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To explore the potential biomarkers and metabolic pathways underlying the anti-asthma eftects of Belamcanda chinensis extract,
this study established an ovalbumin-induced allergic bronchial asthma model in guinea pigs. Sixty guinea pigs were randomly
divided into the blank control group, model control group, Belamcanda chinensis extract groups (0.8 g/kg, 1.2 g/kg, 1.6 g/kg,
respectively), and dexamethasone acetate tablet group (0.5 mg/kg). Starting on the 22nd day, the drugs were administered by
gavage for seven consecutive days. Serum and bronchoalveolar lavage fluid (BALF) were collected. The levels of IL-4 and IgE in the
serum and IFN-y and TNF-« in the BALF were detected by ELISA. UPLC-MS was combined with multivariate statistical analyses,
including partial least squares discriminant analysis (PLS-DA), and differential metabolites between groups were identified.
Metabolic pathway analysis was performed by querying the KEGG (Kyoto Encyclopedia of Genes and Genomes) online database.
Female and male guinea pigs were analyzed. The results showed that compared with the model group, the IgE and IL-4 serum
levels were significantly decreased in the 1.6 g/kg group, and the IFN-y level in the BALF was significantly increased. The TNF-«
level was significantly decreased in the 1.2 g/kg and 1.6 g/lkg groups. There were 39 common differential metabolites among
females and males, and 37 differential metabolites showed opposite regulatory trends in the serum of guinea pigs with asthma and
after treatment, mainly involving 17 metabolic pathways, such as pantothenate and CoA biosynthesis, the arachidonic acid
mechanism, and glycerophospholipid metabolism. Belamcanda chinensis extract improved OV A-induced asthma, as determined
based on immune mechanisms, inflammation, nerve metabolism, and energy metabolism. The serum levels of metabolites
produced by the model animals exhibited distinct sex-specific differences, and the treatment effect of Belamcanda chinensis extract
also showed sex-specific differences and bidirectional regulation.

1. Introduction

Belamcanda chinensis is the dried root of Belamcanda chi-
nensis (L.) Redoute, which was first described in shén néng
bén cdo jing and is one of the four major classical traditional
Chinese medicines. The medicine is bitter and cold and
targets the lung and liver meridian. The functions of the
medicine are heat clearance, detoxification, and phlegm

elimination, as well as benefitting the pharynx, and it is used
to treat heat and poison phlegm, cough and asthma, and sore
throat [1]. It has been applied in Chinese medicine for more
than 2,000 years. Belamcanda chinensis has often been used
as the principal medicine in prescriptions for bronchial
asthma in both ancient and modern times, such as in
“Shegan Mahuang decoction,” which is a well-known pre-
scription for the treatment of cold-type asthma in jin gui ydo
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[ue and is known as the “ancestor of prescriptions” by recent
generations. Modern research has shown that Belamcanda
chinensis contains isoflavone compounds, dicyclic triterpe-
noid derivatives, and phenolic compounds with anti-in-
flammatory properties that affect cough, phlegm, and
bronchial asthma and is clinically used for the treatment of
bronchial asthma, chronic pharyngitis, and cough after
infection [2]. Belamcanda chinensis extract is the main active
component of Belamcanda chinensis and mainly contains
isoflavone compounds such as tectoridin, tectorigenin, and
irigenin. Research has shown that isoflavone compounds
have obvious anti-inflammatory, cough-suppressing,
expectorant, and anti-asthmatic properties in vivo and ef-
fects against bronchial smooth muscle spasm activity [3].

Bronchial asthma is closely associated with a variety of
cytokines, inflammatory cells, and inflammatory media. As a
chronic inflammatory disease caused by joint involvement
and interaction indirectly manifested as high airway reac-
tivity, asthma has a high incidence and wide distribution,
and its pathological mechanism is not clear [4]. At present,
there is no specific method for the clinical treatment of
bronchial asthma. Comprehensive treatment with anti-in-
flammatory, symptomatic, and immune drugs is the basic
method, but many drugs have advantages and disadvan-
tages. Many patients need to take drugs for a long time, and
the safety of these drugs is an urgent problem to be solved
[5]. Traditional Chinese medicine has become a focus of
clinical attention because of its multicomponent, multi-
target, and multichannel effects and low toxicity and side
effects, but its complex effects cause great challenges in
studies of the mechanisms underlying its effects and eval-
uations of its quality. Nontargeted metabolomics technology
is characterized by high flux, high sensitivity, and high
resolution and shows the unique advantages of integrity and
systematic investigation in traditional Chinese medicine
research [6]. This study used the nontarget metabolomics
method to systematically analyze the changes in the levels of
endogenous small molecule metabolites in the serum of
guinea pigs produced during the treatment of an OVA-
induced asthmatic model with Belamcanda chinensis extract,
to explore the potential mechanism underlying the anti-
asthma effects at the overall level, and to provide a research
basis for the development of new Belamcanda chinensis
preparations. To determine whether there were sex-specific
differences in the asthma model and drug effects in the
experimental animals, female and male guinea pigs were
analyzed before and after treatment.

2. Materials and Methods

2.1. Materials. The ultralow temperature refrigerator
BCD-215DK was produced by Haier Company, Qingdao.
The ultrahigh liquid chromatograph used was a Waters
H-Class from Waters Corporation, USA. The time-of-
flight mass spectrometer used was an ACQUITY UPLC
Synapt G2-S HDMS produced by Waters Corporation,
USA. The column used was an ACQUITY UPLC@HSS
T3, 2.5um, 100x2.1 mm, from Waters Corporation,
USA.
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Belamcanda chinensis extract was prepared by the
Liaoning Institute of Traditional Chinese Treatment (batch
number: 20200601). Dexamethasone acetate tablets were
obtained from Anhui Jintaiyang Biochemical Pharmaceu-
tical Co. Ltd. An ELISA kit (96T) for guinea pig IL-4, IgE,
IFN-y, and TNF-a was obtained from Nanjing Jiancheng
Bioengineering Institute. Methanol was purchased from
Fisher Company, USA. Formic acid was also obtained from
Fisher Company, USA. Ovalbumin was purchased from
Sigma, Germany. Aluminum hydroxide was obtained from
Tianjin Damao Chemical Reagent Factory.

