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ARTICLE INFO ABSTRACT

Keywords: Mast cells (MCs) are crucial effectors in inflammation and allergic reactions. The Mas-related G-protein-coupled
Nrf2 receptor X2 (MRGPRX2) was the MC-specific receptor and play a key role in IgE-independent allergic reactions.
Mast cell The activation of the Nuclear factor erythroid derived 2-related factor 2 (Nrf2) is involved in IgE-mediated MC
;e;é?ggl degranulation. Resveratrol (Res) is a polyphenolic compound in red wine and has been reported to exert a variety
of pharmacological effects. In the current study, we investigated the effect of Res in regulating MRGPRX2-
mediated MC activation and its underlying mechanism. We demonstrated that Res reduced compound 48/80
(C48/80)-induced calcium flux in MCs and inhibited MCs degranulation in vitro. Res also suppressed C48/80-
induced hind paw extravasation, active systemic anaphylaxis, and MCs degranulation in mouse models of
pseudo-allergy in vivo. Furthermore, PCR and immunohistochemistry assay suggest that Res up-regulates Nrf2
expression and Nrf2 inhibitor attenuates the protective effects of Res. In conclusion, Res exerts an inhibitory
effect on MRGPRX2-mediated MCs activation by targeting Nrf2 pathway and may present a promising new

therapeutic agent for the treatment of MRGPRX2-dependent anaphylactoid reactions.

1. Background

Anaphylaxis is a severe systemic hypersensitivity reaction which is
associated with skin, airways, conjunctiva and gastrointestinal tract
change [1]. Mast cells (MCs) are viewed as major effector cells in al-
lergies and anaphylaxis, which are widely distributed throughout vas-
cularized tissues, particularly near surfaces exposed to the external
environment. The activation of MCs leads to degranulation and secre-
tion of several biologically active products which participate in
inflammation and allergic reactions, such as histamine and tryptase [2].
IgE is thought to have a central role in MCs activation by cross-linking of
the high affinity FceRI [3]. In addition to FceRI, MCs also express Mas-
related G protein—coupled receptor X2 (MRGPRX2) for ligands as
diverse as neuropeptides (substance P, SP), morphine and compound
48/80 (C48/80) [4], which is related to pseudo-allergy or IgE-
independent allergy. MRGPRX2 were determined to be targets of
many commonly used small-molecule drugs associated with anaphy-
lactoid reactions, such as fluoroquinolones, antimicrobials and neuro-
muscular blocking drugs [5-7]. The signs and symptoms of allergy

produced by these drugs ranging from bronchoconstriction, hypoten-
sion, itching, cramping, diarrhea, or cutaneous wheal and flare re-
sponses, which are the same as those produced by C48/80 [8].
Furthermore, MRGPRX2 has also been reported to participate in asthma
and Chronic Urticaria [8,9].

Nuclear factor erythroid derived 2-related factor 2 (Nrf2) is one of
the most important regulators in cellular stress response against
inflammation and oxidative stress [10]. Recently, it was found to
modulate MRGPRX2-mediated human MC degranulation in the hair
follicle [11]. The Nrf2 target gene, heme-oxygenase 1 (HO-1), could
inhibit IgE-mediated degranulation of RBL-2H3 cells through bilirubin
[12-14]. Further, Nrf2/HO-1 pathway has been reported to be involved
in IgE-dependent allergy [15]. Therefore, Nrf2 becomes an attractive
target for the treatment of MC-mediated allergic disorders.

Resveratrol (trans-3, 5, 4'-trihydroxystilbene, Res) (Fig. 1A), a
polyphenolic compound especially abundant in grapes and red wine, has
been reported to exert a variety of pharmacological effects, including
antioxidative [16], anticancer [17], and neuroprotective properties
[18]. The safety, and pharmacokinetics of Res have been documented in
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over 244 clinical trials. Res was reported to be safe at doses up to 5 g/
d when used in therapy [19]. Several studies have confirmed that Res
could inhibit the IgE-mediated MC activation [20,21] and exhibited
anti-asthmatic effects in a murine model of asthma and suppressed PMA
plus A23187-induced expression of pro-inflammatory mediators by
decreasing NF-kB and MAPK pathway [22,23]. Furthermore, Polydatin,
a natural precursor of Res, could inhibit the IgE-mediated MC activation
[15]. Although it was earlier reported that Res inhibited C48/80-
induced MC activation [24,25], in vivo effects and mechanisms
demonstration of Res on anti—pseudo-allergy have not been elucidated.
Therefore, we aim to investigate the preventive effect of Res on MC
activation and its underlying mechanisms.

2. Materials and methods
2.1. Drugs and reagents

Res and Sulforaphane (SFN) were supplied by Chengdu Pufei De
Biotech Co. Ltd. (Chengdu, Sichuan, China) and the purity is >98%
based on HPLC analysis. ML385 was from MedChemExpress (Shanghai,
China). C48/80, p-nitrophenyl N-acetyl-p-D-glucosamide, Triton X-100,
Histamine, formic acid (mass spectrometry grade) and Mass spectrom-
etry grade formic acid were from Sigma-Aldrich (St. Louis, USA). Fluo-3,
AM ester, and Pluronic F-127 were from Biotium (California, USA).
StemPro™-34 medium, L-glutamine, human stem cell factor, penicillin-
streptomycin were provided by Cell Signal Technology (MA, USA), Cell
Counting Kit was from Abbkine Inc. (California, USA). Histaminee2HCI
(A, A, B, B-D4, 98%) was obtained from Cambridge Isotope Laboratories,
Inc. (MA, USA), HPLC-grade methanol and acetonitrile were from
Thermo Fisher Scientific (Pittsburgh, USA). All ELISA Kits were from
ExCell Bio CO., LTD. (Beijing, China) Tyrodés solution was prepared
fresh on the day of use (6.954 g/L NaCl, 0.353 g/L KCl, 0.282 g/L CaCls,
0.143 g/L MgSO4, 0.162 g/L KHyPO,, 2.383 g/L HEPES, 0.991 g/L
glucose, and 1 g/L BSA, pH = 7). Stop buffer contained a mixture of 0.1
M sodium carbonate and sodium bicarbonate (pH = 11). All aqueous
solutions were prepared using ultrapure water produced by MK-459
Millipore Milli-Q Plus ultra-pure water system. Trizol extraction kit
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was obtained from Thermo Fisher Scientific (Waltham, MA, USA).
Primers and probes for NADP(H) dehydrogenase-quinone 1 (NQO1),
HO-1, TNF-a, MCP-1 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were obtained from Takara (Dalian, China).

