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ghput metabolomics to discover
perturbed metabolic pathways and biomarkers of
allergic rhinitis as potential targets to reveal the
effects and mechanism of geniposide†

Yan-Li Zhang, ‡*a Peng-Cheng Yu‡b and Peng Liu‡a

In this study, we probed the molecular mechanisms of metabolic biomarkers and pathways affected by the

bioactive ingredient geniposide (GP), which was shown to protect against experimental allergic rhinitis in

mice. The methods used here involved a metabolomics strategy based on ultra-performance liquid

chromatography coupled with quadrupole time-of-flight mass spectrometry (UPLC-TOF/MS). Using the

metabolomics strategy, serum samples of mice in control, model and GP groups were used to explore

the differential production of metabolites and pathways related to defense activity of GP towards allergic

rhinitis. Allergic symptom, inflammatory factors, and cell populations in the mice spleens were reversed

by GP treatment. Seventeen potential biomarkers were discovered in experimental allergic rhinitis mice.

GP was shown to have a regulatory effect on 12 of them, which were associated with 8 key metabolic

pathways. The ingenuity pathway analysis platform was used to further understand the relationship

between metabolic changes and pharmacological activity of GP. The pathways which affected by GP

involved cellular growth and proliferation, organismal development, and free radical scavenging. This

metabolomics study produced valuable information about potential biomarkers and pathways affected

by GP during its effective prevention and therapeutic targeting of allergic rhinitis.
1. Introduction

Allergic rhinitis (AR) is a chronic inammatory illness of the
upper respiratory system occurring throughout the world with
a morbidity of about 10% to 40%,1,2 and is characterized by
allergic symptoms such as sneezing, nasal itching, and rhi-
norrhea as well as elevated immunoglobulin E content in the
serum.3,4 Recently, epidemiological research has shown that the
increasing incidence of AR can be attributed to polluted living
environments, dietary changes, abuse of antibiotics and other
factors.5 AR signicantly affects the quality of life of the afflicted
individual, in that the more severe the disease, the greater the
risk of developing paranasal sinuses, otitis media and asthma
in various age groups.6,7 Early diagnosis and treatment offer
a chance to increase the success of therapies and enhance the
quality of life of those afflicted with AR. Moreover, it is essential
to explore an increasingly greater number of specic markers in
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the early diagnosis stage, perform proper screening protocols,
and nd novel biological targets for treatment of AR at health-
care facilities.8 The cornerstones of AR treatment consist of
education of the patient, allergen avoidance, proper symptom-
atic pharmacotherapy and specic allergen immunotherapy.9

Although many patients have had specic allergen immuno-
therapy recommended as an effective therapeutic practice in an
allergy management strategy, persistence or only partial
remission of symptoms is still observed. Traditional medicines
have emerged on the worldwide stage in medicine and phar-
maceutical studies, and natural products have grown in popu-
larity and have been extensively recognized as an orthodox
clinical therapy on par with modern rational therapies.10 Geni-
poside (GP), a bioactive iridoid glucoside derived from Gardenia
jasminoides, has been reported to display strong anti-
inammatory effects and has been used to treat osteoarthritis,
colitis and adjuvant arthritis.11 It inhibits the hypertonicity of
broblast-like synoviocytes via the RhoA/p38MAPK/NF-kB/F-
actin signal pathway.12 However, no clear research has yet
been performed on the effect of geniposide on allergic rhinitis
nor on any possible mechanism involved.

