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1. Introduction

Integration of transcriptomics and metabolomics
to reveal the effect of ginsenoside Rg3 on allergic
rhinitis in micet

Jianming Liu,® Na Yang,® Xingcheng Yi,© Guogiang Wang,® Cuizhu Wang,®
Honggiang Lin, Liwei Sun,? Fang Wang*® and Dongdong Zhu () 2

Increasing studies have demonstrated that ginsenoside Rg3 (Rg3) plays an important role in the prevention
and treatment of various diseases, including allergic lower airway inflammation such as asthma. To investi-
gate the role of Rg3 in allergic upper airway disease, the effect and therapeutic mechanism of Rg3 in aller-
gic rhinitis (AR) were studied. Ovalbumin-induced AR model mice were intragastrically administered with
Rg3. Nasal symptoms, levels of IgE, IL-4, IL-5, IL-13, SOD and MDA in serum, and histopathological ana-
lysis of nasal mucosa were used to evaluate the effect of Rg3 on ameliorating AR in mice. Moreover, nasal
mucosa samples from the normal control group, AR model group and high dosage of Rg3 were collected
to perform omics analysis. The differentially expressed genes and significantly changed metabolites were
screened based on transcriptomics and metabolomics analyses, respectively. Integrative analysis was
further performed to confirm the hub genes, metabolites and pathways. After Rg3 intervention, the nasal
symptoms and inflammatory infiltration were effectively improved, the levels of IgE, IL-4, IL-5, IL-13 and
MDA were significantly reduced, and the level of SOD was obviously increased. The results of the
gRT-PCR assay complemented the transcriptomic findings. Integrated analysis showed that Rg3 played an
anti-AR role mainly by regulating the interaction network, which was constructed by 12 genes, 8 metab-
olites and 4 pathways. Our findings suggested that Rg3 had a therapeutic effect on ovalbumin-induced
AR in mice by inhibiting inflammation development and reducing oxidative stress. The present study
could provide a potential natural agent for the treatment of AR.

was proven that red ginseng has a better effect on improving
allergic airway inflammation than ginseng.” Compared to

Ginseng, a famous traditional Chinese medicine with ginseno-
sides as the main active ingredient, has been used clinically
for more than 1500 years. Ginsenosides are the major bioactive
components of ginseng. It has been reported that ginsenosides
Rb1,' Rd,” Rg1,’ Rg3,” Rh1® and Rh2° all could alleviate aller-
gic airway inflammation. Among these compounds, Rg3 plays
a prominent role in alleviating oxidative stress.* Moreover, it

“Department of Otolaryngology Head and Neck Surgery, China-Japan Union Hospital
of Jilin University, Changchun 130021, China. E-mail: zhudd@jlu.edu.cn

bClinical Pharmacy Department, First Hospital of Jilin University, Changchun
130021, China

‘Laboratory of Cancer Precision Medicine, First Hospital of Jilin University,
Changchun 130061, China

Department of Pathogen Biology, College of Basic Medical Sciences, Jilin University,
Changchun 130021, China. E-mail: wf@jlu.edu.cn

School of Pharmaceutical Sciences, Jilin University, Changchun 130021, China
Jjilin Provincial Key Laboratory of Precise Diagnosis and Treatment of Upper Airway
Allergic Diseases, Changchun 130021, China

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2fo03885d

2416 | Food Funct, 2023, 14, 2416-243]

ginseng, the content of Rg3 was obviously higher in red
ginseng.®® Therefore, Rg3 was selected to be used in our
study. Ginsenoside Rg3 (Rg3), a rare saponin in ginseng, was
reported to have pharmacological effects, such as anti-inflam-
matory, antioxidant, anticancer,'® antiulcer,"’ neuroprotec-
tive,* anti-fatigue,"”* and anti-aging activities’* and used for
adjuvant therapy of rheumatoid arthritis."> Recently, there
have also been some research reports on the role of Rg3 in the
treatment of allergic lower airway diseases. For example, in
inflammatory BEAS-2B cells, Rg3 could inhibit the expression
of eotaxin, proinflammatory cytokines and ICAM-1. In asth-
matic mice, eosinophil infiltration, oxidation reactions, airway
inflammation and hyperresponsiveness were all significantly
improved by intraperitoneal injection of Rg3.* In A549 cells
and human asthmatic lung tissue, Rg3 showed good anti-
inflammatory effects via the NF-xB pathway.'® In addition, Rg3
could also inhibit mast cell-mediated allergic responses by
reducing the release of histamine and proinflammatory cyto-
kines through the MAPK/NFxB and RIP2/caspase-1
pathways."”

This journal is © The Royal Society of Chemistry 2023
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Allergic upper airway disease, such as allergic rhinitis (AR),
has been a common and significant global public health
problem in recent decades. AR has been a subject of continu-
ous concern for the WHO for a long time.'® The pathogenesis
of AR involves a number of intricate immune and inflamma-
tory responses. For example, exposure to allergens or other
substances can induce AR attacks caused by IgE-mediated
reactions.'® The major clinical symptoms are nasal itching,
sneezing, rhinorrhea and nasal congestion. According to
global treatment guidelines, the neurotropic and hormonal
drugs currently used to treat AR include oral H-antihistamines,
intranasal H-antihistamines, intranasal corticosteroids, leuko-
triene receptor antagonists and glucocorticoids alone or in
combination.”® However, there has been increasing concern
about the associated undesirable side effects. Therefore, the
search for a safer and more effective cure is still a key priority.
Therefore, medical researchers have devoted themselves to the
development of natural products in recent years such as
Sargassum horneri,”* vanillic acid** and Rosa multiflora
Fructus water extract.”> Among these, Bu-zhong-yi-qi-tang con-
sisting of ginseng and other herbs plays an important role in
AR treatment by improving nasal symptoms and inhibiting the
levels of total serum IgE and IL-4-mediated inflammatory reac-
tions involving COX-2 associated with oxidative stress and the
expression of other mRNAs.** A randomized controlled trial in
Korea showed that oral administration of red ginseng could
improve rhinorrhea, nasal itching and eye itching and reduce
total IgE and IL-4 levels in serum and eosinophil counts in
nasal smears. It could be concluded that red ginseng showed
good curative effects on AR patients.>® The content of Rg3 in
red ginseng is much higher than that in ginseng. However,
there have been few reports about the effects of Rg3 in AR.