2.2. Ethical considerations

This study was conducted in strict accordance with the recommen-
dations stated in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. The experimental protocols for the
mouse experiments were approved by the Animal Ethics Committee at
Xi’an Jiaotong University, Xi’an, China (Permit Number: XJTU 2019-
711).

2.3. Mice

C57BL/6 mice (8-week-old) were from the Experimental Animal
Center of Xi’an Jiaotong University (Xi’an, China). Young adult male
mice aged 6-8 weeks were used in all the experiments in this study. All
experiments involving equal treatments of animals were conducted by
experimenter blind to the experimental conditions.

2.4. Cell lines

The Laboratory of Allergic Disease 2 (LAD2) human mast cells were
kindly provided by Prof. A. Kirshenbaum and Prof. D. Metcalfe (NIH,
USA). Cells were maintained in StemPro™-34 medium supplemented
with 1% StemPro™ nutrient supplement, 1:100 penicillin-streptomycin,
2 mM L-glutamine, and 100 ng/mL human stem cell factor in 5% CO, at
37 °C. The culture medium was replaced per week and cells maintained
at a density of 2 x 10 cells/mL.

2.5. Preparation of peritoneal mast cell (MPMCs)

Mice were euthanized via CO5 inhalation. A total of 12 mL of ice-cold
mast cell dissociation media (MCDM; HBSS with 3% FBS and 10 mM
HEPES, pH 7.2) was used to make two to three sequential peritoneal

Fig. 1. Res reduces C48/80-induced calcium (Ca*")
in flux in mast cells. A. Chemical structure of
Resveratrol (Res). B. Viability of LAD2 cells treated
with Res for 24 h. C. Representative Ca*" imaging
traces in LAD2 cells in response to 0, 50, 100 or 200
uM Res and 30 pg/mL C48/80. D. Representative
Ca®" imaging traces in MPMCs in response to 0, 50,
100 or 200 uM Res and 30 ug/mL C48/80. Data are
presented as mean + S.D. and are representative of
three independent experiments with three samples
per experiment (50 cells were counted per condi-
tion). ANOVA was used to determine significance in

OH statistical comparisons (*P < .05, compared with
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lavages, which were centrifuged at 200g and 4 °C for 5 min. The cells
from each mouse were resuspended in 2 mL MCDM, layered them over 4
mL of an isotonic 70% Percoll suspension (2.8 mL of Percoll, 320 pL of
10 x HBSS, 40 pL of 1 M HEPES, 830 pL of MCDM), and centrifuged at
500g and 4 °C for 20 min. The purity of the pelleted mast cells was >95%
as assayed by morphology and toluidine blue staining. Mast cells were
resuspended at concentrations of 5 x 10° cells/mL in DMEM supple-
mented with 10% FBS, 100 U of penicillin-streptomycin and 25 ng/mL
recombinant mouse stem cell factor (mSCF).

2.6. Cytotoxicity assays

Cell viability was determined using Cell Counting Kit assays. LAD2
cells (5 x 103 cells/well in a 96-well plate) were treated with 90 pL of
Res at different concentrations (0, 6.25, 12.5, 25, 50, 100, 200, 400, 800
pM) for 24 h. Next, 10 pL of Cell Counting Kit solution was added to each
well followed by incubation for 2 h. Further, the relative cell viability
was assessed by detection of absorbance at 450 nm using a microplate
reader (Bio-Rad, Carlsbad, CA, USA).

2.7. p-hexosaminidase assay

LAD2 cells (1 x 10%/well in a 96-well plate) were incubated with
different concentrations of Res (50, 100, 200 uM) for 1 h, followed with
C48/80 (30 pg/mL) for 30 min. Cells were lysed with 0.1% Triton X-100
in tyrodés solution to analyze the total p-hexosaminidase content. The
B-hexosaminidase released into the supernatants and in cell lysates was
quantified by hydrolysis of p-nitrophenyl N-acetyl-p-D-glucosamide in
0.1 M citric acid/sodium citrate buffer (pH 4.5) for 90 min at 37 °C. The
reaction was stopped by adding stop buffer. The absorbance was
measured at 405 nm using a microplate reader and the percentage of
B-hexosaminidase release was calculated as follows: absorbance of cul-
ture supernatant at 405 nm x 100/absorbance of total cell lysate su-
pernatant at 405 nm.

2.8. Histamine release assay

LAD2 cells (1 x 10*/well in a 96-well plate) were incubated with
different concentrations of Res (50, 100, 200 pM) for 1 h, followed with
C48/80 (30 pg/mL) for 30 min. The supernatants and cell lysates were
collected. Histamine release assay was carried out using a LC-ESI-MS/
MS method which is reported previously [26].

2.9. Chemokine release assay

LAD2 cells (1 x 10*/well in a 96-well plate) were incubated with
different concentrations of Res (50, 100, 200 pM) for 1 h, followed with
C48/80 (30 pg/mL) for 6 h at 37 °C. Human TNF-a, MCP-1, LTB4 and IL-
6 concentrations in the supernatant were detected with ELISA kits ac-
cording to provided instructions.

2.10. Intracellular Ca®* mobilization assay

LAD2 cells were plated in a 96-well plate (1 x 10* cells/well) with
100 pL DMEM and incubated for 24 h at 37 °C. Res at different doses (50,
100, 200 pM) was added to each well and incubated for 30 min. The cells
were then washed twice with CIB (calcium imaging buffer; 125 mM
NaCl, 3 KCl, 2.5 mM CaCly, 0.6 mM MgCl,, 10 mM HEPES, 20 mM
glucose, 1.2 mM NaHCOs, 20 mM sucrose, pH adjusted to 7.4 with
NaOH and stored at 4 °C), and loaded with the incubation buffer (3.5
mM Fluo-3 AM, 0.1% (w/v) F-127, diluted with CIB) at 37 °C for 30 min.
Cells were then washed twice with CIB and used immediately for im-
aging. We captured 120 graphs of the cells under blue light (1 s per
picture) using an inverted fluorescent microscope (Nikon, Ti-U, Japan).
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2.11. Body temperature detection

All the mice were housed in the procedure area the day before the
injection. The mice were randomly divided into 3 groups. The mice were
given Res (0, 10 mg/kg) by intragastric administration (i.g.) and then
placed in a restrainer. After 30 mins, injected intravenously (i.v.) with
C48/80 (2.5 mg/kg). The body temperature was recorded using a bio-
logical function experimental system, in which a probe was inserted into
the anus of the mice for 30 min.