Modern methodology based on ‘omics’ platforms such as
genomics, proteomics, and transcriptomics have been widely
applied to comprehend disease pathogenesis, specically by
using disease-specic molecular markers. Recently,
This journal is © The Royal Society of Chemistry 2019
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metabolomics, an emerging ‘omics’ area, has been applied to
explaining the mechanism of action of drugs.13,14 Metabolomics
aims to identify and quantify small molecules with molecular
weights of less than 1500 Daltons inmilieu ranging from cells to
human biological uids such as urine, saliva, and blood. The
results from such study provide a useful bridge between geno-
type and phenotype since small effects caused by external
uctuations and internal metabolic responses in the body can
give rise to large changes in metabolite levels.15 The metab-
olome, due to it being the eventual product of biological
actions, involves the total set of metabolites in a living system,
in contrast to say the genome, which involves the many genes or
mRNA molecules. Study of the metabolome should greatly help
in the nding of biomarkers and in identifying pathways per-
turbed by geniposide during its protection against experimental
allergic rhinitis by identifying metabolomic disturbances.16 Two
major analytical techniques, namely nuclear magnetic reso-
nance (NMR) andmass spectrometry (MS), have become used at
a rapidly increasing rate in this eld.17 In the current research,
a serum metabolomics strategy based on UPLC-MS combined
with multivariate data analysis and pathway analysis was
applied to investigate the benecial activity of GP on experi-
mental AR mice, and has offered a novel way to probe the
potential mechanisms in this activity, ways to control the
disease, and the development of new relevant drugs.
2. Materials and methods
2.1 Reagents

Ovalbumin (OVA) (grade V) was purchased from Miltenyi
Biotech (Bergisch Gladbach, Germany). A CD4 cell isolation kit
was purchased from Sigma-Aldrich (St. Louis, MO). Fluorescein
isothiocyanate (FITC)-anti-CD4 (GK1.5) and phycoerythrin (PE)-
anti-Foxp3 (FJK-16s) monoclonal antibodies (mAbs) were ob-
tained from eBioscience (San Diego, CA). IL-2, IL-4, and IL-5 kits
were obtained from Miltenyi Biotech (Bergisch Gladbach, Ger-
many). IL-17, IFN-g, and sIgE kits were obtained from R&D
Systems (Minneapolis, MN). Methanol and formic acid (HPLC
grade) were purchased from Fisher Scientic Corporation
(Loughborough, UK). Acetonitrile (HPLC grade) was obtained
from Miltenyi Biotech (Bergisch Gladbach, Germany). Ultra-
high-purity water was obtained from Watson's Food and
Beverage Co., Ltd., (Guangzhou, China). Leucine enkephalin of
more than 99% purity and geniposide were purchased from
Shanghai Chemical Agent Company of China Medicine Clique
(Shanghai, China). Pentobarbital sodium and physiologic saline
solution were purchased from Beijing Reagent Company (Bei-
jing, China).
2.2 Animals

Adult 8 week-old female BALB/c mice weighing about 20 � 2 g
were obtained from Tianjin SLAC Laboratory Animals (Tianjin,
China), and then bred for one week in a pathogen-free envi-
ronment maintained at a relative humidity of 50–65% and room
temperature of 24 � 2 �C and with cycles of alternating 12 h of
light and 12 h of dark. They were fed a standard diet and water.
This journal is © The Royal Society of Chemistry 2019
All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Hei-
longjiang University of Chinese Medicine and approved by the
Animal Ethics Committee of Heilongjiang University of Chinese
Medicine.

2.3 Experimental AR establishment and model evaluation

Aer one week of acclimatization, 24 mice were randomly
divided into 3 groups, namely control, model, and GP groups.
The AR model was established as follows: on days 0, 2, 4, 6, 8,
10, and 12, mice were sensitized by being subjected to an
intraperitoneal injection of 20 mg OVA along with 2 mg
aluminum hydroxide, dissolved in 500 mL of phosphate buff-
ered saline (PBS). From day 14 to day 21, these mice were
intranasally challenged with 10 mL 10% OVA once a day. Mice in
the control group were sensitized with alum and challenged
with PBS. OVA-sensitized mice in the GP group were intraperi-
toneally injected with GP (7 mg per kg per day) 1 hour before the
OVA stimulation for 21 days. The control and model groups
were administrated distilled water in the same dosage and same
way. Aer these 21 days, AR severity was evaluated by calcu-
lating the frequencies of sneezing and nose scratching in the 10
minutes aer the last time the nasal cavity was subjected to OVA
stimulation.

2.4 Sample collection

In the 21st day of the model establishment, the mice in the
three groups were anesthetized using 3% pentobarbital sodium
(0.3 mL/100 g body weight) to collect blood from the ophthalmic
vein. Then, spleens were separated right away. Serum samples
were separated using centrifugation at 4000 rpm for 10 min at
4 �C, and the supernatant of each centrifuged sample was
collected and stored immediately at �80 �C for biochemical kit
detection and metabolomics analysis.