The multiomics approach, including transcriptomics and
metabolomics, could more effectively help researchers in
gaining a deeper understanding of the pathogenesis and thera-
peutic mechanisms of allergic airway diseases including AR
and asthma.’®*” Chinese herbal medicines and natural pro-
ducts taken orally or applied externally were recommended in
Allergic Rhinitis and its Impact on Asthma (ARIA) guidelines
and Chinese AR guidelines."® For instance, the potential noso-
genesis and development processes of AR were explored based
on metabolomics or transcriptomics.?®*° The therapeutic
mechanisms of paeoniflorin, a natural product, on allergic
asthma were studied by the integration of metabolomics and
transcriptomics.*°

To explore the effect of Rg3 on AR, the ovalbumin (OVA)-
induced AR model was established in mice in the current
study. After intragastric administration of Rg3, transcriptomics
and nontargeted metabolomics were used to identify differen-
tially expressed genes (DEGs) and metabolites in nasal mucosa
samples of AR mice and Rg3-treated AR mice, respectively.
Subsequently, integrated analysis of transcriptomics and meta-
bolomics was performed to obtain the key genes and metab-
olites to elucidate the therapeutic mechanisms of Rg3 in AR.
This study could provide a potential natural agent for the treat-
ment of AR.

This journal is © The Royal Society of Chemistry 2023
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2. Results

2.1. The effect of Rg3 on OVA-induced AR mice

2.1.1. Nasal symptoms. As shown in Fig. 1A and B, com-
pared with the NC group, nasal symptoms such as sneezing
and nasal rubbing in the OVA group were significantly
increased (p < 0.001), which indicated that the OVA-induced
model of AR was successfully established. Compared with the
OVA group, AR mice treated with dexamethasone (DEX) or Rg3
significantly decreased the numbers of sneezing and nasal
rubbing (p < 0.05, p < 0.01, p < 0.001). In addition, the inter-
vention effects of Rg3 were dose dependent.

2.1.2. ELISA detection of IgE, inflammatory cytokine and
oxidative stress levels. It was well known that the Th2-type cyto-
kine-induced immune response was the key to the develop-
ment of AR.>" Consequently, ELISA was used to evaluate aller-
gic airway inflammation in all groups (Fig. 1C-H). In serum,
the levels of IgE, IL-5, IL-13 and IL-4 in the OVA group were at
distinctly higher concentrations than those in the normal
control (NC) group (p < 0.001). Compared with the OVA group,
Rg3-H and DEX conspicuously attenuated the expression of
IgE, IL-5, IL-13 and IL-4 (p < 0.01, p < 0.001). In addition, treat-
ment of AR mice with Rg3-L and Rg3-M also significantly atte-
nuated IL-13 or IL-4 compared with untreated AR mice (p <
0.05, p < 0.01).

Compared with the NC group, malondialdehyde (MDA) in
the OVA group was significantly increased (p < 0.001), while
superoxide dismutase (SOD) was significantly decreased (p <
0.001). Compared with the OVA group, SOD in the Rg3-H and
DEX groups was obviously increased (p < 0.01), MDA in the
Rg3-H and DEX groups was obviously decreased (p < 0.001),
while SOD and MDA in the Rg3-L and Rg3-M groups showed
no obvious difference. The results showed that Rg3-H could
reduce oxidative damage in AR mice and enhance their anti-
oxidant capacity.

2.1.3. Histopathological examination. To evaluate the
effect of Rg3 on AR mice induced by OVA, the nasal mucosa
was stained with H&E. The results showed that compared with
NC group mice, the infiltration of inflammatory cells such as
eosinophils in the OVA group mice increased. In contrast, com-
pared with that in the OVA group, the inflammatory cell infil-
tration in the Rg3-H group and DEX group was significantly
reduced (Fig. 11).

2.2,
mice

Rg3 treatment alters the transcriptome in OVA-induced

Genes in nasal tissues of the NC, OVA and Rg3-H groups were
obviously separated into different regions based on principal
component analysis (PCA) (Fig. 2A). To identify the DEGs that
changed significantly in the three groups, the DEseq2 algor-
ithm was then performed on the transcriptome datasets of
nasal mucosa. The Venn diagram was used to screen DEGs in
the Rg3-H group with expression close to that in the NC group.
As a result, a total of 115 genes were identified as DEGs that
played a potentially important role in the treatment of AR with
Rg3 (Fig. 2B). A total of 115 DEGs and their expression in the

Food Funct., 2023, 14, 2416-2431 | 2417
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Fig. 1 The effect of Rg3 on AR mice. Frequency of sneezing (A) and nasal rubbing (B) in mice (n = 6). The levels of IgE (C), IL-4 (D), IL-5 (E), IL-13 (F),

and SOD (G), and MDA (H) in the serum of mice (n = 6). (I) Images of

hematoxylin and eosin (H&E) staining of the nasal mucosa (n = 6). Bars =

50 um. Data are presented as mean + SD. ###p < 0.001, *p < 0.05, **p < 0.01, ***p < 0.001.

three groups were visualized through a heatmap (Fig. 2C). In
the heatmap, the region from blue to red represents an
increasing abundance of DEGs.

