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a b s t r a c t

Background: The effect of ginsenoside Rh2 (G-Rh2) on mast cell-mediated anaphylaxis remains unclear.
Herein, we investigated the effects of G-Rh2 on OVA-induced asthmatic mice and on mast cell-mediated
anaphylaxis.
Methods: Asthma model was established for evaluating airway changes and ear allergy. RPMCs and RBL-
2H3 were used for in vitro experiments. Calcium uptake, histamine release and degranulation were
detected. ELISA and Western blot measured cytokine and protein levels, respectively.
Results: G-Rh2 inhibited OVA-induced airway remodeling, the production of TNF-a, IL-4, IL-8, IL-1b and
the degranulation of mast cells of asthmatic mice. G-Rh2 inhibited the activation of Syk and Lyn in lung
tissue of OVA-induced asthmatic mice. G-Rh2 inhibited serum IgE production in OVA induced asthmatic
mice. Furthermore, G-Rh2 reduced the ear allergy in IgE-sensitized mice. G-Rh2 decreased the ear
thickness. In vitro experiments G-Rh2 significantly reduced calcium uptake and inhibited histamine
release and degranulation in RPMCs. In addition, G-Rh2 reduced the production of IL-1b, TNF-a, IL-8, and
IL-4 in IgE-sensitized RBL-2H3 cells. Interestingly, G-Rh2 was involved in the FcεRI pathway activation of
mast cells and the transduction of the Lyn/Syk signaling pathway. G-Rh2 inhibited PI3K activity in a
dose-dependent manner. By blocking the antigen-induced phosphorylation of Lyn, Syk, LAT, PLCg2, PI3K
ERK1/2 and Raf-1 expression, G-Rh2 inhibited the NF-kB, AKT-Nrf2, and p38MAPK-Nrf2 pathways.
However, G-Rh2 up-regulated Keap-1 expression. Meanwhile, G-Rh2 reduced the levels of p-AKT,
p38MAPK and Nrf2 in RBL-2H3 sensitized IgE cells and inhibited NF-kB signaling pathway activation by
activating the AKT-Nrf2 and p38MAPK-Nrf2 pathways.
Conclusion: G-Rh2 inhibits mast cell-induced allergic inflammation, which might be mediated by the
AKT-Nrf2/NF-kB and p38MAPK-Nrf2/NF-kB signaling pathways.
© 2021 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Type I hypersensitivity reaction, also known as anaphylaxis,
usually occurs within minutes after the host is again exposed to the
allergen [1]. Re-entry of the antigen induces mast cell degranula-
tion to release inflammatory factors, thus causing allergic diseases
such as asthma [2]. The main cause of asthma is contraction of
smooth muscle caused by mast cell degranulation [3]. Mast cells
degranulate and release histamine, resulting in contraction of
pulmonary tracheal smooth muscles and causing dyspnea [4]. In
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addition, mast cells release a large number of inflammatory cyto-
kines such as IL-1b, TNF-a, IL-8, and IL-4 after sensitization [5,6].
Recent studies have shown that mast cell degranulation in asthma
is mainly regulated by nuclear Ca2þ signal [7,8]. This entry of Ca2þ

ions into the cell triggers the degranulation and secretion process.
Therefore, inhibition of mast cell degranulation is critical for
developing medicines for allergic diseases.

Mast cell-mediated anaphylaxis involves aggregation by FcεRI
receptors [9,10]. Lyn triggers FcεRI receptor tyrosine phosphoryla-
tion and further mediates Syk and LAT phosphorylation. In addi-
tion, LAT and phosphatidylinositol 3-kinase (PI3K) mediate PLCG-2
recruitment and tyrosine phosphorylation [11], leading to activa-
tion of calcium signals in vivo [12]. NF-kB65, AKT-Nrf2 and
p38MAPK have been shown to be involved in mast cell activation
[13]. As an important transcription factor, NF-kB regulates the early
immune response and various stages of the inflammatory response.
AKT pathway is important for cell survival and apoptosis [14].
Allergic inflammation caused by the PI3K/Akt, MAPK, NF-kB and
Nrf2/HO-1 pathways plays a key role in activating degranulation
and inflammatory factor release of mast cells [15].

Ginsenoside, a steroid compound, is the active ingredient of
Ginseng [16]. It affects multiple metabolic pathways, and thus its
functions are quite complicated [17]. However, ginsenosides are
difficult to isolate and their monomer composition is very unstable.
Ginsenoside Rh2 (G-Rh2), which is extracted from ginsenosides,
has good chemical stability [18]. Now, we know that ginsenoside
Rh2 has anti-inflammatory and anticancer effects. For example, G-
Rh2 relieves sensitive airway inflammation in asthmatic mice
through NF-kB and MAPK signaling pathways [19]. In addition, G-
Rh2 inhibits NF-kB pathway to improve allergic dermatitis [20]. G-
Rh2 acts as an anticancer drug by strongly inhibiting cell viability
and metastatic processes [21,22]. Moreover, G-Rh2 cooperates with
SMI-4a to exert anti-melanoma activity through the AKT/mTOR
pathway [23], and that G-Rh2 blocks cancer gene promoter acti-
vation by inhibiting the activity of NF-кB and significantly down-
regulated the expression of IAPs [24]. However, the role of G-Rh2
on mast cell-mediated anaphylaxis remains unclear.