2.12. Hind paw swelling and extravasation

Thirty mins after given Res (5, 10, 20 mg/kg) by i.g., mice were
anaesthetized and injected i.v. with 0.2 mL of 0.4% Evans blue in saline.
A Vernier caliper was used to measure the thickness of the paw before
any injection and as needed during the experiments. Five minutes later,
30 pg/mL C48/80 in saline was injected into the left paw and saline only
into the right paw as a negative control. After 15 min, paw thickness was
measured again and recorded. The mice were killed, the paws were
separated and cut into small pieces and collected, dried at 50 °C, and
weighed. Evans Blue was subsequently extracted by adding 500 pL
acetone-saline (7:3) mixture at 37 °C for 12 h. The supernatant was
distributed into a 96-well cell culture plate (200 pL /well), and the OD
was measured at 620 nm with a spectrophotometer.

2.13. Histological analysis

Mice were treated followed the Hind paw swelling method, the in-
jection site of the skin in paw was excised, washed with PBS and fixed
with 4% formaldehyde for 48 h and subjected to H&E staining. The
sectional area of the blood vessels was measured by using the Image J
software [27,28]. For avidin staining, the slides were dried at 37 °C for
30 min and pre-incubated in blocking solution (10% normal goat serum
(v/v), 0.2% Triton X-100 (v/v) in PBS, pH 7.4) for 2 h at 25 °C, followed
by incubation with 1/500 FITC-avidin for 45 min. Sections were washed
3 times with PBS, and a drop of Fluoro-mount G (Southern Biotech, AL.
U.S.A) was added. Degranulated MCs were identified by the appearance
of green fluorescence granules outside of MCs with a lower content of
condensed intracellular granules [29]. Images were taken immediately
using a fluorescence microscope (Nikon, Tokyo, Japan).

2.14. Western blot

Protein was extracted from LAD2 cells treated with Res 24 h and
C48/80 6 h, or SFN 24 h and C48/80 6 h. Proteins levels were detected
with Western blot. Briefly, cells were prepared by extracting proteins
with RIPA lysis buffer containing protease inhibitor cocktail and phos-
phatase inhibitor cocktail on ice. The cell lysates were denatured by
boiling in 5 x loading sample buffer for 5 min and separated by 10%
SDS-PAGE. Following electrophoresis, the separated proteins were
transferred to polyvinylidene fluoride membranes and blocked. The
membranes were then incubated with specific primary antibodies at
4 °C for 8 h, including GAPDH (1:5000) and MRGPRX2 (1:1000), fol-
lowed by incubation with secondary antibodies for 1 h 37 °C. The
membranes were then developed using an enhanced chemiluminescence
kit. A Lane 1DTM transilluminator was used to image the developed
blots, and Image-Pro Plus 5.1 software was used to quantify the protein
levels.

2.15. Quantitative real-time PCR

LAD2 cells (2 x 10%/well in a 6-well plate) were incubated with Res
(200 pM) and SFEN (5 pM) for 24 h and then stimulated with C48/80 (30
pg/mL) for 6 h at 37 °C [30]. Total RNA was isolated using Trizol
extraction kit according to the manufacturer’s instructions. Quantitative
real-time PCR was performed on the CFX Connect™ Real-Time PCR
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(BIO-RAD, USA). Relative quantities were estimated by the A-A-Czt
method.

2.16. Statistical analysis

Data are presented as the mean =+ standard deviation (SD) and were
statistically analyzed using analysis of variance (ANOVA). Differences
were considered significant at * P < 0.05, **P < 0.01, *** P < 0.001.
The correlation test was undertaken with the person product-moment
correlation.

3. Results

3.1. Res reduced C48/80-induced calcium flux in LAD2 cells and MPMC
cells

The CCK8 assay was used to examine the cell toxicity of Res, there
was no cytotoxicity in the Res concentration range from 6.25 to 400 uM
(Fig. 1B). Intracellular Ca®* level increase has been proposed as an
essential trigger for MCs activation [31]. To determine the effect of Res
on calcium flux of MCs, LAD2 cells or MPMC cells were pretreated with
Res (50, 100, 200 pM) in Fluo-3 AM and analyzed by flow cytometry
before and after C48/80 stimulation. Res induced a dose-dependent
decrease in the C48/80-triggered calcium flux in LAD2 cells (Fig. 1C)
and MPMCs (Fig. 1D).

3.2. Res decreased C48/80-induced degranulation in LAD2 cells

To evaluate the effect of Res on MCs degranulation and inflammation
factor releasing, the secretion of p-hexosaminidase, histamine, TNF-a,
MCP-1 and IL-8 in LAD2 cells were detected after Res and C48/80
treatment. Res inhibited the release of f-hexosaminidase in a dose-
dependent manner (Fig. 2A), with ICsy value of 77.03 + 3.12 uM
(Fig. 2B). This inhibition of degranulation by Res was confirmed based
on the reduced secretion of histamines from Res-treated LAD2 cells
(Fig. 2C). Mast cell-derived pro-inflammatory cytokines, especially TNF-
o, MCP-1 and IL-8 have a critical biological role for inducing delayed
type hypersensitive allergic and inflammatory responses [32]. These
cytokines were all elevated by C48/80, but was suppressed by Res in a
dose-dependent manner (Fig. 2D-F).
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We also measured the effect of Res on IgE-mediated MCs activation.
Streptavidin induced degranulation in IgE-sensitized MCs, and pre-
treatment with Res (5, 10, and 20 pM) significantly inhibited the release
of B-hexosaminidase (Supplementary figure 1A), with ICso value of
10.38 + 0.98 uM (Supplementary figure 1B). Histamine release was also
inhibited in a dose-dependent manner (Supplementary figure 1C). The
production of TNF-a, LTB4, and MCP-1 were examined, and the release
of these mediators was dose-dependently reduced by Res (Supplemen-
tary figure 1D-F).