2.3. Rg3 treatment alters metabolism in OVA-induced mice

Metabolomics analysis was also performed in the NC, OVA and
Rg3-H groups. In the validation of UPLC-Q/TOF-MS, the RSDs

2418 | Food Funct, 2023, 14, 2416-243]

of the peak intensity and RT in the system stability, precision,
reproducibility and sample stability tests were all less than
3.0%. From the results, the established method exerted good
reproducibility, precision and stability and could be used for
analyzing the tested samples. As shown in the PCA score plots
(Fig. 3A and B), the NC group, OVA group and Rg3-H group
were clearly separated into different regions. The Rg3-H group

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Transcriptomic altered with Rg3 treatment in AR mice. (A) PCA analysis of DEGs in the nasal mucosa of NC, OVA and Rg3-H groups. (B) Venn

diagram of DEGs. (C) Heatmap of the expression of 115 DEGs.

was located between the NC group and OVA group, indicating
that Rg3 could improve metabolic disturbances in AR model
mice.

Orthogonal projections to latent structures discriminant
analysis (OPLS-DA) were then established (Fig. 3C and D) to
obtain the maximum separation between the two groups. The
OVA and Rg3-H samples were separated to the greatest extent
with a satisfactory goodness of fit (R*> = 0.9955 and Q® = 0.7769
in EST"; R* = 0.9996 and Q* = 0.8922 in ESI").

Additionally, in the permutation test, all Q*values to the
left were lower than the original points to the right, suggesting
the validity of the original models (Fig. 3E and F). The gener-
ated volcanic plots (Fig. 3G and H) were used to screen the
differentiated metabolites. A total of 8 differential metabolites
between the OVA group and Rg3-H group were identified as
potential biomarkers and were marked in blue. Then, predic-
tive receiver operating characteristic (ROC) curves were gener-
ated by using these potential biomarkers (Fig. 3I). All the areas
under the curves (AUCs) of the biomarkers were greater than
0.80, indicating that these 8 metabolites could be considered
potential markers, which contributed to the effect of Rg3-H on
AR treatment (Tables 1 and 2).

This journal is © The Royal Society of Chemistry 2023

2.4. Integrative analysis of metabolomic and transcriptomic
data
2.4.1. Canonical correlation analysis. Canonical correlation

analysis (CCA) could show the correlation between two groups
of data as a whole through the comprehensive analysis of vari-
ables.?” In the present study, a total of 115 DEGs were converted
using the R package and 8 differential metabolites were ana-
lyzed by CCA. The total explained variation of the explanatory
variable matrix (metabolites) to the response variable matrix
(genes) was 94.0% (CCA1 + CCA2), indicating that the analysis
had high reliability. Top 20 genes and 8 metabolites were
screened, which might play an important role in Rg3 treatment
of AR mice (Fig. 4A). The light blue and yellow dots represent
the Rg3-H group and OVA group, respectively. The dark blue
dots and red arrows represent the top 20 genes and 8 metab-
olites after screening, respectively. The top 20 genes were as
follows: CDKN1A, COL1A1, COL1A2, COL3A1, CSN3, CYP26B1,
DNASE1, HBA-A1, HMOX1, IFI27L2A, KLF15, LCN2, MT1, PIM3,
PIP, S100A8, S100A9, SERPINA3N, SERPINH1 and SPARC.

2.4.2. Screening of potential hub targets. The Pearson cor-
relation coefficient was further performed to analyze the top

Food Funct, 2023, 14, 2416-2431 | 2419
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Fig. 3 Metabolomic altered with Rg3 treatment in AR mice. PCA score plots involved ESI* (A) and ESI™ (B) of the nasal mucosa samples (n = 6) in
NC, OVA and Rg3-H groups. The OPLS-DA score plots involved ESI* (C) and ESI™ (D) of the OVA and Rg3-H groups (n = 6). The permutation plots
involved ESI* (E) and ESI™ (F) of nasal mucosa samples (n = 6) of OVA and Rg3-H groups. The volcanic plots involved ESI* (G) and ESI~ (H) of nasal
mucosa samples (n = 6) of OVA and Rg3-H groups. (I) The predictive ROC curves generated using 8 biomarkers contributing to AR with Rg3 treat-
ment. (I-1) Cowa < Cnc: (1-2) Cova > Cne: (1-3) Cova < Crgz-ri (I-4) Cova > Crgz-h.

Table 1 Distinct metabolites identified in the nasal mucosa samples

tr/ Measured VIP Mass error HMDB
No. min mass(Da) value Formula (ppm) Adducts Biomarkers D Pathway Content level
1° 0.91 258.1118 1.04  CgH,,NOgP —6.59 M+H" Glycerophosphocholine 0000086 Gly M OVA > Rg3-H =~ NC
2P 0.92 330.0731 1.31 C,oH;;N;0sS —0.23 M + Na* Glutathione 0062697 GluM  OVA <Rg3-H ~ NC
3 18.06 277.2153 1.57  CygH,e0, 3.27 M+ H' Stearidonic acid 0006547 oLM  OVA<Rg3-H~ NC
4° 18.34 279.2329 1.19 C18H300, -3.74 M+H' a-Linolenic acid 0001388 oL M OVA < Rg3-H ~ NC
59 19.62 566.3481 4.26  C,eH;,NO,P  —3.11 M+FA—-H' LysoPC(18:1(92)/0:0) 0002815 GlyM  OVA > Rg3-H =~ NC
6” 22.65 287.2381 1.01 Cy0H300 —4.03 M+H" B-Retinol 0006216 RM OVA < Rg3-H ~ NC
7° 22.81 756.5494 1.93 C40HgoNOgP 2.61 M+ Na* PC(16:0/16:0) 0000564 oL M OVA > Rg3-H ~ NC
GlyM
LM
8% 24.54 774.5417 1.31 Cy;3HgNO,P —1.15 M + Na* PE(P-18:0/20:4 0005779 GlyM OVA > Rg3-H ~ NC