2.2. Animals and Treatments

2.2.1. Animals. This study included 60 healthy Harley SPF
guinea pigs weighing 180~220g, among which half were
females and half were males (Liaoning Changsheng Bio-
technology Co. Ltd., SYCK(Liao) 2020-0001; Certificate No.:
211002300064091, Unit License No.: SYXK(Liao) 2013-0009).
All animal experiments complied with the Animal Breeding
and Use Guidelines of the National Institutes of Health
Laboratory (8th edition, 2011). All experimental operations
were approved by the Institutional Animal Care and Use
Committee (IACUC) of Liaoning Qianyi Science and Tech-
nology Development Co. Ltd. (No. 2020-963, October 15,
2020). We tried to avoid causing pain in the experimental
animals and to reduce the number of animals used.

Before the experiment, the animals were housed at a
room temperature of 23+0.5°C and relative humidity of
50% + 5%.

2.2.2. Grouping of Experimental Animals. After 7 days of
adaptive feeding, 60 guinea pigs were randomly divided into
6 groups: the blank control group, model control group,
1.6 g/kg Belamcanda chinensis extract group, 1.2g/kg
Belamcanda chinensis extract group, 0.8 g/kg Belamcanda
chinensis extract group, and positive control group. Each
group included 10 guinea pigs.

2.2.3. Asthma Model Establishment. Except for the blank
control group, the remaining groups were intraperitoneally
injected with 0.5ml normal saline solution containing 4%
OVA (ovalbumin, OVA) and 0.2 ml normal saline solution
containing 2% Al(OH); on the 1st and 8th days. Starting on
the 15th day, the guinea pigs were placed in a transparent
closed container and challenged with 10ml 0.5% OVA
solution by aerosol inhalation for 90s each time for seven
consecutive days. The blank control group was treated with
normal saline instead of OVA.

2.2.4. Administration. Starting on the 22nd day, the
Belamcanda chinensis extract groups (0.8 g/kg, 1.2 g/kg, and
1.6g/kg) and positive control group were administered
Belamcanda chinensis extract by gavage. The 0.8 g/kg
Belamcanda chinensis extract dosage was equivalent to 10 g
of Belamcanda chinensis herbs per day for adults; the 1.2 g/
kg Belamcanda chinensis extract dosage was equivalent to
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15¢g of Belamcanda chinensis herbs per day for adults; the
1.6 g/kg Belamcanda chinensis extract dosage was equivalent
to 20 g of Belamcanda chinensis herbs per day for adults; and
the positive control group was given dexamethasone acetate
tablets at 0.5 mg/kg per day. The blank and model groups
were given the same volume of distilled water for seven
consecutive days. The animal experimental flow chart is
shown in Figure 1(a).

2.2.5. Specimen Collection. One hour after the last admin-
istration of 20% Urethane solution anesthesia, all guinea pigs
were subjected to the following:

Abdominal aortic blood collection:

Five milliliters of blood was collected and centrifuged
for 10 min (3,000 g, 4°C), and the serum was removed
and stored in a —80°C freezer.

Bronchoalveolar lavage (BAL):

After blood collection, the left lung was lavaged with
4 ml of 37°C normal saline, and the lavage was repeated
twice. The recovery rate was more than 80%. The
collected fluid was centrifuged for 5 min (1,200 g, 4°C).
The supernatant was collected and stored in a freezer at
-80°C.

All animals were euthanized by carbon dioxide
inhalation.

2.3. Detection of Cytokine Contents. To investigate the effects
of asthma on experimental guinea pigs and the effect of
Belamcanda chinensis extract on improving asthma in
guinea pigs, the contents of IL-4 and IgE in the serum and
TNF-a and IFN-y in the BALF were detected by ELISA. The
ELISA kit was used according to the instructions.

2.4. Study of Nontargeted Metabolomics Based on Liquid
Chromatography/Mass Spectrometry

2.4.1. Sample Preparation. Serum samples from the control,
model, and 1.6 g/kg Belamcanda chinensis groups were thawed
to room temperature in the refrigerator (4°C) and then mixed
by vortexing. The addition of 50 yl to 150 yL methanol (—20°C,
prefreezing) was used to precipitate the proteins. The samples
were mixed by vortexing for 15 seconds, and then, the samples
were held at —20°C for 20 min. After centrifugation for 10 min
(12,000¢g, 4°C), the supernatant (170pul) was collected and
blown dry. A total of 120 uL ultrapure water was added to
redissolve the sample. Then, 100uL of the sample was
transferred and ultrasonicated for 30 min. The remaining
20 puL was used to mix the quality control samples. The samples
were mixed and randomly injected, and the injection room
temperature was maintained at 4°C.

2.4.2. UPLC-QTOF-MS Analysis.
Liquid chromatographic conditions:

Column temperature: 40°C, mobile phase A: 0.1%
formic acid aqueous solution, and mobile phase B:

methanol. Gradient elution parameters: 0-0.5 min, 98%
A; 0.5-13min, 98%~1% A; 13.1-18min, 1% A;
18.1-20 min, 1%~98% A; and flow rate: 0.4 ml/min.

Mass spectrometric conditions:

Capillary voltage: 1kV, sampling cone: 20V, and
source temperature: 120°C. Desolvation temperature:
550°C, cone gas: 150 L/h, desolvation gas: 1,000 L/h, and
mass range: 50-1,200 Da.

The samples were scanned in positive and negative ion
modes, and the data were collected in MassLynx 4.1 SCN 851
for peak recognition and normalization.

2.4.3. Biological Information Analysis. The primary and
secondary mass spectrometric data used were qualitatively
and quantitatively analyzed with Progenesis QI (v2.4) and by
mode identification. Compound identification analysis was
performed using databases such as the Human Metabolome
Database (HMDE). A multivariate statistical analysis was
conducted using MetaboAnalyst 4.0. Three groups of
samples (10 in each group) were divided into samples from
female and male animals (6 groups with 5 samples in each).
Principal component analysis (PCA) and cluster analysis
were used for quality control evaluation of the QC samples,
and partial least squares discriminant analysis (PLS-DA) was
used to estimate the significant differences and the predictive
ability of metabolic profiling between groups. The param-
eters R2Y (cum) and Q2 (cum) were used to assess the
quality of the PLS-DA models. Values of R2Y (cum) and Q2
(cum) >0.5 and both values close to 1.0 were considered to
indicate a model with outstanding predictive ability and
fitness. Single-dimensional statistical analyses included fold
change analysis (FCA) and Student’s t-test, which were used
to analyze significant differences in metabolites between
groups. Metabolites with variable importance in the pro-
jection (VIP) >1 and P <0.05 were screened. The KEGG
online database (Kyoto Encyclopedia of Genes and Ge-
nomes, https://www.kegg.jp/) was used for metabolic
pathway enrichment analysis and pathway analysis.

