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1. Introduction

Inhibitory effect of paeoniflorin on IgE-dependent
and IgE-independent mast cell degranulation
in vitro and vivo

Yang Zhao,? Xiangsheng Li,? Jianzhou Chu,? Yuxin Shao,? Yizhao Sun,?
Yanfen Zhang = * and Zhongcheng Liu ' *2

The incidence of allergic diseases has increased to such a point that they have become common and
have reached epidemic levels. However, their pathogenesis is not fully understood. Paeoniae Radix Rubra
is a traditional Chinese medicine that is also used as a dietary supplement. Its main active ingredient is
paeoniflorin. Paeoniflorin has good anti-inflammatory, immunomodulation, and antitumor effects. It is
utilized in the treatment of various diseases in clinical settings. However, its effects on type | allergies and
pseudoallergic reactions have not been comprehensively studied. In this study, we aimed to use DNP-IgE/
DNP-BSA and C48/80 to simulate type | allergies and pseudoallergic reactions to evaluate the therapeutic
effects of paeoniflorin to these diseases and identify its molecular mechanisms in cell degranulation both
in vivo and in vitro. Results showed that paeoniflorin inhibited the degranulation of RBL-2H3 cells induced
by these two stimuli (IgE-dependent and IgE-independent stimuli) in a dose-dependent manner.
Moreover, gPCR and western blot analyses indicated that paeoniflorin may regulate the IgE/FceR |,
MRGPRB3, and downstream signal transduction pathways to exert its therapeutic effects on type | aller-
gies and pseudoallergic reactions. In addition, DNP-IgE/DNP-BSA and compound 48/80 were used to
induce the establishment of a passive cutaneous anaphylaxis mouse model. Paeoniflorin was found to
suppress the extravasation of Evans Blue and tissue edema in the ears, back skin, and paws of the mice.
This result further confirmed that paeoniflorin has a notable therapeutic effect on type | allergies and
pseudoallergic reactions. Therefore, paeoniflorin could potentially be used as a drug for the treatment of
type | allergies and pseudoallergic reactions. This study provides new insights into expanding the treat-
ment range of paeoniflorin and its pharmacological mechanism.

cal treatment. On the basis of their pathogenesis, allergies are
classified into four types, of which type I allergies are the most

In recent years, the incidence of allergic diseases has increased
to such a point that they have become common and have
reached epidemic levels. Approximately 20%-30% of the
world’s population suffers from allergic diseases. The mecha-
nisms of allergy formation and maintenance are extremely
complicated. The specific pathogenesis of these diseases
remains unclear, and no method that can completely cure
them has been developed thus far. These limitations pose
severe challenges to research on these diseases and their clini-
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common in clinical settings. Type I allergies are also called
allergic reactions, which are an immediate type and mediated
by immunoglobulin E (IgE-dependent).!

As the main response cells in allergic diseases, mast cells
(MCs) can degranulate to release allergic mediators, such as
histamine (HA), p-hexosaminidase (f-Hex), 5-hydroxytrypta-
mine (5-HT), and prostaglandins, all of which can cause aller-
gic diseases. The stimuli that induce MC degranulation can be
divided into two categories: immune stimuli and nonimmune
stimuli. Immune stimuli are mainly caused by specific anti-
gens, such as the binding of IgE and FceR I to induce MC
degranulation. By comparison, nonimmune stimuli, such as
compound 48/80 (C48/80), can directly activate MC degranula-
tion, resulting in clinical symptoms similar to those of type I
allergies, which are called pseudoallergic reactions.
Pseudoallergic reactions are mediated through an IgE-indepen-
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dent method. Pseudoallergic reactions belong to the scope of
adverse drug reactions, a topic that has recently received
increased attention.

In terms of mechanism, the occurrence of type I allergies is
mediated by immune mechanism. Type I allergies do not
appear to be related to dosage, and they do not respond to the
first administration of anti-allergy drugs. Pseudoallergic reac-
tions are a non-antigen antibody binding reaction caused by
the direct stimulation or activation of the release of inflamma-
tory mediators by anti-allergy drugs. This type of reaction has a
certain relationship to dosage and can occur at the first admin-
istration of the drug. The mechanism of pseudoallergic reac-
tions remains unclear.>? In clinical treatment, pseudoallergic
reactions are often confused with allergic reactions. Although
the mechanisms of the two are different, pseudoallergic reac-
tions and type I allergies are both related to the degranulation
of MC and basophils to release HA and other biologically
active mediators. Both of them belong to immediate allergic
reactions, and they require considerably different clinical pre-
vention and treatment strategies. Therefore, clarifying the
nature and characteristics of allergic reactions is very impor-
tant to ensure the safety of clinical drugs. Glucocorticoids and
antihistamines are often used to treat allergic diseases, but
they have short curative effects and results in many adverse
reactions. Therefore, the characteristics of traditional Chinese
medicines with multiple targets, multiple curative effects, and
few adverse reactions have attracted increased attention.
Traditional Chinese medicines have a long history of being
used to treat allergic diseases. However, owing to the complex
chemical components and pharmacological effects of tra-
ditional Chinese medicines, their specific active ingredients
and mechanisms remain unknown. This gap in research poses
a huge challenge in studying the mechanisms of traditional
Chinese medicines for the treatment of allergic reactions. In
recent years, as traditional Chinese medicines are comprehen-
sively explored and with the development of related techno-
logies, the use of traditional Chinese medicines for the treat-
ment of allergic diseases has gained traction. Various tra-
ditional Chinese medicines and their extracts, such as polyda-
tin, glycyrrhizic acid, and quercitrin, have been found to have
therapeutic effects on allergic reactions.* ® Traditional Chinese
medicines offer a huge potential to the research and develop-
ment of new drugs. Moreover, they have good application pro-
spects in the treatment of allergic diseases. Nevertheless,
numerous traditional Chinese medicines and ingredients with
anti-allergic activity have yet to be explored, among which is
paeoniflorin (Pae), which has anti-inflammatory and immuno-
modulatory effects.

Paeoniae Rubra Radix is the dried roots of Paeonia lactiflora
Pall or Paeonia veitchii Lynch of Family Ranunculaceae.
Paeoniae Rubra Radix is listed by the National Health
Commission of the People’s Republic of China as one of the
traditional Chinese medicines that can be used as a dietary
supplement. It has a long history of application and a wide
range of uses. Paeoniae Rubra Radix contains terpenoids and
their glycosides, flavonoids and their glycosides, and other
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chemical components, and its main active ingredient is Pae.”
Research on the chemical components and immunomodula-
tory and anti-inflammatory mechanisms of Paeoniae Rubra
Radix mainly focuses on Pae, which has various effects, such
as anti-inflammatory and immunomodulatory effects, seda-
tion, analgesia, and improvement of cognitive ability.®'" In
addition, Pae is one of the monomer components in the
classic prescription of Siwu Decoction, Shaoyao Gancao
Decoction, and Xiaoqinglong Decoction for the treatment of
allergic diseases. Thus, Pae may have anti-allergic effects.
Several studies reported that Pae can inhibit type I allergies
and pseudoallergic reactions. However, the use of Pae for the
treatment of these diseases has not been compared and sys-
tematically analyzed; moreover, its in-depth pharmacological
mechanism must be further explored."*"?