(52,82,112,147))

“Rg3-H” represents the drug intervention group (Rg3-H group); “OVA” represents the AR model group; “NC” represents the normal control group;
“<” indicates that the content level of the potential biomarker was significantly lower than that of the other group; “>” indicates that the content
level was significantly higher than that of the other group; “~” indicates that the content level was regulated tending to the normal level.
Glycerophospholipid metabolism (Gly M); glutathione metabolism (Glu M); linoleic acid metabolism (L M); o-linolenic acid metabolism (a-L M);
retinol metabolism (R M). “ Metabolites validated by MS data. ” Metabolites confirmed with standards.

20 DEGs and 8 metabolites and was visualized through the
heatmap (Fig. 4B). The horizontal and vertical axes represent
metabolites and genes, respectively. The squares corres-
ponding to genes and metabolites tended to be dark red or
dark blue, indicating a stronger correlation between genes and
metabolites. The range —1 to 1 was used to express the depth

2420 | Food Funct, 2023, 14, 2416-243]

of the color. Based on the rule of gene-metabolite interaction
with coefficient >0.6 and p value <0.05, a total of 15 genes
(CDKN14A, COL1A1, COL1A2, COL3A1, CSN3, CYP26B1,
DNASE1, HMOX1, KLF15, LCN2, PIM3, PIP, S100AS,
SERPINH1 and SPARC) and all metabolites were screened as
potential hub targets.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Identification results of potential biomarkers in nasal mucosa
OVA & NC OVA & Rg3-H

Compound no. AUC P AUC P

1 1.000 0.004 0.944 0.010
2 1.000 0.004 0.861 0.037
3 0.889 0.025 0.917 0.016
4 0.889 0.025 1.000 0.004
5 1.000 0.004 0.972 0.006
6 1.000 0.004 0.917 0.016
7 0.861 0.037 0.861 0.037
8 0.917 0.016 0.917 0.016

The AUCs and p values of the biomarkers in different predictive ROC
curves. The numbers were consistent with the no. in Table 1.

2.4.3. Verification of potential hub genes by qRT-PCR. The
expression of 15 potential hub genes was validated by using
gRT-PCR. A total of 12 genes w lopment of the ere found to
have obvious changes in expression. Namely, compared with
the OVA group, the levels of COL1A1, COL1A2 and COL3A1 in
the Rg3-H group were significantly decreased. In contrast, the
levels of CSN3, CYP26B1, DNASE1, HMOX1, KLF15, LCN2,
PIM3, PIP and S100A8 in the Rg3-H group were obviously
increased (Fig. 5). The above gene expression trends were con-
sistent with the results of previous transcriptome sequencing.

2.4.4. Network construction. The gene-metabolite network
(Fig. 6A) was constructed by using the above 12 hub genes and
8 metabolites. Each gray line represents the strong correlation
between the genes and the metabolites. For each gene or
metabolite, more connecting lines indicated that it might have
a stronger impact on the regulatory network. Overall, 12 genes
and 8 metabolites were closely correlated.

2.4.5. Pathway enrichment. Aiming at discussing the
mechanism of Rg3, the pathways closely related to Rg3 treat-
ment of AR were explored based on these 12 hub genes and

A B

Stearidonic acid PE(P-18:0/20:4(52,82,112,142)) FC(16:0/16:0)
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o
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differential metabolites.
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8 metabolites. A total of 4 main pathways including retinol
metabolism, glycerophospholipid metabolism, ECM-receptor
interaction and a-linolenic acid metabolism were screened out
by Jiont-Pathway Analysis (Table 3). Impact values were the
result of topological analysis. A higher value indicated a
greater topological impact on the pathway. In addition, the
bubble map (Fig. 6B) with a descending order of impact value
was generated using MetaboAnalyst 5.0. The —log10(p) values
were calculated to demonstrate the difference in the pathway.
The size of the circle had a positive correlation with the above
2 parameters. The above 4 pathways have been reported to be
related to the occurrence and development of allergic lower
airway disease. The retinol metabolism in patients,”* the gly-
cerophospholipid metabolism in the pathogenesis of
disease,® ECM-receptor interactions in the regulation of
disease,® and candidate drug o-linolenic acid for preventing
IgE-mediated allergic diseases were studied.’® Our research
results were consistent with the literature.

The network including the hub genes, metabolites and
pathways was finally established, as shown in Fig. 6C. The hub
genes and metabolites were marked with circles and squares,
respectively. Red and blue represented upregulation and down-
regulation, respectively. Other genes and metabolites are
marked in gray.

3. Discussion

It had been reported that ginsenoside Rg3 could diminish
allergic lower airway inflammation and oxidative stress.*
Aiming at exploring the role of Rg3 in allergic upper airway
disease, the effect and mechanism of Rg3 on OVA-induced AR
(a typical kind of allergic upper airway disease) were revealed
in the present study. The results indicated that Rg3 could ame-
liorate inflammation, oxidative stress and nasal symptoms in
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Fig. 5 qRT-PCR results of the OVA group and Rg3-H group (n = 3). Data are presented as mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001.