2.5. Correlation Analysis of Differential Lipid Metabolites.
Differential lipid metabolites with VIP >1.5 and P <0.01 were
selected for clustering and correlation analysis using SPSS
17.0 to evaluate the correlations between different lipids and
subclasses.

2.6. Confirmation of Total LPA Levels as a Biomarker of OVA-
Induced Asthma in Guinea Pigs. The receiver operating
characteristic (ROC) work curve of the changes in total LPA
levels was constructed after the model was established, and
the possibility of using the total LPA level of lipid metab-
olites as a potential biomarker of asthma was evaluated.

2.7. Total LPA Levels as a Landmark Indicator to Investigate
the Effects of Belamcanda chinensis Extract on OVA-Induced
Asthma in Guinea Pigs. ROC curves were constructed to
compare the changes in the total LPA levels between the 1.6 g/
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FIGURE 1: (a) Animal experimental flow chart. (b) Cytokine content detection histogram. Model group vs. control group, *P < 0.05 and
**P<0.01, and treatment group vs. model group, *P<0.05 and **P<0.01. (c) Base peak chromatogram (BPC) A (+) and B (-).

kg Belamcanda chinensis extract group and the model group
and to explore the effect of Belamcanda chinensis extract on
the total LPA levels in the guinea pig asthma model.

2.8. Statistical Treatment. The data obtained in the experi-
ment are presented as the mean + standard error (x + s.e.m.),
and single-factor variance analysis (ANOVA) was used to
determine the significance of differences between groups.

This analysis was conducted with SPSS 17.0 by selecting the
LSD (least significant difference) and SNK (Student-New
Keels) tests, and P <0.05 indicated significant differences.

3. Results

3.1. General Characterization. During the experiment, the
guinea pigs gradually developed symptoms of asthma, such
as breathing with an open mouth, shortness of breath,
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abdominal movement, nasal involvement, sneezing and
runny nose, restlessness, and scratching of the ears and nose.
Compared with the guinea pigs before the experiment and
the blank control group, the model guinea pigs exhibited
significant differences in behavioral activities. After treat-
ment with Belamcanda chinensis extract and the positive
control drug, some asthma symptoms were alleviated to
varying degrees in each treatment group.

3.2. Detection of the IL-4, IgE, IFN-y, and TNF-a Cytokine
Contents. The results showed that the serum IL-4 and IgE
levels were significantly elevated in the asthmatic animals
compared with the blank control animals (P<0.05 and
P <0.01). Compared with those in the model control group,
the levels of IL-4 and IgE in each Belamcanda chinensis
extract dosage group were decreased. Among these groups,
the 1.6 g/kg Belamcanda chinensis extract group and positive
control group were compared with the model control group,
and the reduction level was more significant (P <0.05 and
P<0.01). Compared with that in the blank control group,
the IFN-y level in the BALF of the model control group was
significantly decreased (P <0.05), and the levels of TNF-«
were significantly increased (P <0.05). Compared with the
model group, the 1.6g/kg Belamcanda chinensis extract
group and positive control group exhibited significantly
increased levels of IFN-y (P <0.05). In the 1.2 g/kg Belam-
canda chinensis extract group, 1.6 g/kg Belamcanda chinensis
extract group, and positive control group, the levels of TNF-
a were significantly decreased (P <0.05 and P<0.01). The
histogram is shown in Figure 1(b).

3.3. Analysis by Untargeted Metabolomics. The UPLC-
QTOEF-MS method was used for base peak chromatography
(BPC) detection, as shown in Figures 1(c) (A and B).

3.3.1. Bioinformatics Analysis. The results showed that the
three groups compared were not fully distinguished. The
female and male samples were also separated and compared,
and the sex comparison showed significant differences
among the groups.

Mass spectrometry data were obtained for all samples in
the control, model, and 1.6 g/kg Belamcanda chinensis ex-
tract groups and the QC samples. PCA and cluster analysis
showed that the QC samples were closely clustered together
and distributed among the other samples, indicating good
quality control, as shown in Figure 2(a).

The three groups (10 samples from each group) were
compared and were not fully distinguished (Figure 2(b)).
The comparison by sex (6 groups with 5 samples per group)
showed significant differences among the sexes (Figure 2(c)).
In the samples from female animals (A), the control and
treated samples clustered together and were completely
distinct from the model samples. In the samples from male
animals (B), there were differences among the three groups.
The model and treatment groups differed, and the control
group was located between these two groups. The prelimi-
nary results showed that Belamcanda chinensis extract had

certain sex-specific effects on asthma, and the treatment
effect on female animals with asthma was stronger.

When the female and male samples were separated and
compared, the first 25 metabolites with large VIPs could be
significantly distinguished by cluster thermograms.

Male

Control versus model: the two groups were fully
distinguished, as shown in Figure 3(a).

Control versus treatment: the two groups could also
be distinguished, but the distance was relatively close,
as shown in Figure 3(b).

Model versus treatment: the two groups could also be
distinguished, as shown in Figure 3(c).

Control versus model versus treatment groups: the
three groups were distinguished. The control and
treatment samples were distributed on the same side,
as shown in Figure 3(d).

Female

Control versus model: the two groups were fully
distinguished, as shown in Figure 3(e).

Control versus treatment: the two groups could also
be distinguished, but the distance was relatively close,
as shown in Figure 3(f).

Model versus treatment: the two groups were fully
distinguished, as shown in Figure 3(g).

Control versus model versus treatment groups: the
first 25 metabolites with larger VIPs in the cluster heat
maps were selected and failed to fully cluster; however,
the control group was close to the treatment group,
distributed on the same side, and far from the model
group, as shown in Figure 3(h).

The results showed that the model group was signifi-
cantly different from the control and treatment groups.
There were also differences between the control and treat-
ment groups, but their relative positions were close, which
indicated that Belamcanda chinensis extract could signifi-
cantly improve the serum differential metabolites induced by
ovalbumin, and the effects of Belamcanda chinensis extract
were sex-specific.

