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Allergic rhinitis (AR) is a long-term noncommunicable inflammatory disease
of the nasal mucosa mediated by immunoglobulin E and is mainly caused by
exposure of genetically susceptible individuals to environmental allergens.
Mast cells contribute to the pathogenesis of allergic and nonallergic inflamma-
tory diseases. Salvinorin A has been previously shown to inhibit leukotriene
production and mast cell degranulation to suppress airway hyperresponsive-
ness caused by sensitization; thus, we hypothesized that salvinorin A has an
anti-AR effect. We tested this hypothesis using monoclonal anti-2,4,6-
dinitrophenyl immunoglobulin E/human serum albumin-induced rat basophi-
lic leukemia cells (RBL-2H3 cells) and ovalbumin (OVA)-induced AR in mice
as in vivo and in vitro AR models, respectively. The expression levels of his-
tamine, B-hexosaminidase, interleukin-4 and tumor necrosis factor-o. were
decreased by salvinorin A in vitro. Granule release and F-actin organization
were also suppressed by salvinorin A. Furthermore, salvinorin A inhibited
OVA-induced features of AR in mice, including nasal rubbing and sneezing, as
well as increased OVA-specific immunoglobulin E, histamine, tumor necrosis
factor-oe and interleukin-4 levels. In addition, salvinorin A decreased the phos-
phorylation of phosphoinositide 3-kinase/Akt in vitro and in vivo. Our work
suggests that salvinorin A suppresses AR caused by sensitization by inhibiting
the inflammatory responses of mast cells; thus, salvinorin A may have poten-
tial for treatment of AR.

Allergic rhinitis (AR) is a long-term noncommunicable
inflammatory disease of the nasal mucosa mediated by
IgE and is mainly caused by exposure of genetically
susceptible individuals to environmental allergens. AR
is a global health problem that currently affects up to
40% of the general population and is characterized by
symptoms that vary in severity and duration, including
congestion, itching, watery nose and sneezing [1-3].
Studies have shown that mast cells contribute to the
pathogenesis of allergic and nonallergic inflammatory
diseases, such as AR, allergic conjunctivitis and

Abbreviations

chronic sinusitis [4-6]. Mast cells are often abundant
in areas of the body that are in contact with the out-
side world, such as the skin, airways, gastrointestinal
tract and other tissues that are exposed to the environ-
ment; therefore, mast cells are not only major effector
cells but are also known as ‘key sentinel cells’ in the
natural immune system [7,8]. Mast cells are character-
ized by a combination of immunoglobulin E (IgE) and
the high-affinity IgE receptor (FceRI) on the cell mem-
brane surface to activate and induce mast cell thresh-
ing [9]. During mast cell degranulation, members of

Akt, protein kinase B; AR, allergic rhinitis; DNP-IgE/HSA, anti-2,4,6-dinitrophenyl-immunoglobulin E/human serum albumin; IgE,
immunoglobulin E; IL-4, interleukin-4; IL-6, interleukin-6; LT, leukotriene; OVA, ovalbumin; PI3K, phosphoinositide-3-kinase; SEM, standard

error of the mean; TNF-o, tumor necrosis factor-o.
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the phosphatidylinositol-3-kinase (PI3K) family play
an important role in mast cell-induced mediators [10].

Salvinorin A is a miraculous diterpenoid isolated
and purified from the leaves of psychedelic sage and
has been shown to be the main active ingredient in
psychedelic sage [11]. In the 1990s, Siebert [12] demon-
strated that salvinorin A could affect the mind. Salvi-
norin A is a highly selective kappa agonist and is more
efficient than the classic kappa agonists U69593 and
U50488 [13]. In addition, the antiallergic effect of
salvinorin A has already been published in previous
work [14]. They showed that salvinorin A inhibited
airway hyperreactivity, and this effect was sustained
by inhibition of mast cell degranulation/leukotriene
(LT) production. However, the underlying mechanisms
of the inhibition effects of salvinorin A acted in the
activation of mast cell, and AR remains unknown.
Therefore, we speculated that salvinorin A has a pro-
tective role against AR. Herein, we explored the role
of salvinorin A in ovalbumin (OVA)-triggered AR
mice and anti-2,4,6-dinitrophenyl-immunoglobulin E
(IgE)/human  serum  albumin  (DNP-IgE/HSA)-
stimulated rat basophil cells (RBL-2H3 cells) and stud-
ied the underlying mechanisms using various biological
methods.