AR mice and might be used as a potential natural agent to
influence the course of AR development.

When establishing the animal models, according to the
reference, allergic airway inflammation was more obvious in
female mice than in male mice after OVA challenge, so female
mice were chosen as experiment animals in our study.®”

Among the 3 downregulated hub genes, COL1A1 was also
reported to be closely related to allergic lower airway disease.
For example, COL1A1 with high expression appeared in airway
smooth muscle cells of allergic lower airway disease.*®*° For
COL1A2, although there were no direct reports to prove its
relation to the allergic airway disease, it was inferred that
COL1A1 and COL1A2 might have a relationship with each
other.’”*' Regarding another downregulated hub gene,
COL3A1, significantly high expression was reported in OVA-
induced severe asthma mice.*” Interestingly, in house dust
mite (HDM)-induced allergic lower airway disease, high levels
of COL1A1 and COL3A1 were also considered as the important
features.*?

Among the 9 upregulated hub genes, high level of DNASE1
was reported to play an important role in protecting damaged
areas by reducing oxidative stress and increasing neutrophil
extracellular trap (NET) disintegration.**~*® Therefore, it could
be inferred that high expression of DNASE1 in the Rg3-H
group might have a key effect on diminishing allergic lower
airway oxidative stress. Another gene, HMOX1, the variation of
which might be associated with asthma,”” had a close relation-
ship with attenuating oxidative stress.*® For KLF15, it has also
been reported that asthma might be aggravated when this
gene was suppressed.’® LCN2 hub gene expression was discov-

2422 | Food Funct., 2023, 14, 2416-243]

ered to be decreased in nasal secretions in asthma patients.”®
In contrast, the elevated level of LCN2 was decreased in
patients with improved asthma symptoms.>! In the literature,
we also found that the increased expression of PIM3 played a
role in relieving inflammation.>” In addition, in patients with
chronic rhinosinusitis with nasal polyps (CRSwNP) and
asthma comorbidity, the level of PIP was found to be
decreased.”® In our study, the level of PIP was significantly
increased by the treatment with Rg3. A similar situation
occurred in S100A8: namely, in the nasal mucus of AR
patients, S100A8 showed a lower level.>* S100A8 was upregu-
lated by Rg3 in our study. CSN3, a source of bioactive peptides,
was produced by Lactobacillus helveticus.>® Lactobacillus helveti-
cus could ameliorate the symptoms of perennial AR patients by
inhibiting eosinophils in the blood and nasal fluids.>®
Combined with our results, an interesting regulatory pathway
was inferred in which Rg3 might influence the modification of
microbiomics to mitigate AR inflammation, such as enhancing
the ability of Lactobacillus helveticus to generate high levels of
CSN3. This will be studied in our future work. Finally,
although there was no report on the direct association between
CYP26B1 and AR, CYP26B1 and p-retinol, were both products
of retinol metabolism.

Our research also found a total of 8 metabolites that poten-
tially contribute to AR progression and Rg3 treatment. Among
these metabolites, (i) a high level of glycerophosphocholine
had been reported to be related to the risk of childhood
asthma.”” (ii) The increase in glutathione could prevent lung
airway epithelial cells from enduring oxidant injury in
asthma.’® Additionally, glutathione could ameliorate the

This journal is © The Royal Society of Chemistry 2023
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Table 3 The results from pathways of hub DEGs and metabolites

1,2-Diacyl-
sn-glycerol

PE(O-18:1(12)20:4
(52.82.11Z,142))

ECM-receptor interaction

(A) Gene-metabolite network of hub DEGs and metabolites. (B) The bubble chart of pathways. (C) The interaction network based on tran-

Pathway name Match status P —log10(p) Holm p FDR Impact
Retinol metabolism 2/116 0.0089 2.0523 1 0.2416 0.5254
Glycerophospholipid metabolism 4/149 2.74x107° 4.5620 0.0089 0.0089 0.2190
ECM-receptor interaction 2/89 0.0053 2.2752 1 0.1647 0.1181
a-Linolenic acid metabolism 3/69 7.75x107° 4.1106 0.0253 0.0127 0.1154

imbalance of Treg/Th17 cells by inhibiting intracellular auto-
phagy to be beneficial for the therapy of AR patients.”®
Interestingly, glutathione and HMOX1 might be related to the
ferroptosis pathway in AR mice with Rg3 treatment in our
study.®® (iii) Stearidonic acid, a specific combined-long-chain
polyunsaturated fatty acid, inhibited of inflammatory process
in asthmatic mice.®" (iv) o-Linolenic acid also showed a similar
regulatory trend on OVA-induced bronchoalveolar inflam-
mation in mice.®” (v) It was reported that the high expression
of lysoPC(18:1(92)/0:0) was present in the airways of allergic
patients challenged with antigen.®®> A similar trend was also
shown in the OVA group in our study, but was then reregulated
by Rg3 treatment. (vi) p-Retinol also had a positive effect on
allergic airway inflammatory reactions.®® Additionally, this
metabolite played a crucial role in regulating the immuno-

This journal is © The Royal Society of Chemistry 2023

pathologic mechanisms of asthma by suppressing Th2-type
cytokines, hypersecretion of mucus, hyperplasia of goblet cells
and histamine levels.®® (vii) A high level of PC(16:0/16:0) was
clearly related to sputum eosinophil cationic protein levels
and pulmonary function in the induced sputum of asthmatic
children.®® (viii) PE(P-18:0/20:4(52,8Z,11Z,14Z)) was one of the
main sources of PC(16:0/16:0) in glycerophospholipid metab-
olism. Therefore, we inferred that it might be indirectly related
to the occurrence or development of AR, although there was
no report about the direct connection.