In this study, we used DNP-IgE/DNP-BSA and C48/80 to
induce MCs degranulation in a passive cutaneous anaphylaxis
(PCA) mouse model and in RBL-2H3 cells both in vivo and
in vitro to simulate the processes of type I allergies and pseu-
doallergic reactions, respectively. The therapeutic effects of
Pae on these diseases and its molecular mechanism were
investigated. Results showed that Pae exerts an inhibitory
effect on the degranulation of IgE-dependent and IgE-indepen-
dent cells, indicating that this compound has notable thera-
peutic effects on type I allergies and pseudoallergic reactions.
Therefore, Pae can be potentially developed as an anti-allergy
drug.

2. Materials and methods

2.1. Materials and reagents

DNP-IgE, (C48/80, 4-nitrophenyl-N-acetyl-p-p-galactosaminide
and ketotifen fumarate were purchased from Sigma (St Louis,
MO, USA). DNP-BSA purchased from Biosearch (Petaluma, CA,
USA). RNAiso Plus, PrimeScript™ RT reagent Kit with gDNA
Eraser, TB Green® Premix Ex Taq™ II were purchased from
Takara (Beijing, China). AO/EB kit, CCK-8 Kkit, toluidine blue
staining kit, BCA protein assay kit, primers and Evans Blue
were purchased from Shenggong Biological Engineering
Company (Shanghai, China).

Fluo-4, F-127, DMEM medium and paeoni-
florin (Purity > 98%) were purchased from Solarbio Science &
Technology Company (Beijing, China). Primary and secondary
antibodies were purchased from Biosynthesis Biotechnology
Company (Beijing, China). Fetal bovine serum was purchased
from Invitrogen (Carlsbad, CA, USA). PVDF membrane and
ECL kit were purchased from were purchased from Thermo
Fisher Scientific Inc. (Waltham, MA, USA).

Rat basophilic leukemia cell line 2H3 (RBL-2H3) were
obtained from the Cell Resource Center, Shanghai Institutes
for Biological Sciences, Chinese Academy of Sciences
(Shanghai, China). Female Kunming mice (SPF-grade, 6-8
weeks old, 35-40 g) were purchased from Beijing Vital River
Laboratory Animal Technology Company (Beijing, China). All
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mice were housed in the University Laboratory Animal Center,
and this study was performed in strict accordance with the
NIH Guidelines for the Care and Use of Laboratory Animals
(NIH Publication no. 85-23 Rev.1985). The experimental proto-
cols for using mice were approved by the Animal Ethics and
Welfare Committee at Hebei University, Baoding, China
(Permit Number: SYXK 2017-002).

2.2 Cell culture

DMEM medium (containing 10% fetal bovine serum, 100 U
mL~" penicillin and 100 pg mL™" streptomycin) was used to
culture RBL-2H3 cells. The cells were cultured in a 37 °C, 5%
CO, incubator.

2.3 Cell viability assay

RBL-2H3 cells (1 x 10° cells per mL) were grown in 96-well
plates with 100 pL per well. Normal group: cultured-with cells,
and treated without Pae. Pae group: cultured with cells, and
treated with Pae. Blank group: cultured without cells, and
treated without Pae, and each group was designed in quintu-
plicate. After 24 h, the old medium was discarded, and the
complete medium containing different concentrations of Pae
(0.5, 2.5, 5, 25, 50, 125, 250 pg mL™") was added to the Pae
group. After 23 h, each group added 10 pL of CCK-8 reagent
and reacted for 1 h, and the absorbance was measured at
405 nm by using the microplate reader (Bio-Rad, Hercules,
USA).

Cell survival rate(%) = (Pae group OD value
— Blank group OD value)/(Normal group OD value
— Blank group ODvalue) x 100%

2.4 Toluidine blue staining assay

RBL-2H3 cells (6 x 10° cells per mL) were grown in 24-well
plates with 1 mL per well. Normal group: cell sensitization, no
stimulation, no treatment with Pae or ketotifen fumarate
(Keto). Model group: cell sensitization, stimulation, no treat-
ment with Pae or Keto. Pae group: cell sensitization, stimu-
lation, Pae concentration was 0.5, 2.5, 5 pug mL™". Keto group:
cell sensitization, stimulation, Keto concentration was 25 pg
mL~", and each group was designed in triplicate. After 24 h,
the cells were washed with PBS. Each well was sensitized by
adding 500 pL of DNP-IgE (0.2 pg mL™"). After 12 h, Pae and
Keto group were replaced with 1 mL of the corresponding con-
centration of the drug respectively, and the rest of the group
was replaced with the same amount of complete medium.
After 1 h, the cells were washed with PBS. Except for Normal
group, 200 pL of DNP-BSA (0.4 pg mL™") was added for stimu-
lation, and Normal group was added with the same amount of
PIPES buffer (subsequent experiment operation was the same).
After 1 h, the reaction was terminated by ice bath for 10 min.
Cell morphology was measured by using the toluidine blue
staining kit according to the instructions.
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2.5 p-Hex release assay

2.5.1 Induced by DNP-IgE/DNP-BSA. RBL-2H3 cells (3.5 x
10> cells per mL) were grown in 24-well plates with 1 mL per
well. Negative control group: no sensitization, no stimulation,
and the concentration was the same as that of the Pae or Keto
group. The rest of the groups were the same as 2.4, and each
group was designed in triplicate. After 24 h, the cells were
washed with PBS. Except for Negative control group, each
group was sensitized with 500 pL of DNP-IgE (0.2 pg mL™"),
and Negative control group was added with the same amount
of complete medium. After 12 h, Negative control group, Pae
group and Keto group were replaced with 1 mL of the drug
respectively. After 1 h, the cells were washed with PBS. Model
group, Pae group and Keto group were stimulated with 200 pL
of DNP-BSA (0.4 pg mL™"), and the other groups were given the
same amount of PIPES buffer. After 1 h, the reaction was ter-
minated by ice bath for 10 min. The supernatant was taken
and centrifuged at 3000 rpm for 5 min. 50 pL of supernatant
from each group was transferred to a 96-well plate, and 50 pL
of chromogenic solution (1 mmol L™" 4-nitrophenyl-N-acetyl-
B-p-galactosaminide, pH = 4.5) was added. After 1 h, added
200 pL of stop solution (Na,CO3;/NaHCO;, pH = 10.7) to each
well. The absorbance was measured at 405 nm.

p-Hexrelease rate(%) = (Drug group OD value
— Negative control group OD value)/(Model group OD value
— Normal group OD value) x 100%

2.5.2 Induced by C48/80. Cell culture was the same as
2.5.1. Normal group: added DMSO. Model group: added C48/
80; Pae group: Pae concentration was 0.5, 2.5, 5 ug mL™*, and
added C48/80. Keto group: Keto concentration was 25 pg
mL~", and added C48/80. Negative control group: the same
concentration as the Pae group or Keto group, and added
DMSO, and each group was designed in triplicate. After 24 h,
the cells were washed with PBS. Negative control group, Pae
group and Keto group were replaced with 1 mL of the drug
respectively. After 1 h, the cells were washed with PBS. Model
group, Pae group and Keto group were added with 200 pL of
C48/80 (20 pg mL™"), and the other groups were added with
200 pL of 2% DMSO. After 30 min, the reaction was terminated
by ice bath for 10 min. The rest of the experiment steps were
the same as section 2.5.1.