Materials and methods

Cell culture and IgE-mediated mast cell
activation

The RBL-2H3 cell line was purchased from the Type Cell Cul-
ture Collection of the Chinese Academy of Science (Shanghai,
China). Cells were grown in culture dishes filled with mini-
mum essential medium (HyClone Laboratories, Logan, UT,
USA) supplemented with 15% FBS (Gibco, Carlsbad, CA,
USA) and 100 pgmL ™! streptomycin/penicillin. The cells
were placed in an incubator with 1.5 mg-mL ™' sodium bicar-
bonate, 110 pg-mL~" sodium pyruvate and 5% CO, at 37 °C.
After incubation in a 48-well plate for 12 h, cells were treated
with 100 ng-mL~' DNP-IgE (Sigma-Aldrich, MO, USA) for
another 12 h and pretreated with salvinorin A (purity: 99%
by HPLC; Sigma-Aldrich) for 1 h. The earlier treated cells
were stimulated with 250 ngmL™' DNP-HSA (Biosearch,
Petaluma, CA, USA) for 12 h. There were three groups: the
control group, DNP-IgE/HSA group and DNP-IgE/
HSA + salvinorin A group.

Cell viability

Salvinorin A at 0-500 pm was used to treat RBL-2H3 cells.
MTT solution was added to the cells for 4 h. After the cells
fully responded, they were detected with a microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA) at
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an absorbance intensity of 450 nm (A4s0 nm), and the
results were recorded and analyzed.

Assessment of histamine and p-hexosaminidase

Supernatants were centrifuged for 10 min at 4 °C, and then
50 pL of supernatant was collected into a new 1.5-mL tube,
thoroughly mixed with 50 pL of substrate (1 mm p-
nitrophenyl- N-acetyl-pB-d-glucosaminide in 0.1 m sodium
citrate buffer) and incubated at 37 °C for 1.5 h. A4p5 um
was measured for B-hexosaminidase detection. ELISA kits
(Elabscience Biotechnology Co., Ltd., Wuhan, China) were
used to evaluate the release of histamine.

Interleukin-6 and tumor necrosis factor-o
assessment

Cells were seeded in six-well plates, cultured in a 37 °C
incubator overnight to 80% density, and then treated as
described earlier. Then, the supernatants were collected to
detect the expression levels of interleukin-6 (IL-6) and
tumor necrosis factor-o (TNF-o) with ELISA kits (Elab-
science Biotechnology Co., Ltd.).

Toluidine blue staining

Cells that were treated as described earlier were rinsed with
PBS for 2 min, fixed with 4% paraformaldehyde at room
temperature for 30 min, washed with PBS, impregnated
with 1% toluidine blue for 2 h, redyed with hematoxylin
and washed with double-distilled H,O to remove the excess
dye. Then, the cells were gradient dehydrated in different
concentrations of alcohol from 70% to 95% and cleared
with xylene. After sealing with neutral resin, images were
acquired with a microscope and analyzed.

F-actin microfilament staining

The sensitized cells were pretreated with salvinorin A, the
medium was discarded after removal from the incubator
and the residual medium was washed away with PBS. The
cells were fixed with 4% paraformaldehyde and treated
with 0.1% Triton X-100/PBS for 5 min to disrupt the
membranes. Alexa Fluor 488-phalloidin diluted in 1% BSA
was used to stain the cells for 30 min. Eventually, F-actin
microfilaments were detected with a Leica DM2500 micro-
scope (Leica Microsystems, CMS GmbH, Wetzlar, Ger-
many) at an excitation wavelength of 490 nm and an
emission wavelength of 520 nm.

