Docosahexaenoic acid CyH3,0, 0.51846 Down 0.40356 Down 0.62967 Down
80 21.84 330.28 MG(16:0/0:0/0:0) CioH3504 - - 1.241 Up - -

8l 21.94 304.24 Arachidonic acid Cy0H3,0, 0.67448 Down 0.79119 Down - -
82 22.10 572.37 LysoPC(20:1(112Z)/0:0) CygHs¢NOsP 0.68251 Down - - - -
83 22.12 24523 2-(5,8-Tetradecadienyl) cyclobutanone CgH300 0.67323 Down - - 0.7781 Down
84 22.12 280.24 Mangiferic acid C gH3,0, 0.68204 Down - - 0.78932 Down
85 22.32 330.26 Ethyl eicosapentaenoic acid CyH340, 0.44517 Down 0.53647 Down 0.51019 Down
86 23.05 781.56 PC(16:0/20:4(8Z,11Z,14Z,17Z)) C44HgoNOgP 0.64692 Down - - - -
87 23.07 817.58 PS(16:1(9Z)/22:0) Ca4HgsNO 0P 0.6801 1 Down - - - -
88 23.09 306.26 Mead acid Cy0H340, - - 0.5791 Down 0.51352 Down
89 2329 33227 Adrenic acid CyH360, 0.52733 Down 0.60047 Down 0.57323 Down
90 23.39 282.26 (Z)-13-Octadecenoic acid CgH340, 0.69156 Down 0.77427 Down 0.72151 Down
91 23.85 33431 Anandamide CyHyNO, 1.8033 Up 2.3046 Up - -
92 24.03 385.32 O-pentadecanoylcarnitine CyH4i3NO, - - 1.6167 Up - -
93 24.03 244.19 N-Undecanoylglycine C3H2sNO; - - 1.2904 Up - -
94 24.04 417.37 Ximenic acid Cu6Hs500, - - - - - -
95 24.61 31031 Stearoylethanolamide CyoH4NO, 1.5546 Up - - - -
96 24.80 622.45 Dilauroylphosphatidylcholine C3;HgsNOgP - - - - 0.64683 Down
97 29.74 369.35 Lathosterol Cy7H46O - - 1.4872 Up - -

Notes: *ZC vs Model; ®ZM vs Model; “CBM vs Mode.

Using MetaboAnalyst, we explored the potential anti-asthma mechanisms of ZC in terms of differential metabolites.
In this study, pathways (P < 0.05) were considered to be metabolic pathways related to the anti-asthma effects of ZC. As
revealed by KEGG enrichment analysis, the model group mainly interfered with the functions of glycerophospholipid
metabolism, linolenic acid metabolism, and alpha linolenic acid metabolism, resulting in asthma-related symptoms; ZM
group mainly regulated four pathways: biosynthesis of unsaturated fatty acids, alpha linolenic acid metabolism, linolenic
acid metabolism, and glycerophospholipid metabolism; CBM group mainly regulated pathways containing alpha-
Linolenic acid metabolism, glycerophospholipid metabolism, linoleic acid metabolism and taurine and hypotaurine
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metabolism; ZC group was mainly involved in the regulation of the metabolic pathway in alpha-linolenic acid
metabolism, linoleic acid metabolism, biosynthesis of unsaturated fatty acids, glycerophospholipid metabolism and
arachidonic acid metabolism (Figure 3D). From the quantitative analysis of the regulation of metabolic pathways,
compared with that of ZM and CBM, the combined use of drugs can regulate one more.

Network Analysis

The effect of ZC on the metabolism of asthma was further explored through network pharmacology. A panel of genes
that were overlapping with the genes regulated ZC and asthma targets was selected for analysis (Table S6 and
Figure 4A). We screened 81 genes associated with metabolism with MetScape and identified 186 potential gene targets
were with String and Cytoscape. The potential genes were calculated by Cytoscape, and 40 hub genes were screened
taking the degree > 2 medians as the screening index. Additionally, a network of component-target was established
(Figure 4B). Based on the Metascape website, KEGG enrichment was performed to determine the top 20 pathways
(Figure 4C). The results showed that the calcium signaling pathway, Th17 cell differentiation pathway, PI3K-Akt
signaling pathway, cGMP-PKG signaling pathway and arachidonic acid metabolic pathway may be the main pathway
for treating asthma with these components. Then, using MetScape App of Cytoscape, we created a compound-reaction-
enzyme-gene network with the hub genes using the differential metabolites from metabolomics (Figure 4D).