2.6 HA release assay

2.6.1 Induced by DNP-IgE/DNP-BSA. RBL-2H3 cells (3.5 x
10° cells per mL) were grown in 24-well plates with 1 mL per
well. The method of cell culture and grouping was the same as
2.4. After 24 h, the cells were washed with PBS. Each group was
sensitized with 500 pL of DNP-IgE (0.2 pg mL ™). After 12 h,
Pae and Keto group were replaced with 1 mL of the corres-
ponding concentration of the drug respectively. Except for
Normal group, 200 pL of DNP-BSA (0.4 pg mL ") was added for
stimulation. After 30 min, the reaction was terminated by ice
bath for 10 min. HA release rate was measured by using the rat
histamine ELISA kit according to the instructions.
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2.6.2 Induced by C48/80. Cell culture was the same as
2.6.1. Normal group: added DMSO. Model group: added C48/
80; Pae group: Pae concentration was 0.5, 2.5, 5 pg mL™, and
added C48/80. Keto group: Keto concentration was 25 ug
mL™", and added C48/80, and each group was designed in
triplicate. After 24 h, the cells were washed with PBS. Pae
group and Keto group were replaced with 1 mL of the drug
respectively. After 1 h, except for Normal group, 200 pL of C48/
80 (20 pg mL™") was added. After 30 min, the reaction was ter-
minated by ice bath for 10 min. The rest of the experiment
steps were the same as section 2.6.1.

2.7 Apoptosis assay

2.7.1 Induced by DNP-IgE/DNP-BSA. RBL-2H3 cells (1 x 10°
cells per mL) were grown in 6-well plates with 2 mL per well.
The method of cell culture and grouping was the same as 2.4.
After 24 h, the cells were washed with PBS. Each group was
sensitized with 1 mL of DNP-IGE (0.2 pg mL ™). After 12 h, Pae
and Keto group were replaced with 2 mL of the corresponding
concentration of the drug respectively. Except for Normal
group, 400 pL of DNP-BSA (0.4 pg mL™") was added for stimu-
lation. After 1 h, the reaction was terminated by ice bath for
10 min. The cells were washed with PBS, stained the cells
according to the instructions of the AO/EB kit, and observed
with the fluorescence microscope (IX5, Olympus, Tokyo,
Japan). Randomly observed and recorded 300 cells in 5 fields
of view. Normal cells (VN): the nucleus is green with normal
structure. Early apoptotic cells (VA): the nucleus is green with
abnormal structure. Late apoptotic cells (NVA): the nucleus is
orange-red with abnormal structure. Necrotic cell (NVN): The
nucleus is orange-red with normal structure.

Apoptosis rate(%)
— (VA + NVA)/(VN + VA + NVA + NVN) x 100%

2.7.2 Induced by C48/80. The cell culture was the same as
section 2.7.1, and the grouping was the same as section 2.6.2.
After 24 h, the cells were washed with PBS. Pae group and Keto
group were replaced with 2 mL of the drug respectively. After
1 h, except for Normal group, 400 pL of C48/80 (20 pg mL™")
was added. After 30 min, the reaction was terminated by ice
bath for 10 min. The remaining steps were the same as section
2.7.1.

2.8 Ca”' concentration assay

2.8.1 Induced by DNP-IgE/DNP-BSA. RBL-2H3 cells (2.5 x
10° cells per mL) were grown in 12-well plates with 2 mL per
well. The method of cell culture and grouping was the same as
2.4. After 24 h, the cells were washed with PBS. Each group was
sensitized with 500 pL of DNP-IgE (0.2 pg mL™'). After 12 h,
Pae and Keto group were replaced with 2 mL of the corres-
ponding concentration of the drug respectively. After 1 h, the
cells were washed with HBSS. Each group added 200 pL of
HBSS (4 pM Fluo-4, AM). After 20 min, added 1 mL of HBSS
(1% fetal bovine serum). After 40 min, except for Normal
group, 200 pL of DNP-BSA (0.4 pg mL™") was added for stimu-
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lation. Then immediately observed the fluorescence at 494 nm
and photographed by the fluorescence microscope.

2.8.2 Induced by C48/80. The cell culture was the same as
section 2.8.1, and the grouping was the same as section 2.6.2.
After 24 h, the cells were washed with PBS. Pae group and Keto
group were replaced with 2 mL of the drug respectively. After
1 h, except for Normal group, 200 pL of C48/80 (20 pg mL™")
was added. After 30 min, the cells were washed with HBSS.
The remaining steps were the same as section 2.8.1.

2.9 Western blot analysis

RBL-2H3 cells (5 x 10> cells per mL) were grown in 6-well
plates with 2 mL per well. The method of cell culture and
grouping was the same as section 2.4. After 24 h, the cells were
washed with PBS. Each group was sensitized with 1 mL of
DNP-IgE (0.2 pg mL™"). After 12 h, Pae and Keto group were
replaced with 2 mL of the corresponding concentration of the
drug respectively. Except for Normal group, 400 pL of DNP-BSA
(0.4 ug mL™") was added for stimulation. After 30 min, the
protein was extracted and the total protein concentration was
measured by the BCA protein assay kit. Lyn, p-Lyn, Syk, p-Syk
and f-actin were used as primary antibodies, and HRP-conju-
gated goat anti-rabbit IgG was used as secondary antibodies.
ChemiDoc Imaging System (Bio-Rad, Hercules, USA) was used
for imaging, and Image ] software was used for densitometry
analysis.

2.10 gPCR

The steps were the same as 2.9. After 1 h of stimulation, the
reaction was terminated by ice bath for 10 min. RNAiso Plus
kit extracted total RNA, and PrimeScript™ RT reagent Kit with
¢DNA Eraser removed genomic DNA from RNA and performed
reverse transcription. Used TB Green® Premix Ex Taq™ II for
qPCR reaction. (Pre-denaturation: 95 °C, 30 s. PCR reaction:
95 °C, 5 s;5 60 °C, 30 s; 72 °C, 30 s; 40 cycles. Dissolution curve
analysis: 95, 15 s; 55 °C, 15 s; 95 °C, 15 s). The primer design
was as follows:

(1) Lyn-F: GCAGAGGGAATGGCATACATC, Lyn-R: GCAAGGC-
CAAAATCTGCAA;

(2) Syk-F: ACAATGGACTGAACCCTG, Syk-R: AGTAGCCTGA-
GCCAAGAA;

(3) Fyn-F: ACCACCAAAGGTGCCTACTC, Fyn-R: ATGTAGTA-
CCCGCCGTTGT;

(4) PLCy-F: GGACTATGGTGGGAAGAAGC, PLCy-R: TTT-
GCCCTCAGGACGAAT;

(5) PI3K-F: ATACTTGATGTGGCTGACG; PI3K-R: CAATA-
GGTTCTCGGCTTT;

(6) Akt-F: TGGCACCGTCCTTGATACCC, Akt-R: CACGA-
CCGCCTCTGCTTTGT;

(7) p38-F: GGACCTAAAGCCCAGCAA, p38-R: CAGCC-
CACGGACCAAATA;

(8) ERK-F: TCTCCCGCACAAAAATAAG, ERK-R: GGAAG-
GGGACAAACTGAAT;

(9) JNK-F: ACAATGGACTGAACCCTG, JNK-R: AGTAGCC-
TGAGCCAAGAA;

This journal is © The Royal Society of Chemistry 2021
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(10) p65-F: AACACTGCCGAGCTCAAGAT, p65-R: CATCGGC-
TTGAGAAAAGGAG;

(11) IL-4-F: ACGGAGATGGATGTGCCAAAC, IL-4-R: AGCACC-
TTGGAAGCCCTACAGA;

(12) IFN-y-F: CGGCACAGTCATTGAAAGCCTA, IFN-y-R: GGC-
ACCACTAGTTGGTTGTCTTTG;

(13) ORAI-1-F: CCATTCTCTAACACCGGGCA, ORAI-1-R:
GGTCATGGGGAAGGGCATAA;

(14) ORAI-2-F: CCATGAGTGCCGAGCTCAAT, ORAI-2-R:
TGGTGGTTGGATGTGACCAG;

(15) GAPDH-F: CCCACTAACATCAAATGGGG, GAPDH-R:
CCTTCCACAATGCCAAAGTT.