3.3. Res suppressed C48/80-induced local inflammation

Next, we demonstrated the inhibition effects of Res on C48/80-
evoked hand paw inflammation in vivo. Thirty mins before injection
C48/80 into left paws, mice were intragastrically administrated with
Res (5, 10, 20 mg/kg). The paw thickness and Evans blue stained
extravasation leakage into the paw were investigated to characterize the
pseudo-anaphylactic response. As showed in Fig. 3A, Res suppressed
C48/80-induced extravasation and swelling in mice in a dose-dependent
manner. We next detected skin vascular permeability of the related paw
skin sections paw by H&E and determined the sectional area of blood
vessel, the results showed that Res treatment reduced the hemangiec-
tasis (Fig. 3B). Furthermore, we studied whether the inhibition effect of
Res in hind paw inflammation and hemangiectasis was associated with
MCs by avidin staining test. The results showed that Res also decreased
the number of degranulated MCs (Fig. 3C). We next determined the
sectional area of blood vessel in Fig. 3B and the degranulation rate of
MCs in Fig. 3C. The correlation analysis showed that vascular perme-
ability and MCs activation are strongly correlated (person r =
0.9441545, P = 0.0157, and 95% confidence interval 0.3705782,
0.9964130), which suggested that Res inhibits increased vascular
permeability by suppressing MCs activation (Fig. 3D).

3.4. Res inhibited C48/80-induced systemic anaphylaxis

Having proved that Res can inhibit the MCs-activation in vitro, we
next determined the effects of Res on anaphylaxis by measuring the
C48/80-induced drop in body temperature in mice before and after i.g.
administration of Res (10 mg/kg). The results showed that C48/80
induced a rapid drop in body temperature (3.56 + 0.40 °C) that was very

A B c Fig. 2. Res inhibits C48/80-induced mast cell
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Fig. 3. Res suppresses C48/80-induced PCA and mast cell degranulation. A. Different Res concentrations (0, 5, 10, 20 mg/kg) or saline was orally administered to
mice. At 30 min post-treatment, 30 pg/mL C48/80 in saline was injected into the left paw, while saline was simultaneously injected into the right paw as a vehicle
control. The degree of swelling and Evans blue exudation in mice hind paws were analyzed 15 min after injection. B. H&E staining of the paw skin (The red line
indicated the blood vessel and red blood cells inside it) C. Avidin staining of the paw skin (scale bar = 50 pm). D. The quantification of the sectional area of the blood
vessels, the quantification of degranulation rate of MCs in skin and the correlation analysis between vascular permeability (vessel area pm?) and MCs activation
(Degranulation rate %). Data are presented as mean + S. D. and are representative of three independent experiments with seven mice per experiment. ANOVA was
used to determine significance in statistical comparisons (*P < .05 compared with left paw, ***P < .001 compared with 0 group).

slow to recover (more than 30 mins after injection of C48/80), while
Res-treated mice showed a much smaller drop (1.6 + 0.32°C) and
recovered quickly (18mins after injection of C48/80) (Fig. 4A). This was
probably because the inhibition of histamine release in serum levels
(measured 30 mins after injection of C48/80) (Fig. 4B) [33]. Res also
inhibited the serum levels of TNF-a, IL-8 and MCP-1 (measured 4 h after
injection of C48/80) in a dose-dependent manner (Fig. 4C-E).

3.5. Res promoted the expression of Nrf2 and HO-1 in LAD2 cells

Nrf2 activation by Res was investigated in LAD2 cells by using
western blot and PCR. Increased Nrf2 protein expression (Fig. 5A) and
transcriptional activity (Fig. 5B) were observed following Res and SFN
24 h or C48/80 6 h in LAD2 cells. SFN, the well-established Nrf2 acti-
vator, served as positive control [34]. Furthermore, we asked whether

the expression of known Nrf2 target genes is modulated by Res treat-
ment. The results showed that Res significantly increased transcription
of the Nrf2 target genes HO-1 and NQO1 (Fig. 5C-D). Treatment with
C48/80 significantly up-regulated mRNA expression of the pro-
inflammatory cytokine PGD,, MCP-1, TNF-a, and IL-1p, while pre-
treatment with Res prior C48/80 significantly reduced the levels of
these cytokines (Fig. 5E-H). Since C48/80-induced MCs activation is
mediated by MRGPRX2, we detected whether the expression of
MRGPRX2 is modulated by Res treatment. The results showed that C48/
80 up-regulated mRNA expression of MRGPRX2, while pre-treatment
with Res and SFN prior C48/80 significantly reduced the level of
MRGPRX2 (Fig. 5I).

We also measured whether Res modulated IgE-induced mRNA
expression of pro-inflammatory cytokine TNF-a and MCP-1 in MCs. IgE/
Streptavidin significantly up-regulated mRNA expression of TNF-a and
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**P < .01 and ***P < .001 compared with injection of C48/80 and saline).
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Fig. 5. Res affects the expression of Nrf2 and MCs target genes in human LAD2 cells. LAD2 cells treated with Res 24 h and C48/80 6 h, or SFN 24 h and C48/80 6 h.
(A) The level of Nrf2 protein expression by western blot and quantification of Nrf2 protein expression by densitometric analysis. (B) Nrf2, (C) HO-1, (D) NQO-1, (E)
PGD2, (F) MCP-1, (G)TNF-a, (H) IL-1f, (I) MRGPRX2 in LAD2 cells were measured by q RT-PCR and data reported as fold changes in normalized expression. Data are
presented as mean + S.D. and are representative of three independent experiments with three samples per experiment. ANOVA was used to determine significance in

statistical comparisons (*P < .05 and **P < .01 compared with 0 group).

MCP-1, whilst pre-treatment with Res and SFN reduced levels of TNF-«
and MCP-1 (Supplementary figure 2).