Western blot

The protein samples were taken from cells and tissues.
Then protein lysates were fully lysed for 30 min in ice and
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centrifuged at 12 000 g for 5 min at 4 °C. After discarding
the precipitate, the supernatant was collected and diluted
with 5x loading buffer in a ratio of 1 : 4, then heated for
5 min at 100 °C for fully protein denaturation. For western
blot, the samples were electrophoretically separated on
SDS/PAGE, then electrotransferred to polyvinylidene diflu-
oride membranes. After blocking in western blocking fluid
for 2 h at a shaker and washing the residual liquid, the
membranes were incubated well at 4 °C for overnight with
primary antibody, which was prediluted with western pri-
mary antibody dilution buffer. After washing the mem-
branes in 1x TBST three times, the corresponding
secondary antibody conjugated with goat anti-rabbit or
goat anti-mouse HRP was incubated for 2 h. After washing
the membranes three times, detection of proteins was per-
formed with BeyoECL Plus kit (Shanghai Haling Biological
Technology Co., Ltd, Shanghai, China).

Animals and OVA-induced AR in mice

Female BALB/c mice (25 + 2 g) were procured from the
Shanghai Slake Laboratory Animal Co., Ltd (Shanghai,
China) and subjected to a stable environment with a rela-
tive humidity of 50-60% and a temperature of 23 £ 2 °C.
In addition, mice were housed under normal laboratory
conditions with a 12-h light-dark cycle. All the procedures
on mice in this study were performed in rigorous compli-
ance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee of The
Second Affiliated Hospital of Zhejiang University of Chi-
nese Medicine.

Mice were injected intraperitoneally with 2 mg of alu-
minum hydroxide containing OVA (50 pg) every 2 days for
14 days. Then, sensitized mice were obtained by injecting
10 uL of 10% OVA into the bilateral nasal cavities for 10
consecutive days. The Salvinorin A (SA) treatment group
received an intraperitoneal injection of 10 or 20 mgkg™!
SA from days 15 to 24 before intranasal OVA treatment.
The control group received only saline injections. The
amount of nasal rubbing and sneezing was measured for
10 min after intranasal OVA stimulation. Twenty-four
hours after the last intranasal stimulation, we obtained the
serum of the mice, and the expression levels of OVA-
specific IgE, histamine, interleukin-4 (IL-4) and TNF-a
were evaluated via ELISAs, and the nasal mucosa tissues
were obtained for western blot.

Statistical analyses

Data were analyzed using GrRAPHPAD PRISM 7 (GraphPad
Software Inc., CA, USA) and are expressed as the
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by Bonferroni’s post hoc test. P < 0.05 was regarded as
significant.

Results

Salvinorin A had an inhibitory effect on RBL-2H3
degranulation

MTT assays were conducted to examine the effect of
salvinorin A on cell viability and to ensure that the
reduction in mast cell granule levels could not be
attributed to cell mortality. Salvinorin A (0-10 um)
had no apparent impact on the RBL-2H3 cell survival
rate (Fig. 1A). We selected 5 pum salvinorin A for sub-
sequent experiments. Salvinorin A improved the sur-
vival of DNP-IgE/HSA-treated RBL-2H3 cells
(Fig. 1B). To learn more about the allergic inhibitory
effect of salvinorin A on mast cell degranulation, we
measured the levels of P-hexosaminidase and his-
tamine, which were two indicators of degranulation.
Compared with the DNP-IgE/HSA group, the levels
of B-hexosaminidase and histamine were lower in salvi-
norin A + DNP-IgE/HSA-treated RBL-2H3 cells
(Fig. 1C.D). TNF-o and IL-4, released during mast
cell activation, are major key cytokines that promote
inflammation. Thus, we determined the influence of
salvinorin A on the expression of IL-4 and TNF-a in
RBL-2H3 cells. In our study, salvinorin A obviously
suppressed the overexpression of IL-4 and TNF-a
(Fig. 1E,F).

Salvinorin A suppressed degranulation and
F-actin rearrangement in RBL-2H3 cells

The effect of salvinorin A on toluidine blue dye
staining in RBL-2H3 cells was investigated to visual-
ize the release of granules. Normal RBL-2H3 cells
have an elongated morphology with purple granules
inside. DNP-IgE/HSA-stimulated RBL-2H3 cells
were irregular in morphology and released purple
granules, and salvinorin A treatment significantly
suppressed morphological changes and degranulation
(Fig. 2A). Changes in F-actin in DNP-IgE/HSA-
sensitized RBL-2H3 cells were observed via Alexa
Fluor 488-phalloidin staining. Regular RBL-2H3
cells were fusiform, and F-actin was uniformly dis-
tributed around the cells. DNP-IgE/HSA-sensitized
RBL-2H3 cells were elliptical due to disintegration
of the F-actin cytoskeleton, and pretreatment with
salvinorin A inhibited the morphological changes