2.11 Passive cutaneous anaphylaxis

2.11.1 Induced by DNP-IgE/DNP-BSA. Female Kunming
mice were randomly divided into 6 groups: Normal group,
Model group, Pae group (25, 50, 100 mg kg™ ') and Keto group
(20 mg kg™"). DNP-IZE (0.5 pg) was intradermally injected into
in the right ear, right paw and back skin of mice in Model
group, Pae group and Keto group for sensitization, and the
mice in Normal group were injected with the same volume of
PBS. After 24 h, the Pae group and Keto group were given
corresponding doses of drugs according to the body weight of
mice. The other groups were given the corresponding volume
of normal saline. After 1 h, except for Normal group, mice
were intravenously injected with 200 pL of PBS (containing
0.5 mg of DNP-BSA and 1% Evans Blue). After 30 min, the
mice were euthanized and photographed. Recorded the extra-
vasation of Evans Blue from the ears, paws and back skin. The
pigmented areas in ears of the same size around the injection
site were taken, and the thickness was measured by vernier
caliper and the degree of ear swelling was calculated. The
balance weighed the weight of the paw after stimulation and
the degree of paw swelling was calculated. Recorded the extra-
vasation diameter of Evans Blue on the back skin.
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The ears were soaked in 200 pL of formamide and placed in
water bath at 85 °C for 2 h. Then, it was centrifuged at 3000
rpm for 10 min, and the supernatant was taken to detect the
absorbance at 620 nm. Cut the pigmented areas in paws and
back skin of the same size around the injection site, and dried
them at 60 °C for 24 h. Soaked them in 1 mL of formamide
and placed them in a water bath at 85 °C for 2 h, centrifuge at
3000 rpm for 10 min, and the supernatant was taken to detect
the absorbance at 620 nm.

Ear swelling(%) = (right ear thickness
— left ear thickness)/left ear thickness
x 100%

Paw swelling(%) = (right paw weight
— left paw weight) /left paw weight x 100%

2.11.2 Induced by C48/80. The grouping of mice was the
same as section 2.11.1, and the Pae group and Keto group were
given corresponding doses of drugs according to the body
weight of mice. The other groups were given the corresponding
volume of normal saline. After 1 h, C48/80 (50 pg) was intrader-
mally injected into in the right ear, right paw and back skin of
mice in Model group, Pae group and Keto group, and the mice
in Normal group were injected with the same volume of PBS.
After 20 min, except for Normal group, mice were intravenously
injected with 200 pL of PBS (containing 1% Evans Blue). After
30 min, the mice were euthanized, and the remaining oper-
ations and detection indicators were the same as section 2.11.1
(the process of animal experiments was shown in Fig. 1).

2.12 Statistical analysis

Results were expressed as the mean + standard deviation (SD).
A one-way analysis of variance (ANOVA) in SPSS 17.0 software
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was used to assess significant differences between groups. p <
0.05 has a significant difference.

3. Results
3.1 Effects of Pae on the proliferation activity of RBL-2H3 cells

When the concentration of Pae was 0.5-5 ug mL™", it had no
remarkable effect on cell proliferation. However, when the con-
centration of Pae was >25 pg mL™", it had a substantial inhibi-
tory effect on cell proliferation. As its concentration further
increased, its inhibitory effect also increased (Fig. 2). On the
basis of the results, the concentrations of Pae selected for sub-
sequent experiments were 0.5, 2.5, and 5 ug mL ™",

3.2 Pae can inhibit morphological changes in RBL-2H3 cells
during degranulation

Toluidine blue can bind to the nucleus of MCs and their par-
ticles to show different colors, a feature that can be used to
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Fig. 2 Effects of Pae on the proliferation of RBL-2H3 cells (n = 3).
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judge the degree of MCs degranulation. MCs in the normal
group were normal fusiform, blue-purple, and darkest in color.
After degranulation, the cells in the Model group showed irre-
gular shapes and became lighter in color. In the Pae group,
the number of irregular cells were reduced, and the color of
the cells became darker in a dose-dependent manner (Fig. 3),
among which the morphology of MCs in the 2.5 and 5 pg
mL™" Pae groups was similar to that of the positive control

group (Keto group).

3.3 Pae can inhibit the release of f-Hex from RBL-2H3 cells
induced by DNP-IZE/DNP-BSA and C48/80

DNP-IgE/DNP-BSA induction. The f-Hex release rate of the
Model group was taken as the base. After treatment with 0.5,
2.5, and 5 pg mL™' Pae, the p-Hex release rate was 55.34%,
45.77%, and 22.00%, respectively, which were significantly
lower than those in the Model group (p < 0.01) in a dose-
dependent manner. After treatment with Keto, the p-Hex
release rate was 65.44% (Fig. 4A), indicating that the inhibitory
effects of Pae at different concentrations were significantly
stronger than those of the Keto group (p < 0.01).

C48/80 induction. The p-Hex release rate of the Model group
was taken as the base. After treatment with 0.5, 2.5, and 5 pg
mL™" Pae, the p-Hex release rate was 65.24%, 27.41%, and
21.57%, respectively, which were significantly lower than those
in the Model group (P < 0.01) in a dose-dependent manner.
After treatment with Keto, the p-Hex release rate was 67.89%
(Fig. 4B). The inhibitory effects of 0.5 pg mL™" Pae were close
to those of the Keto group, whereas the effects of 2.5 and 5 pg
mL™" Pae were significantly stronger than those of the Keto

group (p < 0.01).

3.4 Pae can inhibit the release of HA from RBL-2H3 cells
induced by DNP-IgE/DNP-BSA and C48/80

DNP-IgE/DNP-BSA induction. The amount of HA released in
the Model group was 37.43 ng mL™", which was significantly

Fig. 3 Effects of Pae on the degranulation of RBL-2H3 cells by toluidine blue staining (n = 3).
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Fig. 4 Effects of Pae on the release of p-Hex and HA from RBL-2H3 cells(n = 3). (A) Induced by DNP-IgE/DNP-BSA ($-Hex); (B) induced by C48/80
(B-Hex); (C) induced by DNP-IgE/DNP-BSA (HA); (D) induced by C48/80 (HA). **p < 0.01 vs. Keto; **p < 0.01 vs. Model.

higher than the amount of HA released in the normal group
(11.87 ng mL™", p < 0.01). After treatment with 0.5, 2.5, and
5 ug mL™" Pae, the amount of HA released decreased to 29.3,
17.55, and 16.16 ng mL™", respectively, which were signifi-
cantly lower than those in the Model group (p < 0.01) in a
dose-dependent manner. After treatment with Keto, the
amount of HA released was 15.52 ng mL™" (Fig. 4C). The
inhibitory effects of 2.5 and 5 pg mL™" Pae were close to those
of the Keto group.