3.6. Nrf2 inhibitor abolished the protective effect of Res on MCs

To assess whether the Nrf2/HO-1 contributed to the MRGPRX2-
mediated MCs activation, we inhibited Nrf2 activation by using a
potent specific inhibitor ML385 in LAD2 cells [35]. It was showed that
under the treatment of ML385, the inhibition effects of Res and SFN on
C48/80-induced MCs activation were weakened, including p-hexosa-
minidase (Fig. 6A) and histamine release (Fig. 6B). ML385 also abol-
ished the reduction of Res and SFN on C48/80-induced Ca?* in flux in
LAD2 cells (Fig. 6C). Furthermore, the results of RT-PCR analysis

showed that ML385 downregulated Nrf2 expression (Fig. 6D) and
decreased the inhibitory effect of Res on HO-1 and NQO1 (Fig. 6E-F). In
addition, Res inhibited the C48/80-induced mRNA expression of the
pro-inflammatory cytokine, while these effects were completely abol-
ished in the presence of ML385 (Fig. 6G-J).

4. Discussion

MCs, which are best known for causing a variety of symptoms in
allergic reactions, generate and release the pro-inflammatory mediators
in a process termed degranulation [36]. In addition to the FceRI, it is
apparent that MCs are also activated through non-IgE receptors,
including MRGPRX2, the much more significance of which in asthma,
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Fig. 6. Nrf2 inhibition attenuates the protective effects of Res on C48/80-induced secretion of mediators. LAD2 cells were pre-treated with the Nrf2 inhibitor ML385
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urticaria, and anaphylaxis is just beginning to be understood [8].
Therefore, there is an urgent need for investigating the inhibitory
mechanisms in pseudo-allergy involving MRGPRX2-mediated MC
activation.

Although allergy FceRI- and pseudo-allergic MRGPRX2-triggered
MCs activation routes are completely independent from each other [31],
an inhibitory receptor CD300f is found to regulate both IgE-dependent
and IgE-independent anaphylactic responses [32]. Furthermore, Res
and Polydatin have been suggested to show the inhibitory effects in IgE-
mediated MCs activation and Polydatin also has been reported to up-
regulate Nrf2/HO-1 pathway in MCs [37]. Based on these previous
studies, we speculated that Res up-regulates the signaling pathway of
Nrf2/HO-1 to inhibit MRGPRX2-mediated pseudo-allergic reactions.

The rise in calcium levels is critical to MRGPRX2-mediated MC
degranulation [18,19]. The results revealed that Res dose-dependently
suppress calcium flux increase when added C48/80 into LAD2 cells,
which was equally effective in MPMC. p-hexosaminidase and histamine
release are the marks of MCs degranulation, so we use histamine and
f-hexosaminidase assay in LAD2 cells to measure the protective effects
of Res. The results indicated that Res inhibited the C48/80-induced MCs
activation without causing cytotoxic effects. We also measured the effect
of Res on IgE-dependent LAD2 cells activation, and Res showed rather
higher inhibitory effect (ICso value was 10.38 + 0.95 pM) than that on
C48/80-induced MCs activation (ICsg value was 77.03 + 3.12 pM).

In human subjects, most MCs that are found in connective tissues,
such as the skin [8]. Therefore, we used PCA model to measure the Res
effects in vivo. The results showed that the content of Evans blue and the
swelling of the left hind paw in mice were reduced by Res treatment. The
hind paw sections were stained with H&E and avidin, which further
proved that the diminished allergy symptoms are positively associated
with the inhibition effects of Res on MCs activation, especially the
release of histamine which is benefit for the vasodilation and increased
vascular permeability [38].

The released histamine produced hypothermia via histamine H (1)
receptors after i. v injection in mice with C48/80 [39]. In our study, Res
helped the mice recover the C48/80-induced decrease in body temper-
ature, which might due to the inhibition of the histamine releasing in
plasma. The levels of some cytokines are elevated in serum during
anaphylaxis in human beings and are associated with severe clinical
symptoms [40]. The results showed that the levels of TNF-a, IL-8 and

MCP-1 were dramatically decreased following Res administration.

In our study, Res also promoted the expression of Nrf2 protein in
MCs, and upregulated expression of transcription factor HO-1 and
NQO1. Manipulation of the Nrf2/HO-1 pathways have been shown to
protect cells under oxidative damage and inflammation conditions [41].
Targeting Nrf2 with pharmacologically-active compounds could
modulate SP-induced primary human MCs activation [30]. In our study,
Res up-regulated the protein expression and mRNA level of Nrf2. Acti-
vated Nrf2 translocated into the nucleus and binds to the antioxidant
response element (ARE), which initiates transcription of multiple
downstream anti-oxidant genes, such as HO-1. HO-1 activity has
recently attracted significant attention due to its apparent involvement
in modulation of the inflammatory response. Hemin, an inducer of HO-
1, attenuated C48/80-elicited degranulation of MCs [42]. Bilirubin, one
of the products of HO-1 might be involved in anti-allergic activity in MCs
[42]. Moreover, HO-1-derived CO also reduced the production of
proinflammatory cytokines such as TNF-a [43]. Our results showed that
Res induced HO-1 expression in mRNA, which associated with its
inhibitory effect on MCs activation. Furthermore, the activation of HO-1
has a significant protective effect against airway inflammation and hy-
persensitivity, which may demonstrate the anti-asthmatic effect of Res
[44]. Importantly, the Nrf-2 inhibitor, ML385, attenuated the inhibitory
effect of Res and SFN on inflammatory mediator gene expression.
Consistently, its downstream targets HO-1 and NQO1 were also
decreased by ML385. These data suggest that the anti-allergic effects of
Res depend on the presence of Nrf2. We further detected whether the
expression of MRGPRX2 is modulated by Res treatment. The results
showed that pre-treatment with Res prior C48/80 significantly reduced
the mRNA level of MRGPRX2. Therefore, Nrf2 seems to be a downstream
effect of Res, Res may alter the expression of MRGPRX2.

In conclusion, the present study showed that Res exerts an inhibitory
effect on MRGPRX2-mediated MCs activation by targeting Nrf2
pathway. Res may present a promising new therapeutic agent for the
treatment of drug-induced anaphylactoid reactions and MC-dependent
allergic disorders.