3.3.2. Differential Metabolite Screening. Analyses were
conducted separately for female and male samples. The male
analysis groups were as follows: C1 - control vs. model; C2
- control vs. treatment; and C3 - model vs. treatment. The
comparative analyses of female samples were as follows: C3
— control vs. model; C5 - control vs. treatment; and C6
- model vs. treatment. The results were as follows.

Cl identified 213 different metabolites, including
3b,12b-dihydroxy-5b-cholanoic acid, 6-dehydrotestosterone
glucuronide, and 10,11-dihydro-20-trihydroxyleukotriene
B4. C2 identified 259 differential metabolites. C3 identified
370 differential metabolites, such as cortisol, dolichol
phosphate, and 10,11-dihydro-20-trihydroxyleukotriene B4.
C4 identified 390 differential metabolites, including sphin-
gosine 1-phosphate, leukotriene D4, and succinmer. C5
identified 197 differential metabolites. C6 identified 363
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diagram cross-analysis of females.
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FIGURE 3: (a) Control vs. model groups: PLS-DA diagram of male samples (A) and cluster heat map (B). (b) Control vs. treatment groups:
PLS-DA diagram of male samples (A) and cluster heat map (B). (c) Model vs. treatment groups: PLS-DA diagram of male samples (A) and
cluster heat map (B). (d) Control vs. model vs. treatment groups: PLS-DA diagram of male samples (A) and cluster heat map (B). (e) Control
vs. model groups: PLS-DA diagram of female samples (A) and cluster heat map (B). (f) Control vs. model groups: PLS-DA diagram of female
samples (A) and cluster heat map (B). (g) Model vs. treatment groups: PLS-DA diagram of the female samples (A) and cluster heatmap
(B). (h) Control vs. model vs. treatment groups: PLS-DA diagram of female samples (A) and cluster heat map (B).

differential metabolites, including 12-ketodeoxycholic acid,
N-sulfo-D-glucosamine, and tyrosyl-serine.

Three groups of males and females were compared to
identify differential metabolites via Venn cross-analysis, as
shown in Figure 2(d) A and B. There were 27 common
differential metabolites in males and 30 common differential
metabolites in females.

Males: C1 and C3 were cross-analyzed and had 112
common differential metabolites, and 27 differential me-
tabolites common in C2 were excluded. We preliminarily
determined that 85 of the differential metabolites produced

after the establishment of asthma in male animals were
significantly improved after treatment.

Females: C4 and C6 were used for cross-analysis. There
were 218 common differential metabolites, and 30 differ-
ential metabolites common in C5 were excluded. It was
preliminarily determined that 188 of the differential me-
tabolites produced after the establishment of asthma in
female animals were significantly improved after treatment.

There were 32 common lipid differential metabolites
between C1 and C3, meaning that of the 40 lipid differential
metabolites produced by male animals with asthma, the
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levels of 32 were significantly restored after treatment with
Belamcanda chinensis extract. The major subclasses of CDP-
DG 11s, CL 2s, PE 6s, PA 3s, LPE 2s, and so on in the C3 total
LPC were decreased; however, the changes were not sig-
nificant. The total LPA levels were more significantly de-
creased. C4 and C6 shared 57 differential lipid metabolites;
that is, 57 of 90 differential lipid metabolites produced by
female animals with asthma showed significantly restored
levels after treatment with Belamcanda chinensis extract. The
main subclasses of CDP-DG 14s, TG 3s, PC 7s, PA 1s, LPC
2s, and so on, the total LPC, and the total LPA were de-
creased significantly in C6.

Common differential metabolites between males and
females included 39 differential metabolites among C1, C3,
C4, and C6, such as leukotriene B4 ethanolamide, CDP-DG
(18:1(9Z)/18:0), all-trans-report phenphate, PC (22:5 (7Z,
10Z, 13Z, 16Z, 19Z)/22:4 (7Z, 10Z, 13Z, 16Z)), PE (P-18:
1(9Z)/14:0), and so on. These differential metabolites
showed common significant differences between males and
females after the establishment of asthma and showed sig-
nificant trends of regression after treatment. Thirty-seven
metabolites changed in opposite directions in the sera of the
different sexes, and the regulatory effects of Belamcanda
chinensis extract on differential serum metabolites in guinea
pigs of different sexes were also opposite. For example, for
the differential metabolite all-trans-heptaprenyl diphos-
phate, the metabolic trends were as follows: C1, decreased;
C3, increased; C4, increased; and C6, decreased. Differences
in amino acid metabolism-related metabolites, such as
serylserine and threoninyl-serine, also exhibited different
trends in female and male guinea pigs.

The results of differential metabolite analyses showed
that the numbers and types of differential serum metabolites
produced between female and male guinea pigs were quite
different, and there were significant sex differences in the
regulation of serum metabolites in the asthma model and
Belamcanda chinensis extract groups. The effects on the
model were sex-specific, and the treatment and regulatory
effects of Belamcanda chinensis extract on the model were
also bidirectional, with the effects on female guinea pigs
being more significant.

3.3.3. Metabolic Pathway Analysis. The differential metab-
olites in C1, C3, C4, and C6 were analyzed by KEGG en-
richment analysis. According to the order of Holm P values
from small to large, the top 25 pathways were analyzed based
on their enrichment ratios, as shown in Figures 4(a)-4(d).

Through the topological analysis of pathways, as shown
in Figures 4(e)-4(h), 17 potential target pathways with
impact values >0.003 were identified. These pathways mainly
included glycerophospholipid metabolism, pantothenate
and CoA biosynthesis, sphingolipid metabolism, fatty acid
degradation, pentose and glucuronate interconversions,
terpenoid backbone biosynthesis, glyco-
sylphosphatidylinositol (GPI) anchor biosynthesis, and so
on.

There were significant differences in the metabolic
pathways identified in the female and male guinea pigs
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during the establishment of the model (C1 vs. C4). There
were 91 common differential metabolites between the sexes.
Among the top 25 pathways identified in the enrichment
analysis, 6 were common, and 19 were different. There were
also certain differences after the treatment of the guinea pig
models with Belamcanda chinensis extract (C3 vs. C6). The
top 25 pathways identified by enrichment analysis included
20 common pathways and 5 different pathways. However,
compared with the differences in the models, the mechanism
of Belamcanda chinensis extract treatment was relatively less
sex-specific.