2.5 Serum cytokine and sIgE analysis

By following the instructions of the manufacturers of the kits
and using a Luminex100 instrument, interleukin (IL)-2, IL-4, IL-
5, IL-17 and interferon (IFN) contents in the serum samples
were measured. Samples were diluted 1 : 2 in deionized water.

The sIgE levels in the serum samples were measured using
enzyme-linked immunosorbent assay (ELISA) according to the
instructions of R&D Systems (Minneapolis, MN). For the
measurement of sIgE, serum samples were diluted 1 : 1–1 : 7 in
deionized water. Absorbance values were determined at
a wavelength of 450 nm on a Bio-Rad 680 microplate reader.

2.6 Cell isolation and measurement

To obtain single cell suspensions, the spleens were removed in
an aseptic way and gently disrupted by using a cell strainer (pore
size 110 mm). Aer eliminating erythrocytes by using a red blood
cell lysing buffer, CD4+ T cells were enriched from the murine
splenocytes using the CD4 cell isolation kit. CD4 expression on
Treg cells was measured by using an FITC-anti-CD4 mAb. The
permeabilization of intracellular Foxp3 was performed in
RSC Adv., 2019, 9, 17490–17500 | 17491
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accordance with the manufacturer's instructions and stained
with a PE-anti-Foxp3 mAb. Data were detected using FlowJo
soware (version 7.5.1; FlowJo, LLC, Ashland, OR).

2.7 Untargeted UPLC-MS metabolomic proling

For ultra-performance liquid chromatography – mass spec-
trometry (UPLC-MS) analysis, deproteinized serum samples
were centrifuged at 13 000 rpm, 4 �C for 20 min. The superna-
tants of the serum samples were evaporated to dryness under
a nitrogen gas stream at 40 �C, and then reconstituted in
a mixed solution of acetonitrile, methanol, and water at a ratio
of 5 : 8 : 7. A volume of 4 mL of supernatant was transferred to
a glass vial and injected into a Waters ACQUITY TM Ultra
Performance LC system (Waters, Milford, USA). A 0.17 mm
ACQUITY BEH C 18 chromatography column was applied for
chromatographic separation of metabolites. The mobile phase
was acetonitrile with 0.1% formic acid (phase A) and water with
0.1% formic acid (phase B), and the optimized elution gradient
program performed for the chromatography was as follows: 0–
1 min, isocratic 3% A; 1–5 min, linear gradient from 3% to 55%
A; 5–7 min, 55% to 85% A; 7–9 min, 85% to 90% A; 9–10 min,
90% to 100% A; and isocratic 100% A for 2 min. The column
effluent was introduced before being split into a Q-TOF-MS
system (Waters Corporation, UK) equipped with an electro-
spray ionization source operating in both positive ionization
mode (ESI+) and negative ionization mode (ESI�). A concen-
tration of 0.1 ng mL�1 of leucine enkephalin, infused at a ow
rate of 130 mL min�1, was used as an external reference for the
positive ion mode ([M + H]+ ¼ 556.2771) and negative ion mode
([M � H]� ¼ 554.2615) to ensure the efficiency of metabolite
extraction.