mean =+ standard error of the mean (SEM). Statistical sig- and disintegration of the F-actin cytoskeleton
nificance was determined via one-way ANOVA, followed (Fig. 2B).
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Fig. 1. Salvinorin A had an inhibitory effect on RBL-2H3 degranulation. (A) Effects of various concentrations of salvinorin A on the viability of
RBL-2H3 cells determined using MTT assays. (B) Salvinorin A improved DNP-IgE/HSA-stimulated RBL-2H3 cell viability. (C) Salvinorin A
inhibited the level of B-hexosaminidase in DNP-IgE/HSA-stimulated RBL-2H3 cells. (D) Salvinorin A inhibited the level of histamine in DNP-
IgE/HSA-stimulated RBL-2H3 cells. (E) Salvinorin A suppressed the level of IL-4 in DNP-IgE/HSA-stimulated RBL-2H3 cells. (F) Salvinorin A
suppressed the level of TNF-a in DNP-IgE/HSA-stimulated RBL-2H3 cells. All data from three independent experiments are expressed as
the mean + SEM. *P < 0.05, **P < 0.01, in comparison with the control group; *P < 0.05, #P < 0.001, in comparison with the DNP-IgE/
HSA group. The difference between different groups was analyzed by one-way ANOVA, followed by Bonferroni's post hoc test.

Salvinorin A repressed PI3K/Akt signaling in RBL-
2H3 cells

To further study the mechanism underlying the inhibi-
tory effects of salvinorin A on the activation of mast
cells, we performed western blotting assays to evaluate
the expression levels of PI3K, p-PI3K, Akt (also named
protein kinase B) and p-Akt. The results showed that
PI3K and Akt phosphorylation was significantly up-
regulated in the DNP-IgE/HSA group. In contrast, in
the group treated with salvinorin A, the expression of
all the earlier proteins was reduced (Fig. 3A-C).

Salvinorin A inhibited OVA-induced AR in mice

To further understand the effects of salvinorin A on
AR, we examined the effects of salvinorin A in AR
mouse models. Salvinorin A was administered intraperi-
toneally before an intranasal OVA challenge for
10 days; then the amount of nasal rubbing and sneezing
was determined. The amount of rubbing and sneezing
was significantly elevated in the AR group compared
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with the normal mouse group. In contrast, this effect
was suppressed by administration of salvinorin A
(Fig. 4A,B). To explore the function of salvinorin A in
the allergic response in vivo, we determined the expres-
sion levels of both OVA-specific IgE and histamine.
Levels of OVA-specific IgE and histamine were mark-
edly down-regulated in the groups that received salvi-
norin A compared with the AR mouse group (Fig. 4C,
D). We also examined the IL-4 and TNF-a levels in
serum. Similarly, IL-4 and TNF-o were markedly
decreased by salvinorin A in AR mice compared with
untreated AR mice (Fig. 4E,F).

Salvinorin A repressed PI3K/Akt signaling in AR
mice

We also investigated the mechanism underlying the
inhibitory effects of salvinorin A in AR mice by exam-
ining the PI3K, p-PI3K, Akt and p-Akt protein
expression levels. The phosphorylation of PI3K and
Akt was clearly increased in AR mice, which was
reversed by salvinorin A (Fig. SA-C).
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Fig. 2. Effect of salvinorin A on granule
release and F-actin rearrangement in DNP-
IgE/HSA-stimulated RBL-2H3 cells. (A)
Effects of coptisine on toluidine blue
staining in DNP-IgE/HSA-sensitized cells.
(B) Effects of coptisine on Alexa Fluor 488
phalloidin staining in DNP-IgE/HSA-
sensitized cells. Scale bars: 50 pm.
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Fig. 3. Salvinorin A repressed PI3K/Akt signaling in RBL-2H3 cells. (A) The phosphorylation levels of PI3K (B) and Akt (C) in RBL-2H3 cells
(in vitro) were evaluated by western blotting. **P < 0.01, in comparison with the control group; #*¥P < 0.001, in comparison with the DNP-
IgE/HSA group. All data from three independent experiments are expressed as the mean + SEM. The difference between different groups
was analyzed by one-way ANOVA, followed by Bonferroni's post hoc test.