CRediT authorship contribution statement

Jue Wang: Investigation, Formal analysis, Writing - original draft,
Writing - review & editing. Yongjing Zhang: Investigation, Data



J. Wang et al.

curation. Shiling Hu: Investigation. Shuai Ge: Investigation. Min Jia:
Supervision, Software. Nan Wang: Conceptualization, Methodology,
Supervision, Project administration, Validation, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgment

This work was cofounded by National Natural Science Foundation of
China (Grant number: 81930096), China Postdoctoral Science Founda-
tion (Grant number: 2019M653672), Fundamental Research Funds for
the Central Universities, China (Grant number: xjj2018168) and the
Science and Technology Innovation Base-Open and Sharing Platform of
Science and Technology Resources Project of Shaanxi Province, China
(Grant number: 2019PT-26).

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.intimp.2021.107426.

References

[1] L.L. Reber, J.D. Hernandez, S.J. Galli, The pathophysiology of anaphylaxis,
J. Allergy Clin. Immunol. 140 (2) (2017) 335-348.

[2] Subhashini, P.S. Chauhan, R. Singh, Ovalbumin-induced allergic inflammation lead
to structural alterations in mouse model and protective effects of intranasal
curcumin: a comparative study, Allergol. Inmunopathol. (Madr) 44 (3) (2016)
246-256.

[3] Y.X. Yu, B.R. Blokhuis, J. Garssen, F.A. Redegeld, Non-IgE mediated mast cell

activation, Eur. J. Pharmacol. 778 (2016) 33-43.

K. Lansu, J. Karpiak, J. Liu, X.P. Huang, J.D. McCorvy, W.K. Kroeze, T. Che,

H. Nagase, F.I. Carroll, J. Jin, B.K. Shoichet, B.L. Roth, In silico design of novel

probes for the atypical opioid receptor MRGPRX2, Nat. Chem. Biol. 13 (5) (2017)

529-536.

T. Zhang, D. Che, R. Liu, S. Han, N. Wang, Y. Zhan, P. Pundir, J. Cao, Y. Lv, L. Yang,

J. Wang, M. Ding, X. Dong, L. He, Typical antimicrobials induce mast cell

degranulation and anaphylactoid reactions via MRGPRX2 and its murine

homologue MRGPRB2, Eur. J. Immunol. 47 (11) (2017) 1949-1958.

[6] B.D. McNeil, P. Pundir, S. Meeker, L. Han, B.J. Undem, M. Kulka, X. Dong,
Identification of a mast-cell-specific receptor crucial for pseudo-allergic drug
reactions, Nature 519 (7542) (2015) 237-241.

[7]1 D. Che, J. Wang, Y. Ding, R. Liu, J. Cao, Y. Zhang, Y. Hou, H. An, Z. Gao, T. Zhang,
Mivacurium induce mast cell activation and pseudo-allergic reactions via MAS-
related G protein coupled receptor-X2, Cell Immunol. 332 (2018) 121-128.

[8] H. Subramanian, K. Gupta, H. Ali, Roles of mas-related G protein-coupled receptor
X2 on mast cell-mediated host defense, pseudoallergic drug reactions, and chronic
inflammatory diseases, J. Allergy Clin. Immunol. 138 (3) (2016) 700-710.

[9] D. Fujisawa, J. Kashiwakura, H. Kita, Y. Kikukawa, Y. Fujitani, T. Sasaki-Sakamoto,
K. Kuroda, S. Nunomura, K. Hayama, T. Terui, C. Ra, Y. Okayama, Expression of
Mas-related gene X2 on mast cells is upregulated in the skin of patients with severe
chronic urticaria, J. Allergy Clin. Immunol. 134 (3) (2014) 622-+.

[10] R. Foresti, S.K. Bains, T.S. Pitchumony, L.E. de Castro Bras, F. Drago, J.L. Dubois-
Rande, C. Bucolo, R. Motterlini, Small molecule activators of the Nrf2-HO-1
antioxidant axis modulate heme metabolism and inflammation in BV2 microglia
cells, Pharmacol. Res. 76 (2013) 132-148.

[11] L. Jadkauskaite, R. Bahri, N. Farjo, B. Farjo, G. Jenkins, R. Bhogal, I. Haslam,

S. Bulfone-Paus, R. Paus, Nuclear factor (erythroid-derived 2)-like-2 pathway
modulates substance P-induced human mast cell activation and degranulation in
the hair follicle, J. Allergy Clin. Immunol. 142 (4) (2018) 1331-1333 8.

[12] M. Matsushima, K. Takagi, M. Ogawa, E. Hirose, Y. Ota, F. Abe, K. Baba,

T. Hasegawa, Y. Hasegawa, T. Kawabe, Heme oxygenase-1 mediates the anti-
allergic actions of quercetin in rodent mast cells, Inflamm. Res. 58 (10) (2009)
705-715.

[13] Z.M. Xian, G.Y. Jin, H.M. Li, J.Z. Jiang, C.Y. Wang, L.H. Zhu, Z.H. Jin, L.C. Li, H.
M. Piao, M.Y. Zheng, G.H. Yan, Imperatorin suppresses anaphylactic reaction and
IgE-mediated allergic responses by inhibiting multiple steps of fceri signaling in
mast cells: IMP alleviates allergic responses in PCA, BioMed Res. Int. (2019).

[14] Y.Y. Ma, M.Q. Yang, C.F. Wang, J. Ding, J.Y. Li, Inhibiting mast cell degranulation
by HO-1 affects dendritic cell maturation in vitro, Inflamm. Res. 63 (7) (2014)
527-537.

[15] J. Ye, H. Piao, J. Jiang, G. Jin, M. Zheng, J. Yang, X. Jin, T. Sun, Y.H. Choi, L. Li,
G. Yan, Polydatin inhibits mast cell-mediated allergic inflammation by targeting

[4

=

[5

o)

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

International Immunopharmacology 93 (2021) 107426

PI3K/Akt, MAPK, NF-kappaB and Nrf2/HO-1 pathways, Sci. Rep. 7 (1) (2017)
11895.

S. Asghari, M. Rafraf, L. Farzin, M. Asghari-Jafarabadi, S.M. Ghavami, M.H. Somi,
Effects of pharmacologic dose of resveratrol supplementation on oxidative/
antioxidative status biomarkers in nonalcoholic fatty liver disease patients: a
randomized, double-blind, placebo-controlled trial, Adv. Pharm. Bull. 8 (2) (2018)
307-317.

A.M. Rimando, M. Cuendet, C. Desmarchelier, R.G. Mehta, J.M. Pezzuto, S.