2.8 Multivariate statistical analysis

UPLC-MS metabolomics data were processed using Metab-
oanalyst 4.0. The peak area data matrix was pre-processed using
sample median normalization, cube root transformation, and
range scaling methods. When the data matrix was sum
normalized, the cube root was transformed and auto-scaled.
EZinfo 2.0 soware (Waters Corporation, Manchester, UK)
was applied to multivariate analysis such as unsupervised
principal component analysis (PCA), partial least squares-
discriminant analysis (PLS-DA) and orthogonal projection to
latent structure-discriminant analysis (OPLS-DA) to better
understand the subtle common points of and discrepancies
between these pre-processed data les. R2 and Q2 values were
used to evaluate the goodness of t and predictive ability of the
OLPS-DA models. Signicant variables for group separation in
the OPLS-DA model were identied using the variable impor-
tance in the projection (VIP) score. The ions with a VIP score
value above 1 and p value less than 0.05 were considered
important for discrimination. Structural information of signif-
icant metabolites were characterized and explored using the
Mass Fragment soware with MS/MS data and exact molecular
mass. The selected potential metabolites were identied by
referencing databases such as MetaboAnalyst (http://
www.metaboanalyst.ca/), LIPID MAPS (http://
17492 | RSC Adv., 2019, 9, 17490–17500
www.Lipidmaps.org/tools/index.html), HMDB (http://
www.hmdb.ca/), MassBank (http://www.massbank.jp), the
ChemSpider database (http://www.chemspider.com) and MET-
LIN (http://www.metlin.scripps.edu). The different metabolites
from the comparative analysis of GP against AR were applied to
a pathway analysis using the pathway analysis tool (MetPA) in
Metaboanalyst 4.0. Furthermore, the ingenuity pathway anal-
ysis (IPA) platform was used to carry out a multiple-pathways
analysis in order to predict the therapeutic effects of and
metabolic changes resulting from GP.

2.9 Statistical analysis

All data were expressed as the mean � standard error of the
mean (SEM). Statistical analysis was performed by using SPSS
version 19.0 soware for Windows (IBM, Armonk, NY). One-way
analysis of variance (ANOVA) was utilized to determine the
statistical signicance of the values obtained. A p value less than
0.05 was regarded as statistically signicant and a p value less
than 0.01 was seen as extremely statistically signicant.

3. Results
3.1 Effect of GP on nasal allergic symptoms

Fig. 1a summarizes the nasal allergic symptoms such as
scratching and sneezing that appeared in the three groups
shortly aer the last OVA challenge. It was shown that allergic
symptoms were signicantly elevated in the model group. In 10
minutes, the frequencies of scratching and sneezing in the
control group were 9.80 � 0.42 and 17.20 � 3.09. In the model
group, the frequencies of scratching and sneezing were 24.2 �
2.12 and 38.53� 2.09 (p < 0.01). Aer oral administration of GP,
the accessorial frequencies were notably suppressed to 17.6 �
2.31 and 27.40� 3.78 (p < 0.05), suggesting that GP alleviated to
a good extent the nasal allergy symptoms of AR in mice.

3.2 Effect of GP on cytokines in serum

Serum cytokines and serum sIgE were closely associated to
inammatory responses in AR. By restraining production of
these cytokines, rhinitis symptoms can be alleviated. The level
of serum IL-4 (p < 0.01), IL-5, IL-17 (p < 0.05) and sIgE (p < 0.01)
were notably higher in the OVA-exposed mice than in the
control group (Fig. 1b and c). The levels of serum IL-2 (p < 0.05),
INF-g (p < 0.05), and sIgE (p < 0.01) were signicantly lower in
the model mice than in the control group (Fig. 1b). Aer giving
GP orally in the model group, the concentrations of serum OVA-
specic sIgE (p < 0.05) and serum cytokines such as IL-4 (p <
0.05), IL-5 and IL-17 (p < 0.05) notably decreased. Meanwhile,
the expressions of IL-2 and INF-g (p < 0.05) were up-regulated
under the therapy of GP, when compared to the OVA group.
These changes indicated that GP reduced the OVA-induced
response by Th2 cytokines and sIgE.

3.3 Effect of GP on spleen Treg expression

Tregs might lead to asthma and allergy during the development
of experimental allergic rhinitis. Compared with the control
mice, the proportion of CD4+ T cells in spleens was higher in the
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02166c


Fig. 1 Experimental ARmodel and GP therapeutic effect evaluation. (a) Frequencies of sneezing and scratching for 10 minutes after the last OVA
challenge in mice. (b) and (c) Serum cytokine and sIgE analysis. (d) Cell populations in the spleens of mice with/without GP treatment in vivo. *p <
0.05 and **p < 0.01 vs. control group, #p < 0.05 vs. model group. Green, red, and yellow marks represent GP, model, and control groups,
respectively.
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model group aer the last challenge (p < 0.05), and the quantity
of these cells was slightly reduced in the GP group, but with no
statistically signicant difference. The same measurement was
performed for Foxp3+ T cells. The increased percentage of
Foxp3+ T cells (p < 0.01) was decreased aer GP treatment, with
a statistically signicant difference (p < 0.05).
3.4 Serum metabolomic proling