Association Between Plasma Metabolomics and Network Pharmacology

To explore the crucial metabolic pathways, the 62 differential metabolites and 186 targets were conducted joint pathway
analysis by MetaboAnalyst. The results showed that linoleic acid metabolism, arachidonic acid metabolism, alpha-
linolenic acid metabolism and glutathione metabolism were simultaneously enriched with the targets from network
pharmacology and the differential metabolites from metabolomics. According to the number of targets and metabolites,
arachidonic acid metabolism was selected as the most crucial metabolic pathways (Figure 5A).

Arachidonic acid can be metabolized through three pathways regulated by cyclooxygenases (COX), lipoxygenases
(LOX), and cytochrome P450 (CYP450) in the body, producing numerous metabolites such as prostaglandins, throm-
boxanes, lipoxygens, leukotrienes, hydroxyeicosatetracnoic acid, and eicosatetraenol, which are widely involved in
immune and inflammatory responses. The metabolism of arachidonic acid involved in this study was shown in Figure 5B.

Molecular Docking

The common targets of the above two parts were selected to be the core genes of anti-asthma effect induced by ZC.
Finally, the five hub genes (PLA2G4A, PLA2GI1B, ALOXS, CYP1A2, and CYP3A4) and five active compounds
(aseperglaucide, kaempferol, diosgenin, coumaroyltyramine, isoverticine) were selected for molecular docking.
Binding energy values obtained by docking with MOE are shown in Table 3. The lowest affinity between ALOXS5
and asperglaucide was —7.24 kcal/mol, which is connected by one hydrogen bond; the lowest affinity between ALOX5
and kaempferol was —3.86 kcal/mol, connected by two hydrogen bonds; the lowest affinity between CYP1A2 and
kaempferol was —6.96 kcal/mol, connected by three hydrogen bonds; the lowest affinity between CYP1A2 and
coumaroyltyramine was —7.97 kcal/mol, connected by two hydrogen bonds; the lowest affinity between CYP3A4 and
kaempferol was —6.02 kcal/mol, connected by three hydrogen bonds; the lowest affinity between CYP3A4 and diosgenin
was —6.39 kcal/mol, connected by one hydrophobic bond; the lowest affinity between PLA2G4A and diosgenin was
—5.79 kcal/mol, connected by two hydrogen bonds; the lowest affinity between PLA2GI1B and isoverticine was —6.22
kcal/mol, connected by two hydrogen bonds. The binding modes and sites are shown in Figure 6.

Target Validation in vivo

Joint pathway analysis of targets and metabolites indicated that the arachidonic acid metabolism pathway was the most
crucial metabolic pathway. Meanwhile, we validated highly relevant genes based on network pharmacology predictions
and literature research. Due to the important roles in arachidonic acid metabolism, PLA2G4A, ALOXS5 and CYP1A2
gene were used for further validation.**** According to Figure 7, PLA2G4A, ALOX5 and CYP1A2 gene expression
were significantly higher in the model group rats’ lung compared with the control group (P < 0.05), while the expression
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Figure 5 (A) Analysis of the joint pathways between metabolomics and network pharmacology; (B) Arachidonic acid metabolism pathway.

of PLA2G4A, ALOXS5 and CYP1A2 genes in the lungs of ZC group rats was markedly reduced compared to the model
group (P < 0.05).