3.4. Analysis of Differential Lipid Correlations among CI, C3,
C4, and Cé6. There is a mutual conversion relationship be-
tween lipid metabolites in vivo. Differential lipid metabolites
with VIP >1.5 and P < 0.01 were selected from C1, C3, C4,
and C6 and analyzed by SPSS 17.0 to evaluate the corre-
lations between the levels of different lipids and lipid sub-
classes in various groups. We analyzed 18 significantly
differential lipids in C1, including CDP-DG, PE (24:1/15:0),
and PS (MonoMe (9,5)/DiMe (13,5)); 35 significantly dif-
ferential lipids in C3, including lactosylceramide (d18:1/16:
0), PS (MonoMe (9,5)/DiMe (13,5)), PE (P-18:0/15:0), and
PG; 31 significantly differential lipids in C4, including CDP-
DG, PS, PA, and PE; and 41 significantly differential lipids in
C6, including lactosylceramide (d18:1/16:0), CDP-DG, PS,
DG, and PE. Generally, the correlation strength of variables
is determined by the absolute value of the correlation co-
efficient as follows: 0.8-1.0, extremely strong correlation;
0.6-0.8, strong correlation; 0.4-0.6, moderate correlation;
0.2-0.4, weak correlation; and 0.0-0.2, extremely weak
correlation or no correlation. The correlations were divided
into three grades, with 0 indicating uncorrelated, +1 indi-
cating a strong correlation, and +2 indicating a very strong
correlation. The heat map is shown in Figures 5(a)-5(d).
The analysis results showed the following:

(1) The correlation between the CDP-DG subclasses was
strong, and most of the subclasses showed strong
correlations (|r| >0.8). There were strong correla-
tions between the CDP-DG subclasses and most
other subclasses.

(2) There were strong correlations between the mole-
cules in the CL and PGP subclasses.

(3) C1: CDP-DG showed strong correlations with PE
(24:1/15:0), LysoPE (22:5/0:0), LysoPE (22:6/0:0),
and PS (MonoMe (9,5)/DiMe (13,5)) (|| > 0.9).

(4) C3: Lactosylceramide (d18:1/16:0), CDP-DG, PS
(MonoMe (9,5)/DiMe (13,5)), PE (P-18:0/15:0), PC,
CL (10:0/10:0/a-13:0/i-17:0) (|r| > 0.8), CDP-DG and
PE (24:0/14:0), LysoPE (22:5/0:0), PC (22:5/22:4), PC
(22:6/20:3), PS (MonoMe (9,5)/DiMe (13,5)), and CL
showed strong correlations.

(5) C4: Lactosylceramide (d18:1/16:0) was strongly as-
sociated with CDP-DG, PS, PA, and PE; PC was
correlated with PA; and PS, PE, and LysoPC were
strongly associated with CL, PGP, and LysoPI (18:0/
0:0).
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(6) Cé6: Lactosylceramide (d18:1/16:0) was strongly as-  3.5. Confirmation of Total LPA as a Biomarker of OVA-In-
sociated with CDP-DG, PS, DG, and PE; LPE (22:5/0:  duced Asthma in Guinea Pigs. 'The area under the ROC curve
0) was strongly associated with CDP-DG, LysoPC  (AUC) of the total LPA values in the model control group
(20:3), and PS (MonoMe (9,5)/DiMe)/DiMe (13,5)); compared with the blank control group was 0.72, with good
and PGP was strongly associated with DG (20:1n9/0:  specificity and good sensitivity. The total LPA value of lipid
0/18:2n6), PS (MonoMe (9,5)/DiMe (13,5)), and so metabolites may be a potential biomarker of asthma, as
on. shown in Figure 5(e).

These results indicated that interconversions between

molecules f’f_ the same subclass and between different sub- 3.6, Total LPA as a Landmark Indicator for Investigating the
classes of lipids may have occurred. Effects of Belamcanda chinensis Extract on an OVA-Induced
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F1GURre 5: Diagram of differential lipid correlation analysis: (a) C1, (b) C3, (c) C4, and (d) C6. (e) ROC working curve of total LPA levels in
the model and control groups. (f) ROC working curve of total LPA levels between the model and treatment groups.

Guinea Pig Asthma Model. The ROC working curve of the 4. Discussion
total LPA abundance values in the model control group

Compared with that of the treatment group was constructed. Previous studies have shown that Belamcanda chinensis

The area under the ROC curve (AUC) was 0.78 (P=0.034),
with P<0.05 and good specificity and sensitivity. Belam-
canda chinensis extract had significant effects on the total
lipid LPA levels in the OVA-induced guinea pig asthma
model, as shown in Figure 5(f).

extract mainly contains isoflavones, including tectoridin,
tectorigenin, iristectorigenin A, iristectorigenin B, irigenin,
irisflorentin, and dichotomitin, and has significant anti-
inflammatory, cough, anti-viral, anti-bacterial, anti-oxidant,
estrogen-like, anti-tumor, and other pharmacological effects
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[7, 8]. Tectorigenin, irigenin, and irisflorentin have been
reported to have anti-inflammatory effects. Tectorigenin
levels are negatively correlated with interleukin-4 (IL-4)
levels in the alveoli and serum; irigenin levels are also
negatively correlated with IL-4 levels in the serum; and
tectorigenin significantly reduces the content of leukotriene
C4 (LTC4) [9]. Tamura [10] found that tectorigenin inhibits
the activity of the high-affinity receptor FceRI on immu-
noglobulin E (IgE), which is an important molecule in
human mast cells that causes allergic reactions, indicating
that tectorigenin has an anti-allergic effect.

According to the Chinese Pharmacopoeia 2020 edition
[1], the dosage of B. chinensis is 3-10 g per day for adults.
Combined with the preliminary research results, the three
Belamcanda chinensis extract dosages of 0.8 g/kg, 1.2 g/kg,
and 1.6 g/kg were selected, which were equivalent to the
adult Belamcanda chinensis extract dosages of 10 g, 15 g, and
20 g per day, respectively.

An increase in IgE levels in vivo indicates immune
dysfunction. Antigens activate T cells and B lymphocytes to
synthesize a large amount of IgE antibodies, and these cells
produce cytokines, such as IL-4 and IL-13, which have
mainly anti-inflammatory effects [11]. TNF-«a promotes the
secretion of related inflammatory mediators (such as IL-4) to
participate in the occurrence and development of asthma
and is one of the important reasons for the persistence of
airway inflammation. An imbalance between the Thl and
Th2 cell subsets is the central link in the pathogenesis of
allergic asthma. Antigenic stimulation decreases the pro-
portion of the Th1 cell subgroup, significantly decreases the
IFN-y concentration, increases the proportion of the Th2 cell
subgroup, and significantly increases the IL-4 concentration
in the serum [12].