0. Duke, Cancer chemopreventive and antioxidant activities of pterostilbene, a
naturally occurring analogue of resveratrol, J. Agric. Food Chem. 50 (12) (2002)
3453-3457.

N. Singh, M. Agrawal, S. Dore, Neuroprotective properties and mechanisms of
resveratrol in in vitro and in vivo experimental cerebral stroke models, ACS Chem.
Neurosci. 4 (8) (2013) 1151-1162.

A.P. Singh, R. Singh, S.S. Verma, V. Rai, C.H. Kaschula, P. Maiti, S.C. Gupta, Health
benefits of resveratrol: evidence from clinical studies, Med. Res. Rev. 39 (5) (2019)
1851-1891.

L. Baolin, Y. Inami, H. Tanaka, N. Inagaki, M. Ilinuma, H. Nagai, Resveratrol
inhibits the release of mediators from bone marrow-derived mouse mast cells in
vitro, Planta Med. 70 (4) (2004) 305-309.

S.Y. Han, J.Y. Bae, S.H. Park, Y.H. Kim, J.H. Park, Y.H. Kang, Resveratrol inhibits
IgE-mediated basophilic mast cell degranulation and passive cutaneous
anaphylaxis in mice, J. Nutr. 143 (5) (2013) 632-639.

M. Lee, S. Kim, O.K. Kwon, S.R. Oh, H.K. Lee, K. Ahn, Anti-inflammatory and anti-
asthmatic effects of resveratrol, a polyphenolic stilbene, in a mouse model of
allergic asthma, Int. Inmunopharmacol. 9 (4) (2009) 418-424.

O.H. Kang, H.J. Jang, H.S. Chae, Y.C. Oh, J.G. Choi, Y.S. Lee, J.H. Kim, Y.C. Kim, D.
H. Sohn, H. Park, D.Y. Kwon, Anti-inflammatory mechanisms of resveratrol in
activated HMC-1 cells: pivotal roles of NF-kappaB and MAPK, Pharmacol. Res. 59
(5) (2009) 330-337.

A. Catalli, V. Karpov, P. Pundir, A. Dimitrijevic, M. Kulka, Comparison of the
inhibitory effects of resveratrol and tranilast on IgE, 48/80 and substance P
dependent-mast cell activation, Allergy Asthma Clin. Immunol. 6 (S1) (2010) P14.
A. Catalli, C. MacDonald, P. Pundir, M. Kulka, Inhibitory effects of resveratrol on
human mast cell degranulation, cytokine, chemokine and leukotriene release,
Open J. Immunol. 2 (4) (2012) 187.

S.L. Han, Y.N. Lv, L.Y. Kong, D.L. Che, R. Liu, J. Fu, J. Cao, J. Wang, C. Wang, H.
Z.He, T. Zhang, X.Z. Dong, L.C. He, Use of the relative release index for histamine
in LAD2 cells to evaluate the potential anaphylactoid effects of drugs, Sci. Rep. 7
(2017).

Y.C. Huang, J. Xiao, V.Y. Leung, W.W. Lu, Y. Hu, K.D.K. Luk, Lumbar intervertebral
disc allograft transplantation: the revascularisation pattern, Eur. Spine J. 27 (3)
(2018) 728-736.

J. Cao, Y.J. Zhang, D.L. Che, R. Liu, L. Yang, T. Zhang, L.C. He, HIR mediates local
anesthetic-induced vascular permeability in angioedema, Toxicol. Appl.
Pharmacol. 392 (2020).

R. Joulia, F.E. L’Faqihi, S. Valitutti, E. Espinosa, IL-33 fine tunes mast cell
degranulation and chemokine production at the single-cell level, J. Allergy Clin.
Immunol. 140 (2) (2017) 497-+.

L. Jadkauskaite, R. Bahri, N. Farjo, B. Farjo, G. Jenkins, R. Bhogal, I. Haslam,

S. Bulfone-Paus, R. Paus, Nuclear factor (erythroid-derived 2)-like-2 pathway
modulates substance P-induced human mast cell activation and degranulation in
the hair follicle, J. Allergy Clin. Immunol. 142 (4) (2018) 1331-+.

J.R. White, D.H. Pluznik, K. Ishizaka, T. Ishizaka, Antigen-induced increase in
protein kinase C activity in plasma membrane of mast cells, Proc. Natl. Acad. Sci.
U. S. A. 82 (23) (1985) 8193-8197.

H.-H. Kim, Y. Bae, S.-H. Kim, Galangin attenuates mast cell-mediated allergic
inflammation, Food Chem. Toxicol. 57 (2013) 209-216.

E. Doyle, J. Trosien, M. Metz, Protocols for the induction and evaluation of
systemic anaphylaxis in mice, Methods Mol. Biol. 1032 (2013) 133-138.

1.S. Haslam, L. Jadkauskaite, I.L. Szabo, S. Staege, J. Hesebeck-Brinckmann,

G. Jenkins, R.K. Bhogal, F.L. Lim, N. Farjo, B. Farjo, T. Biro, M. Schafer, R. Paus,
Oxidative damage control in a human (mini-) organ: Nrf2 activation protects
against oxidative stress-induced hair growth inhibition, J. Invest. Dermatol. 137
(2) (2017) 295-304.

A. Singh, S. Venkannagari, K.H. Oh, Y.Q. Zhang, J.M. Rohde, L. Liu,

S. Nimmagadda, K. Sudini, K.R. Brimacombe, S. Gajghate, J. Ma, A. Wang, X. Xu, S.
A. Shahane, M. Xia, J. Woo, G.A. Mensah, Z. Wang, M. Ferrer, E. Gabrielson, Z. Li,
F. Rastinejad, M. Shen, M.B. Boxer, S. Biswal, Small molecule inhibitor of NRF2
selectively intervenes therapeutic resistance in KEAP1-deficient NSCLC tumors,
ACS Chem. Biol. 11 (11) (2016) 3214-3225.

A. Olivera, M.A. Beaven, D.D. Metcalfe, Mast cells signal their importance in health
and disease, J. Allergy Clin. Immunol. 142 (2) (2018) 381-393.

J. Ye, H.M. Piao, J.Z. Jiang, G.Y. Jin, M.Y. Zheng, J.S. Yang, X. Jin, T.Y. Sun, Y.
H. Choi, L.C. Li, G.H. Yan, Polydatin inhibits mast cell-mediated allergic
inflammation by targeting PI3K/Akt, MAPK, NF-kappa B and Nrf2/HO-1 pathways,
Sci. Rep. 7 (2017).