Some relevance between mRNA and metabolite based on
transcriptomic and metabolomic results could be correlated.
For examples: (i) oxidative stress had played an important role
in aggravating allergic rhinitis.®” The increase of HMOX1 and
glutathione could alleviate oxidative stress by Nf-E2 related

Food Funct, 2023, 14, 2416-2431 | 2423
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factor 2 (Nrf2).°*%° In our analysis of multi-omics study, it was
obviously found that Rg3 could upregulate the expressions of
HMOX1 and glutathione and had a positive effect on allergic
rhinitis. (ii) It is also worth noting that p-retinol had negative
association with AR patients.”® And it was interesting to find
that the high level of B-retinol could improve oxidative stress
by upregulating the expressions of Nrf2, HMOX1 and gluta-
thione and downregulate the expression of MDA.”"”*> The
higher level of p-retinol in the Rg3-H group than in the OVA
group was also found in our study. (iii) a-Linolenic acid had a
positive effect on diminishing airway inflammation by rever-
sing low levels of glutathione and SOD and high level of
MDA.”® Moreover, the levels of Nrf2 and HMOX1 could also be
increased by a-linolenic acid.” Our study showed that the level
of a-linolenic acid in the Rg3-H group was higher than that in
the OVA group. (iv) A high level of S100A8 could play a protec-
tive role in allergic inflammation by reducing the production
of IL-5 and I1-13 and diminishing eosinophil infiltration.”

4. Experimental

4.1. Materials and reagents

Ginsenoside Rg3 (CAS Registry Number: 14197-60-5) with a
purity of above 99% was provided by the Natural Product
Research Center of Jilin University.

Glycerophosphocholine was purchased from Shanghai
Zhen Zhun Biological Technology Co., Ltd (China). a-Linolenic
acid was purchased from the National Institutes for Food and
Drug Control (China). Stearidonic acid and PC(16:0/16:0) were
purchased from Merck (Germany). p-Retinol was provided by
Shanghai Aladdin Biochemical Co., Ltd (China). Glutathione,
OVA, and DEX were all purchased from Sigma-Aldrich (USA).

LC-MS grade acetonitrile and methanol were purchased
from Fisher Chemical Company (Belgium). Purified water was
purchased from A.S. Watson Group Ltd (China).

A mouse IgE ELISA kit was purchased from Abcam
company (USA). Mouse IL-4, IL-5, and IL-13 ELISA kits were
purchased from Raybiotech (USA). ELISA kits for MDA and
SOD were purchased from Shanghai Biyuntian Biotechnology
Co., Ltd (China). Agcourt AMPure XP beads were provided by
Beckman Coulter Inc. (USA). A Thermo Scientific kit was pur-
chased from Thermo Fisher Scientific (USA). TRIzol reagent
for RNA-sequencing was provided by Life Technologies (USA).

The inhalation tower, controller system and Buxco pulmon-
ary function testing system were purchased from Data Sciences
International (USA). A Waters Xevo G2-XS QTOF mass spectro-
meter (USA) and a Waters ultraperformance liquid chromato-
graphy (USA)system were used. An Agilent 2100 Bioanalyzer
was provided by Agilent Technologies (USA). The Bio-Rad
Minioption RT-PCR detection system was provided by Bio-Rad
(Hercules, USA).

4.2. Animals and administration

Female specific pathogen-free (SPF) BALB/c mice (18 g-22 g)
were purchased from Changchun Yisi Experimental Animal
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Technology Co., Ltd (China). They were housed in a cabinet
maintained at 21-23 °C at a relative humidity of 40%-60%
with a 12 h dark/light cycle throughout the study.

Animal experiments were performed in accordance with the
guidelines for the care and use of laboratory animals (protocol
no. 2021-401) and were approved by Institutional Animal Care
and Use Committee of Jilin University.

After one week of acclimatization, the mice were randomly
divided into 6 groups: NC group, OVA-induced model group
(OVA group), OVA-induced + DEX group (2.0 mg kg™ day*,
DEX group), and OVA-induced + Rg3 groups (5, 10, 20 mg kg™*
day™, Rg3-L, M, H groups). For animal treatment, Rg3 (0.5,
1.0, 2.0 mg ml™") and DEX (0.2 mg ml™") were suspended in
water and were intragastrically administered to mice at 10 ml
kg™

Except for the NC group, all the mice in the other groups
were sensitized by an intraperitoneal injection of 100 pg of
OVA and 2 mg of aluminum hydroxide (mixed in 200 ul of
normal sterile saline) on days 0, 7, and 14. They were sub-
sequently challenged with 5% OVA by using the nose-only
exposure system (Buxco Inhalation Tower All-In-One
Controller) from day 21 to day 27. The NC group mice were
sham-sensitized and challenged with an equivalent volume of
normal saline at the same time. On days 21-27, intragastric
administration of Rg3 or dexamethasone was carried out.
Every drug intervention was administered 2 hours prior to OVA
challenge. The NC group and OVA group were given equal
amounts of saline. The schematic design for establishing the
mouse model and administration is shown in Fig. 7.