Pantetheine, which is a common metabolite between
male and female animals, is involved in the pantothenate
and CoA biosynthesis metabolic pathways. In these path-
ways, the synthesis of upstream metabolites is related to the
glycolysis pathway. Asthma is characterized by airway
hyperresponsiveness and the contraction of airway smooth
muscle, which easily lead to a decrease in inhaled oxygen and
hypoxia and may lead to an increase in anaerobic glycolysis.
Pantetheine is used to synthesize pantetheine 4'-phosphate
downstream, and pantetheine 4'-phosphate is the precursor
in the synthesis of CoA within organisms. CoA is mainly
involved in fatty acid and pyruvate metabolism. In the
synthesis and oxidation of fatty acids and the tricarboxylic
acid cycle, the pyruvate acid oxidation process plays very
important roles. Asthma leads to breathing difficulties; thus,
more energy is needed for breathing. Tricarboxylic acid
circulation acts as the hub of sugar, fat, and amino acid
metabolism in the body, providing the basis for cell energy
production. Pantetheine exerts different regulatory effects in
female and male guinea pigs. We speculate that the ex-
pression of different enzymes caused by sex hormones and
other factors may be directly or indirectly regulated in the
respective pathways, leading to differences in metabolic
directions.

Both the female and male models involved the leuko-
triene of arachidonic acid metabolites, leukotriene D4
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(LTD4). LTD4 is mainly involved in arachidonic acid
metabolism. Arachidonic acid metabolism is closely related
to pathological processes such as inflammation, allergies,
and immunity. LTD4 is a metabolite of arachidonic acid. The
slow-reacting substance (SAS-A) in an allergic reaction is a
mixture of LTD4, LTC4, and LTE4 and has a strong effect on
bronchial smooth muscle contraction. LTD4 also increases
capillary permeability. In this experiment, LTD4 was in-
creased in C1 and C4, but the effects of treatment with
Belamcanda chinensis extract on the model were sex-specific.
The drug significantly improved the female guinea pig model
(C6 significant reduction) but had almost no effect on the
male model (C3 showed no downtrend). The specific reg-
ulatory mechanism needs to be further studied.

LTB4 is also one of the metabolites of arachidonic acid
that can cause neutrophils and eosinophils to migrate and
produce inflammatory infiltration. In this study, we found a
significant increase in 10,11-dihydro-20-trihydroxy-leuko-
triene B4 levels among the differential metabolites in male
model guinea pigs (Cl1), and 10,11-dihydro-20-trihydroxy-
leukotriene B4 may be an endogenous metabolite of LTB4
[13]. These elevated levels may be due to changes in the LTB4
levels in vivo. However, the changes in the 10,11-dihydro-
20-trihydroxy-leukotriene B4 levels in female model guinea
pigs (C4) were not significant. Belamcanda chinensis extract
significantly decreased the metabolite level in male guinea
pigs with asthma (C3) and did not significantly improve the
level in female guinea pigs with asthma (C6). Based on these
results combined with those regarding IgE and IL-4 levels, in
the arachidonic acid metabolic pathway of the OVA-in-
duced guinea pig asthma model, due to sex differences,
different inflammatory mediators were changed, and
Belamcanda chinensis extract also regulated these changes
accordingly.

Another metabolite associated with arachidonic acid is
leukotriene B4 ethanolamide. Douglas McHugh demon-
strated that [14] LTB4 ethanolamide could act as an an-
tagonist of the LTB4 receptor in the lungs and significantly
antagonize the chemotaxis of LTB4, increasing the Ca®*
concentration in rTRPV1-transfected CHO cells; thus, it acts
as an agonist of the TRPV1 receptor but is less effective than
capsaicin [14]. The TRPV1 channel protein is closely related
to the pathological processes of inflammation and can be
activated/sensitized by various immune response products.
Inflammatory factors can act on a receptor coupled to the G
protein or indirectly activate TRPV1 by activating phos-
pholipase C (PLC) or A, (PLA,), inducing the release of
arachidonic acid metabolites, such as anandamide, through
the tyrosine kinase pathway [15]. LTB4 ethanolamide may
be an endogenous metabolite of 5-lipoxygenase of anan-
damide [15], but the associated metabolic pathway in the
body is not clear. In our study, sex-specific differences in
LTB4 ethanolamide occurred as follows: C1, increased, and
C4, decreased. Belamcanda chinensis extract also bidirec-
tionally regulated this metabolite, and whether different
metabolic pathways were affected needs to be further
confirmed.

Regarding lipid subclass metabolites, the total LPA levels
in female and male guinea pigs increased in C1 and C4, while
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the total LPA levels decreased significantly after treatment in
C3 and C6. Preliminarily, Belamcanda chinensis extract may
play an intervention role by significantly lowering the total
serum LPA level in guinea pigs with OVA-induced asthma.
Studies have found that the level of total LPA in BALF is
increased in asthmatic patients. In mouse models of allergic
airway inflammation and in asthma patients after the allergic
intervention, LPA (C22:5 and C22:6) was selectively syn-
thesized, and polyunsaturated hemolytic phospholipid acid
(LPA) was considered a potential asthma biomarker [16].
LPA has multiple effects on airway and lung inflammation,
suggesting its importance in the physiological physiology of
asthma [17]. LPA can increase the secretion of interleukin-8
(IL-8), promote PGE2 release, and regulate the secretion of
IL-3 to induce neutrophils to aggravate inflammation [18].

In female guinea pig serum, the lactosylceramide (d18:1/
16:0) level was also different, and cerebroside B, 3-O-sul-
fogalactosylceramide (d18:1/20:0), ganglioside GM3 (d18:1/
14:0), and so on and metabolic pathways such as sphin-
golipid metabolism were altered.

Sphingolipids and their metabolites participate in and
regulate airway inflammation, airway remodeling, and air-
way hyperresponsiveness. Studies have found that in guinea
pig asthma models [19], higher ceramide (Cer) synthetase
activity and ceramide levels in the airway cortex led to
coughing, breathing difficulties, and severe bronchocon-
striction in guinea pigs, indicating that ceramide is involved
in allergic asthma and airway inflammation. CIP is pro-
duced when ceramide is phosphorylated by ceramide kinase,
and a decrease in C1P in the plasma membrane and increase
in CIP in the Golgi complex can stimulate the release of
cytoplasmic phospholipase A2« and induce the production
of proinflammatory arachidonic acid [20]. In this study, 3-
O-sulfogalactosylceramide (d18:1/20:0) and lactosylcer-
amide (d18:1/16:0) were significantly different in female
guinea pigs in C4 and C6.