C48/80 induction. The amount of HA released in the Model
group was 35.67 ng mL™", which was significantly higher than
that released in the normal group (14.47 ng mL™", p < 0.01).
After treatment with 0.5, 2.5, and 5 pg mL™" Pae, the amount
of HA released decreased to 24.93, 17.13, and 17.33 ng mL ™",
which were significantly lower than those in the Model group
(p < 0.01) in a dose-dependent manner. After treatment with
Keto, the amount of HA released was 16.07 ng mL™" (Fig. 4D).
The inhibitory effects of 2.5 and 5 ug mL™" Pae were close to
those of the Keto group.

3.5 Pae can inhibit RBL-2H3 cell apoptosis induced by
DNP-IgE/DNP-BSA and C48/80

DNP-IgE/DNP-BSA induction. Examination of the MCs
under a fluorescence microscope revealed that the apoptosis
rate of the normal group was 3.33%, and the cell structure was
normal with green fluorescence. After sensitization and stimu-
lation, the apoptosis rate significantly increased to 50.33%,
which was significantly higher than that in the normal group

This journal is © The Royal Society of Chemistry 2021

(p < 0.01), and the cell structure became abnormal with green
or orange fluorescence. After treatment with 0.5, 2.5, and 5 pg
mL™" Pae, the apoptosis rate significantly decreased to
44.33%, 37.00%, and 22.67%, respectively, which were signifi-
cantly lower than those in the Model group (p < 0.01) in a
dose-dependent manner. The apoptosis rate in the Keto group
was 26.33% (Fig. 5 and 6). Treatment with 5 pg mL™" Pae had
a significantly stronger inhibitory effect than Keto treatment
(p <0.01).

C48/80 induction. The apoptosis rate of the normal group
was 5.67%, and the cell structure was normal with green fluo-
rescence. After sensitization and stimulation, the apoptosis
rate significantly increased to 51.67%, which was significantly
higher than that in the normal group (p < 0.01), and the cell
structure became abnormal with green or orange fluorescence.
After treatment with 0.5, 2.5, and 5 ug mL™" Pae, the apoptosis
rate significantly decreased to 41.00%, 34.67%, and 17.33%,
respectively, which were significantly lower than those in the
Model group (p < 0.01) in a dose-dependent manner. The
apoptosis rate of the Keto group was 24.67% (Fig. 7 and 8).
Treatment with 5 pg mL™" Pae had a significantly stronger
inhibitory effect than Keto treatment (p < 0.01).

3.6 Pae can reduce the Ca*' concentration of RBL-2H3 cells
induced by DNP-IgE/DNP-BSA and C48/80

DNP-IgE/DNP-BSA or C48/80 induction. The Ca** concen-
tration in the normal group was extremely low. After sensitiz-
ation and stimulation, Fluo-4 combined with intracellular free
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Fig. 5 Effects of Pae on apoptosis of RBL-2H3 cells induced by DNP-IgE/DNP-BSA (n = 3).
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Fig. 6 Effects of Pae on apoptosis rate of RBL-2H3 cells induced by
DNP-IgE/DNP-BSA (n = 3). #p < 0.01 vs. Control; **p < 0.01 vs. Model;
**p < 0.01 vs. Keto.

Ca®" to show green fluorescence, and the Ca®" concentration
substantially increased. After treatment with Pae, the concen-
tration of Ca®" considerably decreased in a dose-dependent
manner (Fig. 9 and 10). The concentration of Ca®>" was close
after treatment with 5 pg mL™" Pae and Keto.

3.7 Pae can inhibit the phosphorylation of Lyn and Syk
proteins during RBL-2H3 cell degranulation induced by
DNP-IgE/DNP-BSA

As shown in Fig. 11, the phosphorylation levels of Lyn and Syk
in the normal group were extremely low. After sensitization
and stimulation, the phosphorylation levels significantly
increased and was significantly higher than those in the

Food Funct.

normal group (p < 0.01). After treatment with 0.5, 2.5, and 5 pg
mL™" Pae, the phosphorylation levels of Lyn and Syk decreased
in a dose-dependent manner. Compared with the Model
group, treatment with 2.5 and 5 pg mL™" Pae had significant
differences (p < 0.01). The phosphorylation levels of Lyn and
Syk remarkably decreased after Keto treatment. The inhibitory
effects of 5 pg mL™" Pae on the phosphorylation level of Lyn
was similar to that in the Keto group.

3.8 Effects of Pae on gene expression during RBL-2H3 cell
degranulation induced by DNP-IgE/DNP-BSA

3.8.1 Pae can inhibit the expression of Lyn, Syk, Fyn and
PLCy genes in the IgE signaling pathway. PCR revealed that
Pae inhibited the expression levels of the Lyn, Syk, Fyn, and
PLCy genes during the degranulation of RBL-2H3 cells
induced by DNP-IgE/DNP-BSA in a dose-dependent manner
(Fig. 12). The inhibitory effects of 5 pg mL™"' Pae on Syk, Fyn,
and PLCy were stronger than those of the Keto group.

3.8.2 Pae can inhibit the expression of the key genes in the
PI3K/Akt, MAPK, and NF-xB signaling pathways. Results
showed that Pae inhibited the expression levels of the PI3K,
Akt, ERK, JNK, p38, and p65 genes during the degranulation of
RBL-2H3 cells induced by DNP-IgE/DNP-BSA. Except for Akt
and ERK, the inhibition of the genes’ expression levels
occurred in a dose-dependent manner (Fig. 13). The inhibitory
effects of 5 ug mL™"' Pae on ERK, p38, and p65 were stronger
than those of the Keto group.

3.8.3 Pae can inhibit the expression of ORAI-1 and ORAI-2.
Pae inhibited the expression levels of the ORAI-1 and
ORAI-2 genes during the degranulation of RBL-2H3 cells
induced by DNP-IgE/DNP-BSA in a dose-dependent manner
(Fig. 14A and B).

3.8.4 Effects of Pae on the expression of IFN-y and IL-4.
Pae inhibited the expression of the IL-4 gene during the degra-

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Effects of Pae on apoptosis rate of RBL-2H3 cells induced by
C48/80 (n = 3). *#p < 0.01 vs. Control; **p < 0.01 vs. Model; **p < 0.01
vs. Keto.

nulation of RBL-2H3 cells induced by DNP-IgE/DNP-BSA in a
dose-dependent manner. The inhibitory effects of 2.5 and 5 pg
mL™" Pae were substantially stronger than those of the Keto
group. However, the inhibitory effects of Pae on the expression
of the IFN-y gene was not obvious, and only 5 pg mL™" Pae had
a certain inhibitory effect (Fig. 14C and D).

3.9 Pae can inhibit the PCA of mice induced by DNP-IgE/
DNP-BSA and C48/80

3.9.1 PCA of the ear

DNP-IgE/DNP-BSA or C48/80 induction. As shown in Fig. 15
and 16, no Evans Blue extravasation appeared in the ears of
the mice in the normal group. By contrast, the Model group
had the highest Evans Blue extravasation. After treatment with
Pae, the content of Evans Blue decreased in a dose-dependent

This journal is © The Royal Society of Chemistry 2021

manner, which was significantly lower than that of the Model
group (p < 0.01). The inhibitory effects of 100 mg kg™" Pae
were significantly stronger than those of the Keto group (p <
0.01).

The results of ear swelling test showed that the swelling
decreased after treatment with Pae in a dose-dependent
manner, which was significantly lower than that of the Model
group (p < 0.01). The inhibitory effects of 50 and 100 mg kg™*
Pae were significantly stronger than those of the Keto group (p
<0.01).