4.3. Evaluation of the effect of Rg3 on AR

On day 28, the number of nose rubbing and sneezing events
over a duration of 10 min after the final OVA nasal challenge
was recorded. Whole blood samples were collected from the
orbit and centrifuged at 4000 rpm for 10 min to obtain the
serum supernatants. The levels of IgE, IL-4, IL-5, IL-13, MDA
and SOD in serum were measured by using commercial ELISA
kits following the manufacturer’s instructions. The nasal
tissues were collected and the nasal mucosa from nasal tissues
located in the nasal septum and nasal cavity was slowly separ-
ated and gently washed in saline. Some nasal mucosa samples
were fixed in 4% paraformaldehyde, paraffinized, cut into sec-
tions, and finally stained with H&E (hematoxylin and eosin)

N

DEX/Rg3(i.g.)
R > Endpoints
L | | | | |
DO D7 D14 D21 D27 D28
—>
OVA sensitization OVA-aerosol
(i.p;Day 0,7, 14)

challenge

Fig. 7 The experimental process of the AR model establishment and
administration.
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for histopathological examination. Other nasal mucosa
samples were stored at —80 °C for transcriptomic and metabo-
lomic studies.

4.4. Transcriptomics analysis

The nasal mucosa samples of the NC, OVA and Rg3-H groups
(n = 6) were used to perform the transcriptomic analysis.

4.4.1. RNA extraction, library construction, and RNA
sequencing. Total RNA was extracted from nasal mucosa
according to the TRIzol reagent instructions. The integrity and
concentration of RNA were detected, and the mRNA was separ-
ated following the manufacturer’s instructions. Briefly, the
enriched mRNA was split into approximately 200 nt RNA
inserts for the synthesis of first-strand cDNA and second-
strand cDNA. The double-stranded cDNA was subjected to end-
repair/dA-tail and adaptor ligation. Then, suitable fragments
were obtained for isolation and enriched by polymerase chain
reaction (PCR) amplification. Finally, the established libraries
of experimental mice were analyzed using the Illumina
HiSeq™ sequencing platform. All the above processes were
completed by Biomarker Technologies (Beijing, China).

4.4.2. Principal component analysis. PCA of gene
expression profiles obtained by RNA sequencing of three
groups of the nasal mucosa was performed by using the plat-
form BMKCloud (https://www.biocloud.net).

4.4.3. Analysis of DEGs. The DEseq2 algorithm based on
the platform BMKCloud (https:/www.biocloud.net) was used
to screen DEGs between the NC group, OVA group and Rg3-H
group.”®”” The fold change threshold was set at |log,fold
change| > 1 and the adjusted p value was set as <0.05. A Venn
diagram was then used to screen the key DEGs that contribu-
ted to the effect of Rg3. Only the DEGs that tended to the level
expressed in the NC group could be considered as the key
DEGs that played an important role in the treatment of AR
with Rg3. The levels of DEGs were visualized through a
heatmap based on the R package pheatmap.”®

4.5. Metabolomics analysis

The nasal mucosa samples of the NC, OVA and Rg3-H groups
(n = 6) were used to analyze the metabolic profiles using the
UPLC-Q/TOF-MS method in both positive and negative modes.

4.5.1. Preparation of test samples. After being thawed at
room temperature, an appropriate amount of nasal mucosa,
homogenized with 2-fold volume of saline, was added to
10-fold volume of methanol and then vortexed for 3 min. After
that, the mixture was centrifuged at 10 000 rpm for 10 min at
4 °C. The supernatant obtained was dried in a gentle stream of
nitrogen at 37 °C. Finally, the residue was redissolved in 100 pl
of 80% methanol and filtered through a 0.22 pm filter, and the
test samples were obtained. Meanwhile, a 10 pl aliquot of each
test sample group was mixed to prepare a quality control (QC)
sample.

4.5.2. UPLC-Q/TOF-MS conditions

LC conditions. Chromatographic separation was performed
on an ACQUITY UPLC BEH C18 column (100 mm x 2.1 mm,
1.7 pm, Waters Co.) at a temperature of 30 °C. The temperature

This journal is © The Royal Society of Chemistry 2023
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of the sample manager was set at 4 °C. The mobile phases
were composed of 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B), at a flow rate of 0.4 ml min™".
The elution requirement was as follows: 0-2 min, 10% B;
2-26 min, 10-90% B; 26-28 min, 90% B; 28-28.1 min,
90—10% B. Then, 90% and 10% acetonitrile were used as the
strong wash solvent and weak wash solvent, respectively.

MS conditions. MS analysis was performed with an electro-
spray ionization (ESI) interface in the positive or negative
mode. The mass spectrum was collected in the MS® centroid
mode with a low energy of 6 V and a high energy of 20-40
V. The optimized MS parameters applied were as follows: cone
gas flow rate of 60 L h™, cone voltage of 38 V, source tempera-
ture of 150 °C, desolvation temperature of 360 °C, desolvation
gas flow of 1000 L h™", capillary voltage in the positive ion
mode at 2.9 kV and in the negative ion mode at 3.0 kV.
Leucine enkephalin (200 ng ml™, m/z 556.2771 in the ESI*
mode and m/z 554.2615 in the ESI” mode) with a constant flow
at 10 pl min™" as an external reference of Lock Spray™. The
QC sample was injected randomly 5 times throughout the
entire worklist. The injection volume for all samples was 5 pl
for each run. Leucine enkephalin with a constant flow at 10 pl
min~' was used as an external reference of Lock Spray™. To
ensure mass reproducibility and accuracy, the mass spectro-
meter was calibrated with sodium formate within the range of
50-1200 Da. Data recording was carried out on a MassLynx
V4.1 workstation (Waters, Manchester, UK).