Using the optimal UPLC-MS conditions, 8042 positive ion (ESI+)
peaks and 7242 negative ion (ESI�) peaks were identied using
Progenesis QI aer peak alignment from serum samples of the
three groups. These processed data were exported to EZInfo TM
soware (Waters Corporation) for further multivariate statis-
tical analyses. In PCA scores, every symbol stands for an indi-
vidual serum sample, and the clustering of data indicate similar
metabolomic compositions for these samples whereas well-
separated data points indicate different metabolomic compo-
sitions. Metabolite proles from an unsupervised PCA model
were acquired (Fig. 2) to assess the protective activity of GP
against experimental allergic rhinitis in mice. The metabolic
prole data points of the model mice in positive and negative
modes were separated in specic directions from those of the
control group. GP groups were situated between the control
group and the model group, which indicated that GP treatment
promoted the redistribution of disordered metabolites in the
This journal is © The Royal Society of Chemistry 2019
serum of experimental allergic rhinitis mice, specically from
an unbalanced to normal distribution.
3.5 Discovery and identication of metabolites

During UPLC-MS analysis, 171 metabolites were selected, out of
which 94 had an occurrence frequency of at least 80% in the
samples and were used for subsequent data analysis. For
supervised OPLS-DA, the permutation plot was used to measure
the validity and degree of overt of the model, which was
randomly permuted between 20 and 1000 times. The OPLS-DA
plot showed a clear separation between the control group and
model group (Fig. 3a in positive mode and Fig. 4a in negative
mode), and we explored whether the differentially expressed
metabolites accounted for the separation. From the corre-
sponding loading plots, the ions furthest away from the origin
may be deemed to be the differentiated metabolites (Fig. 3b in
positive mode and Fig. 4b in negative mode). The subsequent S-
plots in positive mode and negative mode (Fig. 3c and 4c) were
used to assess the causative factors leading to diverse clustering
on the score plots. To select potential markers, metabolites were
used that, according to univariate and multivariate statistical
analysis, differed signicantly between the control and model
groups. First, metabolites with a VIP score$ 1.0 from the OPLS-
DA model were regarded as variables that signicantly
contributed to the clustering and discrimination (Fig. 3d in
RSC Adv., 2019, 9, 17490–17500 | 17493
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Fig. 2 Change in metabolic profile associated with GP treatment. (A) PCA score plot of serummetabolites for clustering the control, model and
GP groups in positive ionmode. (B) PCA score plot of serummetabolites for the clustering of control, model and GP groups in negative ionmode.
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positive mode and Fig. 4d in negative mode). Then, metabolites
with p < 0.05 were selected using the Student's t-test analysis.
The potential biomarkers were selected by the combined results
Fig. 3 Multivariate analyses of metabolites in OVA-induced allergic rhin
spectra data for the control group (black marks) and model group (red m
the control andmodel groups. (c) S-plot of OPLS-DAmodel of UPLC-MS
DA model of UPLC-MS spectra data for control and model groups.

17494 | RSC Adv., 2019, 9, 17490–17500
from VIP and t-test, and possible chemical compositions and
molecular formulas were conrmed from a combination of MS/
MS data and available biochemical databases. A total of 17
itis in positive ion mode. (a) OPLS-DA score plot of serum UPLC-MS
arks). (b) Loading plot of OPLS-DA model of UPLC-MS spectra data for
spectra data for the control andmodel groups. (d) VIP plot of the OPLS-

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Multivariate analyses frommetabolites in OVA-induced allergic rhinitis ion in negative ion mode. (a) OPLS-DA score plot of serum UPLC-
MS spectra data for the control and model groups. (b) Loading plot of the OPLS-DA model of the UPLC-MS spectra data for the control and
model groups. (c) S-plot of OPLS-DA model of the UPLC-MS spectra data for the control and model groups. (d) VIP plot of OPLS-DA model of
the UPLC-MS spectra data for the control and model groups.
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metabolites were identied as potential biomarkers related to
the morbidity of allergic rhinitis between the control and model
groups (Table S1†). From the heat map of these 17 differentially
altered metabolites, 10 were up-regulated and 7 were down-
regulated. Twelve metabolites were markedly regulated by GP
treatment, including corticosterone, LysoPE (0 : 0/20 : 0),
uridine, L-phenylalanine, D-tryptophan, LysoPC (15 : 0), uric
acid, palmitic amide, D-glutamine, L-arginine, arachidonic acid,
and D-asparagine (Fig. 5).