3.9.2 PCA of the paw

DNP-IgE/DNP-BSA or C48/80 induction. As shown in Fig. 17
and 18, no Evans Blue extravasation appeared in the paws of
the mice in the normal group. By contrast, the Model group
had the highest Evans Blue extravasation. After treatment with
Pae, the content of Evans Blue decreased in a dose-dependent
manner, which was significantly lower than that of the Model
group (p < 0.05 or p < 0.01). The inhibitory effects of 100 mg
kg™ Pae were close to those of the Keto group.

The results of paw swelling test showed that the swelling
decreased after treatment with Pae in a dose-dependent
manner, which was significantly lower than that of the Model
group (p < 0.01). The inhibitory effects of 100 mg kg™" Pae
were close to those of the Keto group.

3.9.3 PCA of the back skin

DNP-IgE/DNP-BSA or C48/80 induction. As shown in Fig. 19
and 20, no Evans Blue extravasation was observed on the back
skin of the mice in the normal group. By contrast, a large area
of Evans Blue extravasation appeared on the back skin of the
Model group. After treatment with Pae, the diameter and
content of Evans Blue extravasation decreased in a dose-depen-
dent manner, which was significantly lower than that of the
Model group (p < 0.01). The inhibitory effects of 100 mg kg™
Pae were significantly stronger than those of the Keto group

(p <0.01).

Food Funct.


https://doi.org/10.1039/d1fo01421h

Published on 26 June 2021. Downloaded on 7/6/2021 4:12:49 AM.

View Article Online

Paper Food & Function

Comtrnd i (TR | Bt ZSpueiml

I¥djm [RLETIT
—_— —

[T AT EIE ] A LS Par Spe'ml.

1195@m b i Bl (BT

Fig. 9 Effects of Pae on the Ca®* concentration of RBL-2H3 cells induced by DNP-IgE/DNP-BSA (n = 3).
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Fig. 10 Effects of Pae on the Ca®* concentration of RBL-2H3 cells induced by C48/80 (n = 3).
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Fig. 11 Effects of Pae on the phosphorylation of Lyn and Syk proteins (n = 3). (A) Western blot detects the phosphorylation of Lyn and Syk proteins
in RBL-2H3 cells induced by DNP-IgE/DNP-BSA. (B) Results of density analysis. “*p < 0.01 vs. control; **p < 0.01 vs. Model.
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Fig. 12 Effects of Pae on the expression of Lyn, Syk, Fyn and PLCy genes in the IgE signaling pathway (n = 3). (A) Lyn; (B) Syk; (C) Fyn; (D)PLCy. ##
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Fig. 13 Effects of Pae on the expression of PI3K, Akt, ERK, JNK, p38 and p65 genes (n = 3). (A) PI3K; (B) Akt; (C) ERK; (D) INK; (E) p38; (F) p65. *#p <
0.01 vs. control; *p < 0.05, **p < 0.01 vs. Model; **p < 0.01 vs. Keto.

4. Discussion tion and anti-inflammatory effects are mainly attributed to

Pae; hence, this compound has been widely studied. Pae can
Paeoniae Radix Rubra is an edible Chinese medicine with reportedly protect the liver; has anti-inflammatory, immuno-
health benefits and therapeutic effects. Its immunomodula- modulation, and antitumor effects; can promote angiogenesis

This journal is © The Royal Society of Chemistry 2021 Food Funct.
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Fig. 15 Effects of Pae on Evans Blue extravasation and swelling in mouse ears induced by IgE (n = 6). (A) Evans blue extravasation in the ears; (B)

Evans blue content and swelling of ears.
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Fig. 16 Effects of Pae on Evans Blue extravasation and swelling in mouse ears induced by C48/80 (n = 6). (A) Evans blue extravasation in the ears;
(B) Evans blue content and swelling of ears. **p < 0.01 vs. Control; **p < 0.01 vs. Model; **p < 0.01 vs. Keto.

and tissue regeneration; and has good clinical treatment
effects on neurological diseases, such as Alzheimer’s disease,
depression, and epilepsy.”'® In addition, Pae is closely related
to the PI3K/Akt, NF-kB, and MAPK pathways, as well as other
signaling pathways associated with allergic reactions.
Moreover, Pae can regulate the balance of Th1/Th2. Thus, Pae
can be potentially used as a drug for the treatment of allergic
reactions. Previous studies on the mechanism by which Pae
inhibits MC degranulation have been conducted, but they all
have limitations, and the relevant mechanism has not been
sufficiently investigated. Therefore, the inhibitory effects and
the mechanism by which Pae acts on allergies must be com-
prehensively evaluated.'>

MCs are the main response cells regardless if the disease is
type I allergies or pseudoallergic reactions. The stimuli that
induce MCs degranulation can be divided into two categories:
immune stimuli and nonimmune stimuli. Immune stimuli
mainly include IgE, which degranulates MCs by binding to the
high-affinity receptor (FceR I). DNP-IgE/DNP-BSA is a com-
monly used sensitizer and stimulator that activates the IgE sig-
naling pathway to induce MCs degranulation.'® IgE contains
the Fc region, which can bind to FceR I on the surface of MCs
to sensitize the body. When stimulated by the corresponding
antigen again, the antigen can bind to IgE on the surface of
the sensitized MCs and cause cross-linking FceR I activation
and ITAM phosphorylation, both of which further activate the

This journal is © The Royal Society of Chemistry 2021

tyrosine kinase and downstream signaling pathways, leading
to MCs degranulation.

Nonimmune stimuli, such as Ca®" ionophores, C48/80, and
neuropeptides (substance P), can activate MCs. The Mas-
related G protein coupled receptor X (MRGPRX) may be the
receptor for nonimmune stimuli to activate MCs. This
MRGPRX family has only four genes in humans: MrgX1-X4.
McNeil*® found that the homologous gene of MRGPRX2 is
MRGPRB2 in the MCs of mice, and MRGPRB2 is a specific
molecule on MC membrane surface. Thus, it can be con-
sidered as the receptor for secretagogue and many drugs that
cause pseudoallergic reactions. This feature makes the recep-
tor a drug target. The preparation of small-molecule com-
pounds that block MRGPRX2 in humans can inhibit the aller-
gic reactions caused by various drugs. Nonimmune stimuli
can activate the G protein and continue to transmit signals
through its subunits a, p, and vy, eventually triggering MCs
degranulation."” Another possibility is that it activates phos-
pholipase y (PLCy) directly or indirectly, thereby activating
protein kinase C and opening the intracellular Ca** store-
house, both of which also trigger MCs degranulation."®>° C48/
80 is a synthetic polyamine compound produced by the con-
densation of formaldehyde and N-methyl-p-methoxyphenethyl-
amine. It is commonly used to stimulate MCs to produce aller-
gic mediators.”! It can release HA and other biologically active
mediators by binding to MRGPRX2 on the surface of basophils
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Fig. 17 Effects of Pae on Evans Blue extravasationand swelling in mouse paws induced by IgE (n = 6). (A) Evans blue extravasation in the paws; (B)
Evans blue content and swelling of paws. #**p < 0.01 vs. Control; *p < 0.05, **p < 0.01 vs. Model.

or MCs. This process is related to the pseudoallergic reactions
caused by drugs. In previous studies, C48/80 and PMACI were
used as stimulators to evaluate the inhibitory effects of Pae on
MCs degranulation. However, the mechanism is different from
that of IgE/FceR I, and it can only simulate cell degranulation
in pseudoallergic reactions.”>>* Therefore, in our study, the
two induction methods of DNP-IgE/DNP-BSA and C48/80 were
adopted to establish the model of MCs degranulation and
comprehensively explore the therapeutic effects of Pae on type
I allergies and pseudoallergic reactions.