Discussion

This study evaluated the anti-asthma effect of ZC by establishing an OVA-induced rat asthma model. The results showed
that ZC treatment significantly improved lung function (reducing Rrs and increasing Cydn) and reduced the secretion of
inflammatory factors IL-4 and IL-13. Further histological analysis confirmed that ZC alleviated lung inflammation and
pathological damage. In addition, the efficacy of ZC is significantly better than monotherapy (ZM and CBM), indicating
its synergistic anti-asthma effect. Asthma is a chronic airway inflammatory disease closely related to excessive activation
of Th2 cells and Th1/Th2 immune imbalance.*> The secretion of IL-4 and IL-13 by Th2 cells promotes IgE mediated
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Table 3 The Values of Lowest Affinity Between Protein and Small Molecule

Protein-Small Molecule Affinity (kcal/mol)
| 2 3 Average SD

ALOX5-asperglaucide —7.2335 | —7.1893 | —7.3004 | —7.2411 | 0.0559
ALOX5-kaempferol —3.8852 | —3.9201 | —3.7745 | —3.8599 | 0.0760
CYP|A2-kaempferol —6.9667 | —6.9012 | —7.0067 | —6.9582 | 0.0532
CYPIA2-coumaroyltyramine | —7.9699 | —8.1346 | —7.8178 | —7.9741 | 0.1584
CYP3A4-kaempferol —5.9843 | —6.1357 | —5.9327 | —6.0176 | 0.1055
CYP3A4-diosgenin —6.3344 | —6.4802 | —6.3568 | —6.3905 | 0.0785
PLA2G4A-diosgenin —5.7450 | —5.9401 | —5.7026 | —5.7959 | 0.1267
PLA2G | B-isoverticine —6.2867 | —6.0128 | —6.3683 | —6.2226 | 0.1862

immune response and eosinophil infiltration, leading to airway inflammation and excessive mucus secretion.*®*” ZC
effectively alleviated these pathological changes by inhibiting the secretion of Th2 cytokines.

Our results showed that ZC could regulate 62 metabolites and five pathways, containing linoleic acid metabolism,
alpha-linolenic acid metabolism, arachidonic acid metabolism and glutathione metabolism in asthma rat. Both the
number of differential metabolites and metabolic pathways regulated by ZC were higher than that of monotherapy,
indicating the synergistic anti-asthma effect of combination therapy. The joint metabolic pathways obtained through the
metabolomics and network pharmacology were mainly enriched in linoleic acid metabolism, arachidonic acid metabo-
lism, alpha-linolenic acid metabolism. Based on the compound-reaction-enzyme-gene network and PPI interaction
network, we found that ZC affects the arachidonic acid metabolism pathway by regulating the expression of key enzyme
genes such as PLA2G4A, ALOXS, and CYP1A2. These genes play a central role in the synthesis and release of
inflammatory mediators.

Arachidonic acid is esterified in the form of phospholipids in the cell membrane. Phospholipase A2 (PLA2) triggers
the release of arachidonic acid from cellular membranes. By blocking PLA2, inflammation can be reduced, and research
on PLA2 inhibitors is becoming increasingly important in the pharmaceutical industry.*®* PLA2G4A is primarily
a calcium-dependent phospholipase and lysophospholipase that participates in membrane lipid remodeling and lipid
mediator synthesis during inflammatory response. It has the ability to specifically break down the sn-2 arachidonoyl
group from phospholipids in cell membranes, a precursor to eicosanoid synthesis through cyclooxygenase pathway. It
may also release free bioactive eicosanoids by hydrolyzing the sn-2 fatty chain of eicosanoid lysophospholipids in an
alternative pathway of eicosanoid biosynthesis.** Arachidonic acid is mainly metabolized in vivo through three pathways:
the cyclooxygenase pathway; lipoxygenase pathway; cytochrome P450 enzyme pathway. ALOXS gene is involved in
encoding 5-lipoxygenase and is an enzyme playing a rate limiting role in the biosynthesis pathway of leukotriene A4.***°
Leukotriene A4 can be converted to leukotriene B4 through leukotriene A4 hydrolase catalysis or to LTC4 through LTC4
synthase. Leukotriene B4 is an effective catalyst for neutrophils, monocytes, and eosinophils, while LTC4 and its
derivative leukotriene D4 are powerful bronchoconstrictors that increase vascular permeability and trigger respiratory
mucus secretion.’®>! When the asthma response occurs, the products of 5-lipoxygenase were synthesized and released in
the airway, mediating bronchial contraction and the release of inflammatory factors, playing an important role in the
pathophysiology of asthma. The CYP enzyme family plays a crucial part in the metabolism of arachidonic acid. Among
these, CYP1A2, CYP2C, and CYP2J2 are key epoxygenase enzymes that convert arachidonic acid into epoxyeicosa-
trienoic acids. Epoxyeicosatrienoic acids are known for their diverse beneficial actions, including vasodilation, anti-
inflammatory properties, prevention of apoptosis, anti-thrombotic effects, natriuresis, and protection of the cardiovascular
system.>? In this study, the mRNA level of PLA2G4A, ALOX5 and CYP1A2 were significantly decreased in lung tissue
in ZC groups, indicating that ZC might play a role in arachidonic acid metabolism regulation by synergetic inhibiting the
activity of PLA2G4A, ALOXS and CYP1A2.