3.6 Pathway analysis

The statistically signicant metabolites from the comparative
analysis of GP treatment against model samples were imported
to MetaboAnalyst 4.0 for pathway analysis, which claried the
metabolic pathways associated with GP treatment. As shown in
Fig. 6, a total of 11 metabolic pathways were involved in the
protective effect of GP against allergic rhinitis. Phenylalanine,
tyrosine and tryptophan biosynthesis, phenylalanine metabo-
lism, and arachidonic acid metabolism were the three main
pathways in the serum samples according to the analysis, with
impact values of 0.50, 0.41, 0.33. Themetabolite networkmainly
involved pyrimidine metabolism, arginine and proline metab-
olism, aminoacyl-tRNA biosynthesis, purine metabolism, and
alanine, aspartate and glutamate metabolism. A KEGG global
metabolic network analysis (Fig. 7) yielded similar metabolic
pathway results. The results obtained from the IPA analysis
probing into detailed changes from complicated data in OVA-
induced allergic rhinitis aer GP treatment revealed that ther-
apeutic activity of GP was related to cellular growth and prolif-
eration, organismal development, and free radical scavenging
This journal is © The Royal Society of Chemistry 2019
of endogenous substances such as D-glutamine, L-arginine, L-
phenylalanine, uridine and uric acid, cytokines, G-protein
coupled receptor, transporters, and enzymes such as kinases
(Fig. 8).
4. Discussion

The main animal models used for AR studies are rodents,
especially guinea pigs, rats and mice. BALB/c mice are
commonly used for monoclonal antibodies and immunological
studies due to their good production performance, long
breeding period, general lack of invasive habits and relative
ease of breeding.18,19 Currently, the two most common allergens
used are OVA and TDI.20 TDI has a strong non-specic stimu-
latory effect and, as a toxic low-molecular chemical agent, poses
certain hazards to personnel while being handled, while OVA
does not display these drawbacks and has been successfully
used in many studies.21 Because intraperitoneal and subcuta-
neous injections of allergens are not consistent with the natural
law of morbidity, the method of sensitization should be limited
to local administration. Basic sensitization by intraperitoneal
injection has been more extensively developed and used in
many studies, and the injection dose is easier to control in this
manner than when applying nasal drops. Therefore, we nally
chose to introduce the allergen by performing intraperitoneal
injection, and performed local stimulation by applying nasal
drops.

Cellular immunity has a certain reference value in the
diagnosis and treatment of AR patients, in which levels of IL-4,
IL-5, IL-17, and INF-g are increased and those of IL-2
RSC Adv., 2019, 9, 17490–17500 | 17495
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Fig. 5 Heat map of 17 differentially altered metabolites in serum samples in control, model and GP treatment groups.

Fig. 6 Altered metabolomic pathways observed in serum sample after GP treatment.
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Fig. 7 KEGG global metabolic network associated with GP protective activity.
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decreased.22 IL-2, as a type of cell growth factor in the immune
system, regulates the cellular activity of leukocytes in the
immune system.23 T lymphocytes and cytokines are closely
linked to the pathogenesis of AR. IL-2 has ability to promote the
proliferation of T lymphocytes, natural killer (NK) cells, B cell
differentiation and antibody production, but abnormalities of
IL-2 lead to clinical allergic diseases.24 TNF-b can interact with
IL-2 in B cells to inhibit IgE production. IFN-g is produced by T
cells and NK cells, which have antiviral and immunomodulatory
effects. In the current work, aer GP treatment, the levels of IL-
4, IL-5, IL-17, and sIgE were less than those in the model control
group, and the levels of IL-2 and IFN-gwere higher than those in
the model control group. The honeysuckle extract was sug-
gested to be involved in the sensitization of OVA. The regulation
of cytokines in mice with AR has played a major role in immune
regulation resulting from the treatment of AR.