Discussion intestinal motility [17]. In particular, the suppression

A number of studies in animal models have shown
that salvinorin A exerts several potentially therapeutic
pharmacological effects, classically acting on the cen-
tral nervous system [15], as well as inhibiting LT pro-
duction, LT-related inflammatory parameters [16] and

2170

of airway hyperresponsiveness induced by OVA sensi-
tization [14] attracted our attention. The antiallergic
effect of salvinorin A has already been published in
previous work [14]. The novelty of our findings was
that salvinorin A inhibited OVA-stimulated AR and
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Fig. 4. Salvinorin A inhibited OVA-induced AR in mice. (A) Count of the amount of nasal rubbing within 10 min after intranasal OVA
injection. (B) The number of sneezes within 10 min after intranasal OVA injection was counted. (C) Salvinorin A inhibited the level of OVA-
specific IgE in OVA-induced AR in mice. (D) Salvinorin A inhibited the level of histamine in OVA-induced AR in mice. (E) Salvinorin A
suppressed the level of IL-4 in OVA-induced AR in mice. (F) Salvinorin A suppressed the level of TNF-a in OVA-induced AR in mice.
#xP < 0.01, in comparison with the control group; *P < 0.05, P < 0.001, in comparison with the AR group. All data from three independent
experiments are expressed as the mean + SEM. The difference between different groups was analyzed by one-way ANOVA, followed by
Bonferroni's post hoc test.
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Fig. 5. Salvinorin A repressed PI3K/Akt signaling in AR mice. (A) The relative PI3K (B) and Akt (C) protein expression levels in AR mice
(in vivo) were determined by western blotting. **P < 0.01, in comparison with the control group; *P < 0.05, #P < 0.001, in comparison with
the AR group. All data from three independent experiments are expressed as the mean + SEM. The difference between different groups
was analyzed by one-way ANOVA, followed by Bonferroni's post hoc test.

RBL-2H3 cell degranulation by regulating the PI3K/
Akt signaling pathway.

The RBL-2H3 cell line has been widely used to
study IgE-mediated mast cell activation as a result of

RBL-2H3 cell model to explore the function of salvi-
norin A in the activation of mast cells and OVA-
induced AR.

During IgE-mediated mast cell activation, cells

strong expression of the IgE receptor FceRI [18-20].
The mouse model of AR formed by OVA stimulation
has been used in several studies [21,22]. In this study,
with the aid of cell-based techniques and a mouse
model, we constructed a DNP-IgE/HSA-sensitized

produce cytoplasmic particles containing proinflam-
matory and proallergenic mediators, which are
released into the surrounding environment [23].
Degranulation is a marker of mast cell activation
and the release of inflammatory mediators [24].
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Cytoplasmic granules contain the degranulation indi-
cators B-hexosaminase and histamine [25]. IL-4 is an
indispensable molecule in allergic reactions, inducing
homotypic conversion to IgE, up-regulating adhesion
molecules and promoting eosinophil migration
[26,27]. TNF-a promotes inflammation caused by
neutrophils and T cells, leukocyte infiltration, and
chemotaxis, while mast cells activate TNF-o secre-
tion, which plays a key role in allergic reactions
[28,29]. Using in vivo and in vitro models, our study
established  that  salvinorin A  reduces JB-
hexosaminidase, histamine, 1L-4 and TNF-o levels,
indicating that salvinorin A can alleviate AR by
inhibiting inflammation and histamine release.

Coptisine effectively suppressed the phosphoryla-
tion of PI3K/Akt in the RBL-2H3 cell line [18]. LV-
KCa3.1 short hairpin RNA intervention significantly
reduced mast cell activity by blocking activation of
the PI3K/AKT signaling pathway [30]. miR-126
accelerated IgE-mediated mast cell degranulation
associated with the PI3K/Akt signaling pathway [31].
These results suggest that the PI3K/Akt signaling
pathway is activated in AR. Thus, we also detected
the PI3K/Akt signaling pathway after salvinorin A
treatment and found that phosphorylation of PI3K/
Akt was blocked by salvinorin A in both in vivo and
in vitro models.