In addition, we constructed a herb-component-target network in order to target the hub enzyme genes of the above
metabolic pathways activated by ZC and found that the small molecular compounds from ZC interacting with them
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Figure 6 Docking patterns between different components and targets. (A) ALOXS5 and asperglaucide, (B) ALOXS5 and kaempferol, (C) CYPIA2 and kaempferol, (D)
CYPIA2 and coumaroyltyramine, (E) CYP3A4 and kaempferol, (F) CYP3A4 and diosgenin, (G) PLA2G4A and diosgenin, (H) PLA2GIB and isoverticine.

included asperglaucide, kaempferol, diosgenin, coumaroyltyramine and isoveticine. Previous study showed that kaemp-
ferol inhibited airway epithelial-to-mesenchymal transition and fibrosis of endotoxin-induced epithelial cells in OVA-
sensitized mice, targeting asthmatic airway constriction.”® Additionally, this compound inhibited airway inflammation by
interfering with tyrosine kinase/signal transducers and activators of transcription signaling in asthmatic mice and airway
epithelial cells.>* Diosgenin is a naturally occurring saponin compound. Traditional Chinese medicine has confirmed that
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Figure 7 Relative expression of PLA2AG4, ALOX5, CYPIA2 (n = 6). (**P < 0.05 vs Control, ¥P < 0.05 vs Model).

diosgenin has an expectorant effect, and modern pharmacological studies have proved that diosgenin also has desensi-
tization, anti-inflammatory, and other effects.’>>® Diosgenin could alleviate airway inflammation in allergic asthma mice,
and its anti-inflammatory effect might be mediated by regulating the expression level of GRa, GRB and HSP90 in airway
epithelial cells.”” It was found that imperiline and isoverticine reduced cough frequency in a dose-dependent manner.
Both alkaloids showed significant anti-inflammatory effects in anti-inflammatory tests. Inflammatory diseases of the
respiratory tract are often responsible for coughing, and alkaloids have anti-inflammatory properties that may help in
treating coughing.'”> These results may provide a basis for developing new medications for the treatment of asthma,
including complementary and alternative forms of treatment.

In summary, our study integrated drug pair extraction component identification, non targeted metabolomics, network
pharmacology, molecular docking, and fluorescence quantitative PCR techniques to elucidate the molecular mechanism
of Zhimu Chuanbei mother drug in the treatment of asthma. This study clarified the key role of arachidonic acid, but only
validated the expression levels of individual genes, lacking overall and protein level research. In addition, the validation
of active ingredients was limited to molecular docking, and further experimental validation should be needed to clarify
the pharmacological substance basis for treating asthma.

Conclusion

This study utilized an integrated analysis platform including metabolomics, network pharmacology, effects evaluation,
molecular docking, and RT-qPCR was established for exploration of ZC’s potential molecular mechanisms in asthma
treatment. It was found that ZC could regulate arachidonic acid metabolism by inhibiting PLA2G4A, ALOX5 and
CYP1A2 activity in synergistic way. Those findings would provide an insight into the combination mechanisms of ZC
herb pairs for anti-asthma and also clarify the TCM composition rules.
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