As attractive targets for the treatment of immunological
disorders, Tregs and Foxp3+ T cells, which have a phenotypic
peculiarity similar to that of Tregs, are present in circulating
blood and in vitro. Removal of Foxp3+ T cells brings out the
suppressive ability of Treg abrogation. In our study, treatment
with GP was demonstrated to decrease the expression of CD4+

and Foxp3+ T cells in mice and reduce the quantity and hence
function of Tregs. Therefore, we postulated that GP therapy in
mice induces massive apoptosis of the CD4+ T cells and Foxp3+

Tregs.25,26 The levels of phenylalanine and arachidonic acid in
the model group animal samples were increased and the level of
tryptophan was decreased compared to the control group. Aer
GP treatment, the abnormal state of metabolites was reversed,
making them tend to normal levels. The aromatic amino acid
phenylalanine is one of the essential amino acids in the human
This journal is © The Royal Society of Chemistry 2019
body. Most phenylalanine molecules are oxidized to tyrosine
using the enzyme phenylalanine hydroxylase and used in the
synthesis of important neurotransmitters and hormones
together with tyrosine, which participate in glucose metabolism
and fat metabolism in the body. Tryptophan is an essential
amino acid that plays a key role in physiology and biochemistry,
and reduces stress and inammatory reactions. Arachidonic
acid (AA) is an unsaturated fatty acid that is activated by phos-
pholipase under the action of inammatory stimuli and
inammatory mediators. The lysosomes of neutrophils consti-
tute an important source of phospholipase. AA is metabolized
by cyclooxygenase and lipoxygenase pathways to produce and
release various products such as prostaglandins (PGs) and
leukotriene (LT) leading to inammatory reactions such as
fever, pain, vasodilation, increased permeability, and exudation
of leukocytes.27,28Our study found that GP has a greater effect on
the above metabolic pathway than on other metabolic path-
ways, and that GP can effectively recover the initial concentra-
tions of metabolites in the model group. This pathway may thus
be used as a new target for future clinical treatment of AR.

The pharmacological effects and applications of GP are
extensive due to its various biological activities, which are
important and whose development and utilization have high
value. Therefore, it is necessary to use modern scientic
research methods to make the most of this development and
utilization. At present, the molecular targets and the mecha-
nism of action of GP are still unclear. In addition, the lack of
research on the optimization of the lead material, lack of
research of the SAR system, and the inadequacy of ADME
research has also led to difficulties in drug research.29 Metab-
olomics, as one of the latest strategies in system biology
RSC Adv., 2019, 9, 17490–17500 | 17497
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Fig. 8 IPA prediction networks related to OVA-induced allergic rhinitis mice treated with GP in this study.
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research,30–41 has been widely studied and used in various elds
of pharmaceutical research.42–48 Compared with genomics and
proteomics, metabolomics has certain advantages in terms of
technology and research ideas. Metabolomics is more easily
applied to the clinic and patients.49 Future research should pay
attention to the scientic development of markers, technolog-
ical developments, andmultidisciplinary development to aim to
guarantee the accuracy, repeatability, and safety of drug devel-
opment and disease prevention.50–53
5. Conclusion

This study used a serum non-targeted metabolomics strategy to
show the metabolic biomarkers and pathway alterations
resulting from the use of GP to protect against experimental
allergic rhinitis in mice. Identication of 12 proposed metab-
olites and 8 pathways contributed to a better understanding of
the effects of GP on metabolism levels in mice afflicted with AR.
An IPA analysis showed that anti-inammatory activity of GP
was closely associated with inhibiting cell growth and prolifer-
ation, sweeping free radical scavenging and controlling organ-
ismal development. The oral administration of GP was shown to
rapidly and signicantly alleviate the nasal symptoms of mice
with AR. In addition, GP regulated the contents of cytokines in
the serum and reduced the number of CD4+ and Foxp3+ Treg
17498 | RSC Adv., 2019, 9, 17490–17500
cells, which might suppress allergen-specic IgE production
and local mucosal inltration of eosinophils.
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