4.5.3. Validation of UPLC-QTOF-MS. The assay method
should be validated, including system stability, precision,
reproducibility and sample stability. The detailed methods are
as follows: the mass/RT (min) pairs of different mass ions in
randomly run QC samples were used to monitor system stabi-
lity; precision was estimated by consecutively detecting five QC
replicates; reproducibility was assessed by analyzing five repli-
cates of one serum sample; and one serum test sample placed
in an autosampler for 0, 8, 12, and 16 h at 4 °C was monitored
to evaluate the stability of the sample. The RSDs of peak inten-
sity and RT should be calculated in all of the above
investigations.

4.5.4. Metabolomics analysis. MarkerLynx XS V4.1 software
(Waters, Milford, CT, USA) was used to perform calibration,
deconvolution, data reduction, chromatographic peak extrac-
tion and normalization of the data. The identical components
in various samples should have similar values of RT and m/z.
The major processing parameters were set as follows: mass tol-
erance of 0.10, retention time window of 0.10, a minimum
intensity of 15%, marker intensity threshold of 3000 counts,
and noise elimination level 7. The resulting data were then
multivariate statistically analyzed. PCA, OPLS-DA and permu-
tation tests were all performed. The differential metabolites
were explored by variable importance for the projection (VIP)
and volcano plots. Metabolites with VIP > 1.0 and p < 0.05
were considered potential metabolic biomarkers. Furthermore,
predictive ROC curves were generated to assess the above
results. The better result was that the area under the ROC
curve should be more than 0.8. The potential biomarkers
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screened above were further identified by comparison with
reference standards, accurate molecular weights or fragmenta-
tion patterns based on HMDB (https:/www.hmdb.ca/),
METLIN databases (https:/metlin.scripps.edu/), KEGG (https:/
www.kegg.com/) and Metabo-Analyst (https:/www.metaboana-
lyst.ca/). The mass tolerance should be within +10 ppm.

4.6. Integrated analysis involving transcriptomics and
metabolomics

The correlation analysis of expressed genes and metabolite
accumulation was carried out based on the transcriptomics
and metabolomics data. The information about metabolites
with differential accumulation could assist in the “coexpres-
sion” analysis of genes. As a result, the core regulatory network
was built, and functional hub genes were found.

4.6.1. Canonical correlation analysis. CCA was performed
to mine the correlation between sets of variables of multiomics
data.’® The correlation of DEGs and differential metabolites
was measured by using CCA. The content levels of differential
metabolites and the expression levels of DEGs were imported
into software Canoco 5.0 (https:/www.canoco5.com/) and the
OmicShare database (https:/omicshare.com/) with default
parameters for CCA.”°

4.6.2. Expression analysis of potential hub genes by
gRT-PCR. DEGs and differential metabolites from CCA were
analyzed by the Pearson correlation coefficient.** Only the
gene-metabolite interaction with Pearson correlation coeffi-
cient >0.6 and p value <0.05 was chosen to be significant,?*%
and the genes and metabolites were considered as the poten-
tial hub genes and metabolites. The expression of potential
hub genes was then analyzed by qRT-PCR as follows: total RNA
was obtained from the mouse nasal mucosa by using TRIzol
reagent. Complementary DNA (cDNA) was extracted by using a
Thermo Scientific kit according to the manufacturer’s instruc-
tions. qRT-PCR analysis was performed after 40 cycles by using
a Bio-Rad Minioption RT-PCR detection system and SYBR
Green Super Mix. The sequences of the primers used in
gRT-PCR are shown in Table S1.f The gene expression of
f-actin and DEGs identified by CCA and Pearson correlation
coefficient was calculated by the 274" method.

4.6.3. Network construction. The PCR validated genes and
differential metabolites that were considered as hub genes and
metabolites were imported into Cytoscape software to create
the gene-metabolite network.®>

4.6.4. Joint-pathway analysis. The hub genes and metab-
olites from the network were analyzed by Joint-Pathway
Analysis (https:/www.metaboanalyst.ca/) based on KEGG
(https://www.kegg.com/).** The main pathways affected by Rg3
acting on AR were mined according to the impact values of
pathways enriched by Joint-Pathway Analysis.

4.7. Statistical analysis

All analyses were performed using GraphPad Prism version 6.0
software (CA, USA). The results are presented as the mean +
SD. Comparisons between groups were conducted with a two-
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tailed test or one-way analysis of variance (ANOVA). Data sig-
nificance was accepted when p < 0.05.

5. Conclusion

Allergic rhinitis, a kind of allergic upper airway disease, is a
common global public health problem. In the present study,
nasal symptoms, biochemical parameters in serum and histo-
pathological examination of nasal mucosa were used to evalu-
ate the effects of Rg3 on OVA-induced AR model mice for the
first time. Transcriptomics and metabolomics were used to
explore the therapeutic mechanism. After intragastric adminis-
tration of Rg3, the nasal symptoms were effectively improved,
and the levels of IgE, IL-4, IL-5, IL-13 and MDA in serum were
significantly reduced, while the levels of SOD were obviously
increased. Moreover, the inflammatory cell infiltration in the
Rg3 group mice was significantly reduced. The anti-AR effect
of Rg3 was closely associated with the regulation of 12 DEGs
and 8 differential metabolites. In addition, these targets might
be involved in 4 main pathways. In summary, Rg3 has a thera-
peutic effect on OVA-induced AR in mice by inhibiting inflam-
mation development and reducing oxidative stress. The
mechanism was related to the gene-metabolite interaction
network. This study could provide a potential natural agent for
the treatment of AR and is beneficial for mining and expand-
ing the worth of Rg3.
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