Antiallergic effects shown in the previous study seem
to be complicated [14]. The author showed that salvi-
norin A up-modulated IgE response, whereas Th2
cytokine production was suppressed. The conclusion
was that salvinorin A inhibited the Th2 cytokine pro-
duction, such as IL-4, which was the same as our find-
ings. The author explained that salvinorin A up-
modulated the IgE response and was coupled to a sig-
nificant increase in bronchial hyperreactivity and pul-
monary inflammation associated to pulmonary mast
cell recruitment [32], which was contrary to our results.
We have known that mast cells are activated by cross-
linking of allergen-IgE bound to FceRI on the cell sur-
face, culminating in degranulation releasing mediators
that activated PI3K and phosphorylation PI3K acti-
vated Akt [33]. Our results showed that salvinorin A
down-regulated the IgE response via the PI3K/Akt
signing pathway. This result was consistent with a pre-
vious study that confirmed that coptisine treatment
obviously improved nasal symptom scores and inhib-
ited the elevation of serum IgE as a result of its
antioxidant and anti-inflammatory effects on AR [18].
In summary, this study provides evidence of salvinorin
A inhibition of IgE-mediated allergic reactions and
OVA-induced AR in mice, which has implications for
development of anti-AR drugs.

Q. Shou et al.

Conclusions

Overall, this study provides evidence of salvinorin A
inhibition of IgE-mediated allergic reactions and
OVA-induced AR in mice and has implications for the
development of anti-AR drugs.

Acknowledgements

This research was supported by the Natural Science
Foundation Project of the Zhejiang Province ‘Study
on the Mechanism of the Effective Components of Sal-
via Miltiorrhiza in Regulating Mast Cell PLCy/PKC/
Ca®" Pathway Against Allergic Rhinitis’ (grant number
LY19H280009) and the Traditional Chinese Medicine
Science and Technology Program of Zhejiang Province
(grant number C2019ZB079).

Conflict of interest

The authors declare no conflict of interest.

Author contributions

QS and TT performed the experiments and conducted
data analysis. FX designed the study and revised the
manuscript. QS wrote the first version of the manuscript.

Data accessibility

The analyzed datasets generated during the study are
available from the corresponding author on reasonable
request.

References

1 Eifan AO and Durham SR (2016) Pathogenesis of
rhinitis. Clin Exp Allergy 46, 1139-1151.

2 Hoyte FCL and Nelson HS (2018) Recent advances in
allergic rhinitis. F1000Research 7, 1333.

3 Wheatley LM and Togias A (2015) Clinical practice.
Allergic rhinitis. N Engl J Med 372, 456-463.

4 Modena BD, Dazy K and White AA (2016) Emerging
concepts: mast cell involvement in allergic diseases.
Transl Res 174, 98—121.

5 Cruse G and Bradding P (2016) Mast cells in airway
diseases and interstitial lung disease. Eur J Pharmacol
778, 125-138.

6 Andersson C, Tufvesson E, Diamant Z and Bjermer L
(2016) Revisiting the role of the mast cell in asthma.
Curr Opin Pulm Med 22, 10-17.

7 Wernersson S and Pejler G (2014) Mast cell secretory
granules: armed for battle. Nat Rev Immunol 14, 478—
494.

2172 FEBS Open Bio 11 (2021) 2166-2173 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



Q. Shou et al. Role of salvinorin A in AR

8 Olivera A, Beaven MA and Metcalfe DD (2018) Mast allergic rhinitis in mice through the inhibition of Th2
cells signal their importance in health and disease. J cytokine production and mast cell histamine release.
Allergy Clin Immunol 142, 381-393. Apmis 127, 688—695.

9 Gelfand EW, Joetham A, Wang M, Takeda K and 22 Liu HC, Liao Y and Liu CQ (2018) miR-487b mitigates
Schedel M (2017) Spectrum of T-lymphocyte activities allergic rhinitis through inhibition of the IL-33/ST2
regulating allergic lung inflammation. Immunol Rev 278, signaling pathway. Eur Rev Med Pharmacol Sci 22,
63-86. 8076-8083.