In the guinea pig asthma model, airway reactivity is
associated with the level of ganglioside in the trachea. In the
acute period of the high airway response, the increased
accumulation of ganglioside species in the trachea mainly
includes polysialic acid ganglioside [21]. Significant changes
in ganglioside GM3 (d18:1/14:0) and ganglioside GA2 (d18:
1/9Z-18:1) in the female guinea pig model indicated that
ganglioside was also involved in the development of
bronchial asthma. Belamcanda chinensis extract had a sig-
nificant effect on the regulation of ganglioside GM3 (d18:1/
14:0).

The results showed that Belamcanda chinensis extract
may have interfered with the OVA-induced asthma guinea
pig model through a neuroregulation mechanism, which
may have affected related metabolites, such as ceramide,
ganglioside, and cerebroside, and these effects were more
significant in female guinea pigs with asthma.

Studies have shown that serum metabolism is signifi-
cantly different in asthma patients of different sexes, and
lipid metabolism is significantly associated with sex [22]. The
biotransformation of the liver is affected by sex factors, and
the expression levels of bioinvertase in males and females are
different [23]. Studies have shown that the bioinvertase
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induction effects of some drugs are different in male and
female rats, which may be caused by the different hormone
levels between male and female rats [24]. In addition, males
generally have a significantly higher basal metabolic rate
than females. Whether these factors are related to the sex
differences in the model and Belamcanda chinensis extract
effects in this study needs further research.

Female and male animals had differential levels of the
metabolite dolichol phosphate, which exhibited the same
trend in guinea pigs of different sexes; that is, it was
downregulated after asthma establishment and upregulated
after Belamcanda chinensis extract treatment. Dolichol
phosphate is primarily associated with N-glycan biosyn-
thesis and closely related to the biosynthesis of N-linked
polysaccharides in glycoproteins in vivo. Immunoglobulin G
(IgG) is an N-linked glycoprotein, and changes in its levels
are inseparable from the occurrence and development of
allergic asthma; thus, it is an important marker of allergic
asthma [11]. Belamcanda chinensis extract may regulate the
metabolism level of dolichol phosphate and other metab-
olites in the body and interfere with the expression of
glycoproteins related to immune mechanisms to play a role
in the treatment of allergic asthma.

In conclusion, guinea pigs exhibited symptoms of asthma
after stimulation with 0.5% OVA solution, resulting in sig-
nificant increases in factors such as IgE and IL-4 in the serum.
The IFN-y level was significantly reduced, and a significant
increase in the TNF-« level was observed in the BALF. In-
flammatory factors, such as serum LTD4, and the lipid total
LPA level increased, and the dolichol phosphate level de-
creased. Significant changes in the levels of metabolites, such
as lactosylceramide, cerebroside B, pantetheine, all-trans-
heptaprenyl diphosphate, and different degrees of change and
transformation of the lipid subclasses PA, PC, LPC, and so on
were observed. These effects led to bronchospasm, airflow
obstruction, airway inflammation, airway hyper-
responsiveness, and so on. Belamcanda chinensis extract
improved some of the related symptoms and the levels of IL-4
and IgE in the serum and IFN-y and TNF-« in the BALF,
reduced the total LPA level, and increased the dolichol
phosphate level. In female guinea pigs, the level of LTD4 was
significantly downregulated, while, in male guinea pigs, the
level of ceramide was significantly upregulated, and most of
the metabolic regulation trends exhibited sex-specific dif-
ferences. According to KEGG metabolic pathway analysis,
Belamcanda chinensis extract treatment regulated immune-
inflammatory pathways, such as arachidonic acid metabolism,
and neuroregulatory mechanisms, such as neuroactive ligand-
receptor interactions and sphingolipid metabolism, as well as
glycerophospholipid metabolism and the phospholipase D
signaling pathway. These effects were associated with energy
metabolic pathways such as glycolysis via N-glycan biosyn-
thesis and pantothenate and CoA biosynthesis.

A mechanistic diagram of the effects of Belamcanda
chinensis extract on OVA-induced guinea pig asthma is
shown in Figure 6.

The common metabolic pathways among female and
male animals also included bile acid synthesis, steroid
hormone biosynthesis, vitamin metabolic pathway, and so
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FIGURE 6: Mechanistic diagram of the effects of Belamcanda chinensis extract on OVA-induced guinea pig asthma.

on. In addition to these pathways, female animals also
showed the involvement of arginine and proline metabolism
and porphyrin metabolism.

5. Conclusion

This study found that OVA-induced asthma in guinea pigs
mainly affects arachidonic acid metabolism, glycer-
ophospholipid metabolism, pantothenate and CoA biosyn-
thesis, sphingolipid metabolism, neuroactive ligand-receptor
interactions, fatty acid biosynthesis, N-glycan biosynthesis,
glycolysis, and other metabolic pathways. There were sig-
nificant sex-specific differences in the regulation of serum
metabolites in this model. There were differences in the types
and quantities of metabolites between female and male guinea
pigs with asthma, resulting in differences in metabolic
pathways and metabolic mechanisms. In general, female
guinea pigs were more sensitive to the establishment of
asthma than male guinea pigs, and the regulatory effects on
the vast majority of metabolites in guinea pigs of different
sexes were opposite. The treatment effects of Belamcanda
chinensis extract also showed sex-specific differences and
bidirectional regulation of metabolite levels.

Data Availability

All data used during this study are available from the
corresponding author upon request.

Conflicts of Interest

The authors declare that there are no conflicts of interest.

Acknowledgments

This study was supported by Science and Technology De-
partment of Liaoning Province (Guidance Plan of Natural

Science Fund of Liaoning Province, 20180550383) and
Liaoning Province Natural Science Fund Project, 2019-MS-
206, 2020020223-JH2/103.

Supplementary Materials

Table 1: male and female common differential metabolites.
Table 2: numbers of differential metabolites. Table 3:

pathway enrichment analysis. Table 4: metabolic pathway
analysis. Table 5: IL-4, IgE, IFN-y, and TNF-«a contents.
(Supplementary Materials)

References

[1] National Pharmacopoeia Commission, Chinese
Pharmacopoeia, p. 297, China Medical Science and Tech-
nology Press, Beijing, China, 2020.