C.M. Mikelis, M. Simaan, K. Ando, S. Fukuhara, A. Sakurai, P. Amornphimoltham,
A. Masedunskas, R. Weigert, T. Chavakis, R.H. Adams, S. Offermanns,

N. Mochizuki, Y. Zheng, J.S. Gutkind, RhoA and ROCK mediate histamine-induced
vascular leakage and anaphylactic shock, Nat. Commun. 6 (2015).

S. Jain, A. Panyutin, N.L. Liu, C.Y. Xiao, R.A. Pinol, P. Pundir, C. Girardet, A.

A. Butler, X.Z. Dong, O. Gavrilova, M.L. Reitman, Melanotan II causes hypothermia
in mice by activation of mast cells and stimulation of histamine 1 receptors, Am. J.
Physiol.-Endocrinol. M 315 (3) (2018) E357-E366.


https://doi.org/10.1016/j.intimp.2021.107426
https://doi.org/10.1016/j.intimp.2021.107426
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0005
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0005
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0010
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0010
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0010
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0010
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0015
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0015
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0020
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0020
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0020
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0020
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0025
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0025
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0025
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0025
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0030
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0030
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0030
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0035
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0035
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0035
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0040
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0040
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0040
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0045
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0045
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0045
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0045
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0050
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0050
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0050
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0050
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0055
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0055
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0055
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0055
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0060
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0060
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0060
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0060
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0065
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0065
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0065
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0065
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0070
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0070
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0070
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0075
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0075
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0075
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0075
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0080
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0080
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0080
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0080
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0080
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0085
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0085
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0085
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0085
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0090
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0090
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0090
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0095
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0095
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0095
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0100
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0100
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0100
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0105
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0105
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0105
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0110
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0110
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0110
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0115
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0115
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0115
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0115
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0120
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0120
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0120
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0125
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0125
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0125
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0130
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0130
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0130
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0130
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0135
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0135
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0135
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0140
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0140
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0140
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0145
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0145
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0145
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0150
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0150
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0150
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0150
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0155
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0155
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0155
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0160
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0160
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0165
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0165
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0170
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0170
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0170
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0170
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0170
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0175
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0175
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0175
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0175
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0175
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0175
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0180
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0180
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0185
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0185
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0185
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0185
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0190
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0190
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0190
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0190
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0195
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0195
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0195
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0195

J. Wang et al.

[40]

[41]

[42]

S. Dahan, N.L. Bragazzi, A. Yogev, M. Bar-Gad, V. Barak, H. Amital, D. Amital, The
relationship between serum cytokine levels and degree of psychosis in patients
with schizophrenia, Psychiatry Res. 268 (2018) 467-472.

Z. Chen, H. Zhong, J. Wei, S. Lin, Z. Zong, F. Gong, X. Huang, J. Sun, P. Li, H. Lin,
B. Wei, J. Chu, Inhibition of Nrf2/HO-1 signaling leads to increased activation of
the NLRP3 inflammasome in osteoarthritis, Arthritis Res. Ther. 21 (1) (2019) 300.
R. Takamiya, M. Murakami, M. Kajimura, N. Goda, N. Makino, Y. Takamiya,

T. Yamaguchi, Y. Ishimura, N. Hozumi, M. Suematsu, Stabilization of mast cells by
heme oxygenase-1: an anti-inflammatory role, Am. J. Physiol. Heart Circ. Physiol.
283 (3) (2002) H861-H870.

[43]

[44]

International Immunopharmacology 93 (2021) 107426

T. Minamino, H. Christou, C.M. Hsieh, Y. Liu, V. Dhawan, N.G. Abraham, M.

A. Perrella, S.A. Mitsialis, S. Kourembanas, Targeted expression of heme
oxygenase-1 prevents the pulmonary inflammatory and vascular responses to
hypoxia, Proc. Natl. Acad. Sci. U. S. A. 98 (15) (2001) 8798-8803.

E. Alharris, H. Alghetaa, R. Seth, S. Chatterjee, N.P. Singh, M. Nagarkatti,

P. Nagarkatti, Resveratrol attenuates allergic asthma and associated inflammation
in the lungs through regulation of miRNA-34a that targets FoxP3 in mice, Front.
Immunol. 9 (2018).


http://refhub.elsevier.com/S1567-5769(21)00062-X/h0200
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0200
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0200
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0205
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0205
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0205
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0210
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0210
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0210
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0210
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0215
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0215
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0215
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0215
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0220
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0220
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0220
http://refhub.elsevier.com/S1567-5769(21)00062-X/h0220

SUPPLEMENTARY MATERIALS

Figure S1. Res suppresses streptavidin-induced LAD2 cell degranulation.

Figure S2. Res affects the streptavidin-induced expression of target genes in human
LAD?2 cells.

Figure S1. Res suppresses streptavidin-induced LAD2 cell degranulation. Tyrode’s
solution was used as a negative control (NC). LAD2 cells were pre-sensitized with IgE
(100 ng/mL) for 24 h. A. and B. Release of B-hexosaminidase (A) and histamine (B)
from LAD2 cells treated with Res (0, 5, 10, and 20 pM) and streptavidin (100 ng/mL)
for 30 min. C. The ICso value of Res for B-hexosaminidase secretion. D—F. Release of
TNF-a (D), IL-6 (E), and LTB4 (F) from LAD?2 cells treated with ISO (0, 50, 100, and
200 uM) and streptavidin (100 ng/mL) for 6 h. *P<0.05, **P<0.01, and ***P < 0.001
compared with the 0 uM group (n = 3).

Figure S2. Res affects the streptavidin-induced expression of target genes in human
LAD?2 cells. LAD2 cells were pre-sensitized with IgE (100 ng/mL) for 24 h. (D)TNF-
a, (E) MCP-1 in LAD?2 cells treated with Res (20 uM) for 24 h and streptavidin for 6 h,
or SFN for 24 h and streptavidin for 6 h were measured by q RT-PCR and data reported
as fold changes in normalized expression. *P < 0.05, and **P < 0.01, compared with
the 0 uM group (n = 3).
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