10 Yi Z, Yi Z, Huang K, Cao Y, Xiao C, Li Y, Lu Q, 23 Wang Q, Lepus CM, Raghu H, Reber LL, Tsai MM,
Zhao S, Luo W and Liu G (2018) Propofol attenuates Wong HH, von Kaeppler E, Lingampalli N, Bloom
mast cell degranulation via inhibiting the miR-221/ MS, Hu N, et al. (2019) IgE-mediated mast cell
PI3K/Akt/Ca(2+) pathway. Exp Ther Med 16, 1426— activation promotes inflammation and cartilage
1432. destruction in osteoarthritis. Elife 8, €39905.

11 Riley AP, Day VW, Navarro HA and Prisinzano TE 24 Gilfillan AM and Tkaczyk C (2006) Integrated
(2013) Palladium-catalyzed transformations of signalling pathways for mast-cell activation. Nat Rev
salvinorin A, a neoclerodane diterpene from Salvia Immunol 6, 218-230.
divinorum. Org Lett 15, 5936-5939. 25 Hou YB, Ji K, Sun YT, Zhang LN and Chen JJ (2019)

12 Siebert DJ (1994) Salvia divinorum and salvinorin A: new CDK4/6 inhibitor palbociclib suppresses IgE-mediated
pharmacologic findings. J Ethnopharmacol 43, 53-56. mast cell activation. J Transl Med 17, 276.

13 Roth BL, Baner K, Westkaemper R, Siebert D, Rice 26 Yuan Y, Liu Q, Zhao J, Tang H and Sun J (2018)
KC, Steinberg S, Ernsberger P and Rothman RB (2002) SIRT1 attenuates murine allergic rhinitis by
Salvinorin A: a potent naturally occurring downregulated HMGB 1/TLR4 pathway. Scand J
nonnitrogenous kappa opioid selective agonist. Proc Immunol 87, €12667.

Natl Acad Sci USA 99, 11934-11939. 27 McLeod JJ, Baker B and Ryan JJ (2015) Mast cell

14 Rossi A, Caiazzo E, Bilancia R, Riemma MA, Pagano production and response to 1L-4 and IL-13. Cytokine
E, Cicala C, lalenti A, Zjawiony JK, Izzo AA, Capasso 75, 57-61.

R et al. (2016) Salvinorin A inhibits airway 28 Bachus H, Kaur K, Papillion AM, Marquez-Lago TT,
hyperreactivity induced by ovalbumin sensitization. Yu Z, Ballesteros-Tato A, Matalon S and Leén B
Front Pharmacol 7, 525. (2019) Impaired tumor-necrosis-factor-a-driven

15 Butelman ER and Kreek MJ (2015) Salvinorin A, a dendritic cell activation limits lipopolysaccharide-
kappa-opioid receptor agonist hallucinogen: induced protection from allergic inflammation in
pharmacology and potential template for novel infants. Immunity 50, 225-240.e4.
pharmacotherapeutic agents in neuropsychiatric 29 Arakawa T, Okubo H, Mae M, Okuno T, Ogino H
disorders. Front Pharmacol 6, 190. and Ueno H (2019) Seleno-L-methionine suppresses

16 Aviello G, Borrelli F, Guida F, Romano B, Lewellyn K, immunoglobulin E-mediated allergic response in RBL-
De Chiaro M, Luongo L, Zjawiony JK, Maione S, 1zzo 2H3 cells. Biol Pharm Bull 42, 1179-1184.

AA et al. (2011) Ultrapotent effects of salvinorin A, a 30 Lin H, Zheng C, Li J, Yang C and Hu L (2015)
hallucinogenic compound from Salvia divinorum, on LPS- Lentiviral shRNA against KCa3.1 inhibits allergic
stimulated murine macrophages and its anti-inflammatory response in allergic rhinitis and suppresses mast cell
action in vivo. J Mol Med ( Berl) 89, 891-902. activity via PI3K/AKT signaling pathway. Sci Rep S,