[2] Dundee, H. Zhao, and P. Li, “Research progress of Belam-
canda,” Sichuan Agricultural Science and Technology, vol. 11,
pp. 84-86, 2020.

[3] Yu Gan, M. Qiao, H. Zhang, D. Zou, and G. Li, “Effects of
serum containing Belamcanda chinensis extract on the con-
traction of isolated Guinea-pig tracheal smooth muscle,”
Chinese Journal of Experimental Traditional Medical For-
mulae, vol. 18, no. 7, pp. 164-166, 2012.

[4] L. Wu, H. Jiang, and J. Min, “Traditional Chinese medicine for
cough variant asthma: a systematic review,” Chinese Journal of
Evidence-Based Medicine, vol. 15, no. 9, pp. 1084-1089, 2015.

[5] C. Han and X. Wang, “Study on drug therapy of bronchial
asthma,” Journal of Medical Information, vol. 34, no. 18,
pp. 63-65, 2021.

[6] C.Luand X. Cui, “Research progress in TCM quality control
and toxicity evaluation based on metabolomics technology,”
Chinese Journal of Information on TCM, vol. 26, no. 1,
pp. 141-144, 2019.

[7] R. Zhang, Study on Quality Evaluation System of Belamcanda
Chinensis Extract and Preparation Based on Modern Ana-
Iytical Technology, Liaoning University of TraditionaL Chinese
Medicine, Liaoning, China, 2021.


https://downloads.hindawi.com/journals/ecam/2022/5266350.f1.doc

20

[8] X. Zhang, J. Zhang, G. Li, and X. You, “HPLC method for
simultaneous determination of multiple components in the
extract of Belamcanda chinensis,” Journal of Liaoning Uni-
versity of Traditional Chinese Medicine, vol. 15, no. 10,
pp. 42-44, 2013.

[9] K. W. Tao, G. Zou, and X. You, “The effect of isoflavone in
shegan on 5-lipoxyqenase,” Pharmacy and Clinics of Chinese
Materia Medica, vol. 6, no. 1, pp. 43-45, 2015.

[10] S. Tamura, K. Yoshihira, M. Tokumaru, X. Zisheng, and
N. Murakami, “Inhibitors for expression of IgE receptor on
human mast cell from Puerariae Flos,” Bioorganic ¢ Me-
dicinal Chemistry Letters, vol. 20, no. 13, pp. 3872-3875, 2010.

[11] R. M. Miao and J. Gao, “Efficacy of Xiao Qinglong soup
combined with fluticasone propionate on allergic asthma and
its effect on IgG, IgE level,” Chinese Remedies and Clinics,
vol. 20, no. 10, pp. 1712-1715, 2020.

[12] J. Yan, C. Ye, and B. Feng, “Influence of lentinan upon im-
mune regulation function of ovalbumin induced mice acute
asthma model,” Sichuan Medical Journal, vol. 37, no. 11,
pp. 1212-1215, 2016.

[13] K. A. Z. Berry, P. Borgeat, J. Gosselin, L. Flamand, and
R. C. Murphy, “Urinary metabolites of leukotriene B4 in the
human subject,” Journal of Biological Chemistry, vol. 278,
no. 27, pp. 24449-24460, 2003.

[14] D McHugh, R. S McMaster, R. G Pertwee et al., “Novel
compounds that interact with both leukotriene B4 receptors
and vanilloid TRPV1 receptors,” Journal of Pharmacology and
Experimental Therapeutics, vol. 316, no. 2, pp. 955-965, 2006.

[15] K Bolcskei, Z Helyes, A Szabd et al., “Investigation of the role
of TRPV1 receptors in acute and chronic nociceptive pro-
cesses using gene-deficient mice,” Pain, vol. 117, no. 3,
pp. 368-376, 2005.

[16] S. J Ackerman, G. Y. Park, J. W Christman, S. Nyenhuis,
E. Berdyshev, and V. Natarajan, “Polyunsaturated lyso-
phosphatidic acid as a potential asthma biomarker,” Bio-
markers in Medicine, vol. 10, no. 2, 2016.

[17] Y. Zhao, J. Tong, and I. Gorshkova, “Lysophosphatidic acid
receptorl and 2 null mice show resistance to airway in-
flammation induced by Schistosoma mansoniegg,” American
Journal of Respiratory and Critical Care Medicine, vol. 175,
no. 1, p. A926, 2007.

[18] X. Y. Gai, L. J. Zhang, and Y. Liang, “Metabolomics analysis
identifies serum glycerophospholipid expression: a compar-
ison between men and women with asthma,” National
Medical Journal of China, vol. 98, no. 44, pp. 3568-3574, 2018.

[19] E. Masini, L. Giannini, S. Nistri et al., “Ceramide: a key
signaling molecule in a Guinea pig model of allergic asthmatic
response and airway inflammation,” Journal of Pharmacology
and Experimental Therapeutics, vol. 324, no. 2, pp. 548-557,
2008.

[20] D. K. Simanshu, R. K. Kamlekar, D. S. Wijesinghe et al,,
“Nonvesicular trafficking of ceramide-1-phosphate by a lipid
transfer protein that regulates eicosanoid production,” Bio-
physical Journal, vol. 106, no. 2, p. 303a, 2014.

[21] D. K Banerjee, “Bronchial hyperreactivity associated with
tracheal gangliosides,” Science (New York, N.Y.), vol. 218,
no. 4572, pp. 569-571, 1982.

[22] X. Y. Gai, L. J. Zhang, and Y. Liang, “Metabolomics analysis
identifies serum glycerophospholipid expression: a compar-
ison between men and women with asthma,” Chinese Medical
Journal, vol. 98, no. 44, pp. 3568-3574, 2018.

[23] P. Wang, Impact of Neonatal Drug Exposure and High-Fat
Diet on Hepatic Expression of Drug-Metabolizing Enzymes and

Evidence-Based Complementary and Alternative Medicine

Underlying Mechanism, Zhengzhou University, Zhengzhou,
China, 2020.

[24] W.Zou, The Effect of Aspirin Alone and Coadministration with
Erythromycin Ethylsuccinate on Rats Hepatic enzymes,
Shandong University, Jinan, China, 2008.