RBL-2H3 cells possess the biological characteristics of MCs.
Thus, RBL-2H3 cells are used as the classic model for studying
degranulation reaction in vitro.>* Yu et al.”* and Wang et al.*®
adopted P815 and HMC-1 cells as in vitro models to assess the
inhibitory effects of Pae on MCs degranulation. However, the
content of IgE high-affinity receptor (Fcthe) in these two cells
was extremely low, and type I allergies were mediated by IgE.
Therefore, the role of Pae in the activated MCs line RBL-2H3
cells (containing numerous Fcmerouswas not elucidated.

Food Funct.

Zhang et al.'®> and Wang et al.'® chose LAD2 cells (human
MCs). Although mouse IgE can bind to human MCs, species-
specific interference can interfere with the degree of MCs
degranulation. Therefore, after considering various factors, we
finally chose RBL-2H3 cells as the cell model. The most
common method used in detecting degranulation involves
detecting changes in morphology, measuring the release of HA
and p-Hex, monitoring changes in Ca®" concentration, and
detecting cell apoptosis. To improve the reliability of the
results, we chose Keto as the positive control drug. It is the his-
tamine H1 receptor antagonist and has a strong anti-allergic
effect. It can inhibit the release of allergic mediators from MCs
and stabilize their membranes. Keto can also block Ca®" chan-
nels and inhibit IgE synthesis. Thus, it is often used as a posi-
tive control drug in anti-allergy experiments.>”

Mature MCs are round or oval, and their cytoplasm is filled
with particles that can be dyed blue-purple by toluidine blue,
such as heparin and HA. When MCs degranulation occurs, the
morphology of cells becomes irregular and particles are

This journal is © The Royal Society of Chemistry 2021
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Fig. 18 Effects of Pae on Evans Blue extravasation and swelling in mouse paws induced by C48/80 (n = 6). (A) Evans blue extravasation in the paws;
(B) Evans blue content and swelling of paws. ##p < 0.01 vs. Control; *p < 0.05, **p < 0.01 vs. Model; **p < 0.01 vs. Keto.

released, which can cause immediate allergic reactions.>® The
results of the present study demonstrated that Pae can inhibit
morphological RBL-2H3  cells during
degranulation.

f-Hex content substantially increases only when the body is
in an allergic state. Only MCs can release f-Hex, and it is often
accompanied with the release of HA; thus, it is usually used as a
marker of MCs degranulation.>”*® HA has a strong vasodilatory
effect and can increase vascular permeability, thereby causing
swelling of local tissues, which can cause allergic reactions.
Therefore, HA is also a marker of MCs degranulation.”*?° In
this experiment, Pae was found to inhibit the degranulation of
RBL-2H3 cells induced by DNP-IgE/DNP-BSA and C48/80 and
considerably reduce the release of HA and f-Hex in a dose-
dependent manner.

changes in

This journal is © The Royal Society of Chemistry 2021

The key factor that triggers MCs degranulation is the
increase in intracellular Ca®* concentration.>* The degranula-
tion induced by immune stimuli depends on the influx of
extracellular Ca*" into cells, a situation that increases intra-
cellular Ca®>" concentration. Simulatneously, inositol tripho-
sphate can also be generated to release the Ca** stored in
the endoplasmic reticulum, thereby increasing the level of
intracellular Ca®*.**> C48/80, a nonimmune stimuli, can act
on the MCs membrane and promote large amounts of Ca>*
to flow into cells from the outside, thereby causing MCs
degranulation and releasing large amounts of HA.*?
Therefore, the concentration of Ca®>" is often widely used as
a classic indicator of MCs degranulation. Fluo-4,AM is a fluo-
rescent probe that can penetrate cell membranes. It is com-
monly employed to detect the concentration of intracellular
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Fig. 19 Effects of Pae on Evans Blue extravasation and diameter in mouse back skin induced by IgE (n = 6). (A) Evans blue extravasation in the back
skin; (B) Evans blue content and diameter of back skin. *#p < 0.01 vs. Control; **p < 0.01 vs. Model; **p < 0.01 vs. Keto.

Ca®". The results of Fluo-4,AM staining showed that Ca>"
concentration substantially increased after DNP-IgE/DNP-BSA
and C48/80 were used. After Pae treatment, the concentration
of intracellular Ca** tended to decrease, suggesting that Pae
may inhibit the release of HA and f-Hex by regulating the
Ca*" concentration in MCs.

Pae can regulate the classic signalling pathways, such as
MAPK and PI3K/Akt, during the treatment of inflammation
and cancer; moreover, Pae can regulate cell proliferation and
apoptosis by regulating the activity of NF-«B.>*® In this study,
Pae was observed to inhibit RBL-2H3 cells apoptosis induced
by DNP-IgE/DNP-BSA and C48/80 to varying degrees.
Subsequent qPCR experiments suggested that Pae may affect
the PI3K/Akt, MAPK, and NF-kB signaling pathways by inhibit-
ing the expression of the PI3K, Akt, ERK, JNK, p38, and
p65 genes. These signaling pathways ultimately inhibit
RBL-2H3 cells apoptosis through extensive connections and
effects. Most previous reports on the relationship between Pae
and allergy only focused on showing the inhibitory effects of
this compound and lacked in-depth exploration of the under-
lying mechanism."”™'* However, the pathogenesis of allergy is
extremely complex, and more signaling pathways and mole-
cular mechanisms must be explored. To address these limit-
ations, we combined the results reported in the literature and

Food Funct.

conducted our own experiments to comprehensively analyze
the underlying mechanism. IgE/FceR I is a classic signaling
pathway that directly regulates type I allergies. It includes non-
receptor tyrosine kinases, such as Syk, Lyn, and Fyn. Lyn and
Syk participate in the activation of MCs as the initial signals of
the IgE/FceR I signaling pathway, and they are the key thera-
peutic targets for allergic diseases.>” Syk can amplify down-
stream cell signals, and activated Syk can further activate
certain adaptor proteins, such as LAT, thereby activating PLCy
and PI3K.’® The lack of LAT in MCs reportedly affects Ca>"
signal transduction, and MCs degranulation can be inhibited
by preventing the activation of PLCy.*® Recent studies showed
that Fyn also plays an important role in MCs degranulation
and is upstream of this signaling pathway.*® The cross-linking
of FceR I can also activate Gab2 on which Fyn depends, and
Gab2 can bind to PI3K. PI3K can then catalyze the synthesis
on the membrane of phosphatidylinositol (3,4,5)-bisphosphate
(PIP3), which is very important for the release of Ca*>".*' PIP3
is an activator of phosphoinositide-dependent kinase 1
(PDK1), and Akt can be activated by PDK1. This study found
that Pae inhibited the phosphorylation of the Lyn and Syk pro-
teins and the expression levels of the Lyn, Syk, Fyn, PLCy,
PI3K, and Akt genes during MCs degranulation, suggesting
that Pae can inhibit the IgE/FceR I and PI3K/Akt signaling

This journal is © The Royal Society of Chemistry 2021
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Fig. 20 Effects of Pae on Evans Blue extravasation content and diameter in mouse back skin induced by C48/80 (n = 6). (A) Evans blue extravasation
in the back skin; (B) Evans blue content and diameter of back skin. *#p < 0.01 vs. Control; *p < 0.05, **p < 0.01 vs. Model; **p < 0.01 vs. Keto.

pathways. We speculated that this inhibitory effect may
depend on changes in Ca®" concentration.