17 Rossi A, Pace S, Tedesco F, Pagano E, Guerra G, 13127.

Troisi F, Werner M, Roviezzo F, Zjawiony JK, Werz O 31 Bao Y, Wang S, Gao Y, Zhang W, Jin H, Yang Y and
et al. (2016) The hallucinogenic diterpene salvinorin A Li J (2018) MicroRNA-126 accelerates IgE-mediated
inhibits leukotriene synthesis in experimental models of mast cell degranulation associated with the PI3K/Akt
inflammation. Pharmacol Res 106, 64-71. signaling pathway by promoting Ca(2+) influx. Exp

18 Fu S, Ni S, Wang D and Hong T (2018) Coptisine Ther Med 16, 2763-2769.
suppresses mast cell degranulation and ovalbumin- 32 Roviezzo F, Bertolino A, Sorrentino R, Terlizzi M,
induced allergic rhinitis. Molecules 23. Matteis M, Calderone V, Mattera V, Martelli A,

19 Passante E and Frankish N (2009) The RBL-2H3 cell Spaziano G, Pinto A et al. (2015) Hydrogen sulfide
line: its provenance and suitability as a model for the inhalation ameliorates allergen induced airway
mast cell. Inflamm Res 58, 737-745. hypereactivity by modulating mast cell activation.

20 Passante E, Ehrhardt C, Sheridan H and Frankish N Pharmacol Res 100, 85-92.

(2009) RBL-2H3 cells are an imprecise model for mast 33 Roth K, Chen WM and Lin TJ (2008) Positive and
cell mediator release. Inflamm Res 58, 611-618. negative regulatory mechanisms in high-affinity IgE

21 Fan XH, Cheng L and Yan AH (2019) Ameliorative receptor-mediated mast cell activation. Arch Immunol
effect of acetylshikonin on ovalbumin (OVA)-induced Ther Exp (Warsz) 56, 385-399.

FEBS Open Bio 11 (2021) 2166-2173 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of 2173

Federation of European Biochemical Societies



	Outline placeholder
	feb413219-aff-0001
	feb413219-aff-0002
	feb413219-aff-0003

	 Mate�ri�als and meth�ods
	 Cell cul�ture and IgE-me�di�ated mast cell acti�va�tion
	 Cell via�bil�ity
	 Assess�ment of his�tamine and &bgr;-hex�osaminidase
	 Inter�leukin-6 and tumor necro�sis fac�tor-&agr; assess�ment
	 Tolu�idine blue stain�ing
	 F-actin micro�fil�a�ment stain�ing
	 Western blot
	 Ani�mals and OVA-in�duced AR in mice
	 Sta�tis�ti�cal anal�y�ses

	 Results
	 Salvi�norin A had an inhibitory effect on RBL-2H3 degran�u�la�tion
	 Salvi�norin A sup�pressed degran�u�la�tion and �F-actin rear�range�ment in RBL-2H3 cells
	 Salvi�norin A repressed PI3K/Akt sig�nal�ing in RBL-2H3 cells
	 Salvi�norin A inhib�ited OVA-in�duced AR in mice
	 Salvi�norin A repressed PI3K/Akt sig�nal�ing in AR mice
	feb413219-fig-0001

	 Dis�cus�sion
	feb413219-fig-0002
	feb413219-fig-0003
	feb413219-fig-0004
	feb413219-fig-0005

	 Con�clu�sions
	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Author con�tri�bu�tions
	 Data acces�si�bil�ity
	feb413219-bib-0001
	feb413219-bib-0002
	feb413219-bib-0003
	feb413219-bib-0004
	feb413219-bib-0005
	feb413219-bib-0006
	feb413219-bib-0007
	feb413219-bib-0008
	feb413219-bib-0009
	feb413219-bib-0010
	feb413219-bib-0011
	feb413219-bib-0012
	feb413219-bib-0013
	feb413219-bib-0014
	feb413219-bib-0015
	feb413219-bib-0016
	feb413219-bib-0017
	feb413219-bib-0018
	feb413219-bib-0019
	feb413219-bib-0020
	feb413219-bib-0021
	feb413219-bib-0022
	feb413219-bib-0023
	feb413219-bib-0024
	feb413219-bib-0025
	feb413219-bib-0026
	feb413219-bib-0027
	feb413219-bib-0028
	feb413219-bib-0029
	feb413219-bib-0030
	feb413219-bib-0031
	feb413219-bib-0032
	feb413219-bib-0033