The Lyn-Syk kinase-dependent signaling pathway can
directly or indirectly activate the downstream classic signaling
pathways, such as MAPK and NF-kB.*> The MAPK cascade is
an important signaling pathway that regulates the immune
reaction, and it also regulates inflammation through close
contact with NF-kB.*> MAPK is a group of serine/threonine
protein kinases that can be activated by Ras, which is mainly
composed of three subunits, namely, JNK, ERK, and p38.**
They mediate extracellular and nuclear signal transduction,
promote MCs to secrete biologically active mediators, and
combine growth factors and cytokines to participate in allergic
reactions.*>*® NF-xB is a dimeric nuclear transcription factor
formed by heterologous or homologous proteins p50 and p65
in the Rel family, and it plays an important role in immune
and inflammatory reactions.*” Kee*®*° found that ginsenoside
Rg3 and the water extract of red ginseng can regulate the
expression of pro-inflammatory factors and chemokines
through the MAPK and NF-xB signaling pathways, thereby
inhibiting the occurrence of allergic reactions. Li’° revealed
that cornus can inhibit allergic reactions by downregulating
the MAPK and NF«B signaling pathways. Wang et al”
reported that Pae inhibits the activation of MCs by suppressing
the NF- of thways. Allergiing pathways from the perspective of

This journal is © The Royal Society of Chemistry 2021

anti-inflammatory effects. Yu et al.>* only clarified the inhibi-
tory effects of Pae on MCs activation by blocking the PI3K/
AKT/m-TOR signal pathway. Owing to the complexity of cell
signal networks involved in allergy, these results should only
be a part of the mechanism that plays a role in inhibition. The
results of qPCR in our study demonstrated that Pae can sub-
stantially inhibit the expression of the JNK, p38, and
p65 genes during the degranulation of RBL-2H3 cells.
However, the inhibitory effects on the expression of the ERK
gene was relatively weak, indicating that the inhibitory effects
of Pae may be selective. In summary, Pae exerted an inhibitory
effect on the key downstream genes of the IgE/FceR I signaling
pathway, indicating that Pae has multidimensional regulatory
mechanism on allergic reactions.

The imbalance of Th1/Th2 in the body and the predomi-
nance of Th2 cells are important characteristics of allergic
reactions.”™* IgE is a key factor in the occurrence of type I
allergies, and its synthesis is regulated by IL-4 and IFN-y. IL-4
is derived from Th2 cells and MCs, both of which can increase
the content of IgE in the body and eventually lead to allergic
reactions.>>* IFN-y, which is derived from Th1 cells, is related
to the degree of inflammation, and it can inhibit the functions
of IgE.>>® Chuang®” showed that when the body has allergic
symptoms, such as allergic asthma and allergic rhinitis, the
level of IL-4 substantially increases but the level of IFN-y
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decreases. The results of this study showed that Pae consider-
ably inhibited the expression of IL-4 but had almost no effect
on IFN-y expression. Therefore, Pae probably inhibited degra-
nulation by reducing the ratio of IL-4 to IFN-y, thereby regulat-
ing the Th1/Th2 balance. In addition, although the mecha-
nism by which Pae regulates the Th1/Th2 balance was
different from that by Keto, both of them inhibited MCs
degranulation.

C48/80 can combine with MRGPRX2 and MRGPRB3 (the rat
homologous gene of human MRGPRX2) to induce MCs
degranulation.’®*® MRGPRX2 can be specifically expressed on
the surface and plasma membrane of MCs.®® When MRGPRX2
is stimulated, the influx of Ca®" is the first response of MCs.*!
MRGPRX2 expressed on the surface and plasma membrane of
MCs may participate in MCs degranulation through Ca>* chan-
nels regulated by Ca® release-activated calcium channel
protein 1 (ORAI-1) and ORAI-2, respectively, and will eventually
trigger pseudoallergic reactions. The results of this study
showed that Pae notably inhibited the expression levels of
ORAI-1 and ORAI-2, and the inhibitory effects on the two
genes were similar. Therefore, Pae possibly inhibited the pseu-
doallergic reactions caused by the MRGPRB3 signaling
pathway by affecting the changes in Ca®>". However, research
on the MRGPRX2 signaling pathway is still ongoing. Thus, the
specific regulation process of Pae must be explored in depth.

PCA, which was first established by Ovary,*>® is often used
to evaluate the therapeutic effects of drugs on IgE-mediated
allergic reactions. This method is simple to operate and has a
high sensitivity and specificity. PCA is caused by allergens to
stimulate the body to increase vascular permeability and cause
swelling of local tissues, leading to allergic reactions of local
skin.®* Although many factors affect the results of PCA, such
as dose, frequency and route of sensitization, and animal
species, the PCA model is a classic animal model for evaluat-
ing the anti-allergic activity of drugs. Early studies that estab-
lished the PCA model confirmed that Keto has anti-allergic
activity.®®

According to different mechanisms of cell degranulation,
two induction methods, namely, DNP-IgE/DNP-BSA and C48/
80, were used to establish PCA models of the ear, paw and
back skin of mice. Zhang et al.'* established the model by one-
time injection of OVA, which is not consistent with the clinical
pathogenesis of allergy. As a result, this method is not widely
used. Zhang et al.'> only analyzed the PCA conditions of the
paw of mice. Our results showed obvious Evans Blue extravasa-
tion in the sensitized area of the Model group; this group had
the widest range, the darkest color, and the highest degree of
swelling, indicating that the local skin of the mice had allergic
reactions. Compared with the Model group, the diameter of
Evans Blue extravasation in the corresponding part of the Pae
group decreased, the color became lighter, the degree of swell-
ing decreased, and the dosage of Pae was positively correlated
with the anti-allergic effects. In addition, Pae had a strong
inhibitory effect on the two PCA models induced by DNP-IgE/
DNP-BSA and C48/80, further proving that Pae has an anti-
allergic activity.

Food Funct.

View Article Online

Food & Function

5. Conclusion

This study confirmed that Pae has therapeutic effects on type I
allergies and pseudoallergic reactions both in vitro and in vivo
through cell and animal models, respectively. Pae may regulate
the IgE/FceR I and MRGPRB3 signaling pathways, as well as
downstream signaling pathways, and regulate the body’s Th1/
Th2 balance, thereby exerting its therapeutic effects. Our find-
ings suggested that Pae has the potential as a therapeutic drug
for preventing or treating IgE-dependent and IgE-independent
allergic diseases. There is no doubt that in order to fully reveal
the mechanism of Pae, further in-depth research is needed.

Abbreviation

IgE Immunoglobulin E

MC Mast cells

HA Histamine

B-Hex B-Hexosaminidase

5-HT 5-Hydroxytryptamine

C48/80 Compound 48/80

Pae Paeoniflorin

PCA Passive cutaneous anaphylaxis

Keto Ketotifen fumarate

MRGPRX Mas related G protein coupled receptors X
PLCy Phospholipase y

1P3 Inositol triphosphate

PIP3 Phosphatidylinositol(3,4,5)-bisphosphate
PDK1 Phosphoinositide-dependent kinase 1

ORAI-1 Ca”" release-activated calcium channel protein 1
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