Here, in this study, we investigated the effect of G-Rh2 on mast
cell-mediated anaphylaxis. The underlying mechanisms were also
analyzed and discussed. Our findings may provide basis for the
treatment of anaphylaxis in the future.

2. Materials and methods

2.1. Animals

BALB/c mice (male, n ¼ 50) aged 7 weeks and Sprague-Dawley
rats (male, 220 ± 20 g, n ¼ 20) (Medical Department of Yanbian
University, Yanji, China) were kept in SPF environment. All animal
experiment procedures were approved by the Animal Protection
Committee of Yanbian University.

2.2. Asthma model

Mice were allocated into Control group (Control, n ¼ 10), oval-
bumin (OVA) group (n ¼ 10), OVA þ G-Rh2 25 mg/kg group
(OVA þ G-Rh2 25) (n ¼ 10), OVA þ G-Rh2 50 mg/kg group
(OVA þ G-Rh2 50) (n ¼ 10), and OVA þ G-Rh2 100 mg/kg group
(OVA þ G-Rh2 100) (n ¼ 10), randomly. Mice in OVA group and
OVAþG-Rh2 25/50/100 groups were sensitized by intrapulmonary
injection of sensitizing solution (200 mL) on the 1st, 7th and 14th
day. The sensitizing solution included 10 mg OVA (Sigma-Aldrich,
USA), 1 mg aluminium hydroxide (Imject® Alum, Pierce, USA), and
physiological saline. In the control group, 200 mL salinewas injected
intraperitoneally on the 1st, 7th and 14th day. The bronchial
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provocation test was performed in OVA mice from the 21st to the
23rd day. Briefly, the mice inhaled 1 % OVA aerosol (the diameter of
aerosol particles was about 3e5 mm by ultrasonic nebulizer) once a
day for 20 min each time. The control group was exposed to
aerosolized saline inhalation. On the 17th day, the OVAþG-Rh2 25/
50/100 groups were given G-Rh2 (Sigma, ref. 73,658; 25, 50,
100mg/kg body weight) orally once a day for 7 consecutive days. At
24 h after the last challenge, the mice were sacrificed.

2.3. Sample collection

After anesthesia, blood samples were immediately collected.
Then, themice were intubated and the lungs were rinsed with 1mL
of pre-chilled PBS to collect bronchoalveolar lavage fluid (BALF).
Finally, lung tissue was collected after sacrifice.

2.4. Lung histology and morphology analysis

The lung tissues of mice were processed into 3 mm sections.
Toluidine blue staining was used to observe the mast cell. H&E
staining was used to observe the infiltration of inflammatory cells
around the airway, and PAS staining was used to observe themucus
secretion of goblet cells. Three sections were randomly selected
from each mouse, and bronchioles were selected for microscopic
observation.

2.5. ELISA

Levels of TNF-a, IL-4, IL-8 and IL-1b in BALF and in RBL-2H3 cells
were detected with corresponding ELISA kits (R&D systems, USA).
The IgE inmouse serumwere also analyzedwith an ELISA Kit (Cat #
EMIGHE, Invitrogen). The activity of PI3K was quantified by a PI3-
Kinase Activity ELISA kit (Echelon, K-1000s). The absorbance was
detected at 450 nm wavelength.

2.6. Passive cutaneous anaphylaxis test and ear section staining

The Control group (Control), IgE þ Ag group (IgE þ Ag),
IgE þ Ag þ G-Rh2 25 mg/kg group (IgE þ Ag þ G-Rh2 25),
IgE þ Ag þ G-Rh2 50 mg/kg group (IgE þ Ag þ G-Rh2 50), and,
IgEþ AgþG-Rh2100mg/kg group (IgEþ AgþG-Rh2100) were set
up, with 10 mice in each group. IgE þ Ag þ G-Rh2 groups received
G-Rh2 once daily for 4 weeks. After 24 h of the last administration,
mice in IgEþ Ag and IgEþ Agþ G-Rh2 groups were sensitized with
0.2 mg anti-DNP IgE in 20 mL PBS. One day later, mice in G-Rh2
groups were injected with 1 mg DNP-HSA intravenously and 1 %
evansblue (1:1) mixture subcutaneously. Control group received
the same amount of normal saline. At 30 min after the challenge,
the mice were anesthetized. A digital micrometer (Mitutoyo 7326,
Tokyo, Japan) was used to detect ear thickness.

After determining the thickness, the ears of mice were fixed,
sectioned and stained with H&E. The staining was carried out in
accordance with the routine procedure. Under the condition of
100 � , 5 regions were randomly selected to count mast cells.

2.7. Cells preparation, culture and treatment

After anesthesia with ether, rats received intraperitoneal injec-
tion of 10 mL Ca2þ Tyrode buffer. Then, the abdomen was opened
under sterile conditions. Peritoneal lavage fluid was collected and
rat peritoneal mast cells (RPMCs) purified using Percoll density
gradient centrifugation (Pharmacia, Uppsala, Sweden). Toluidine
blue staining assessed RPMCs purity.

RBL-2H3 cells (ATCC, USA) and RPMCs were cultured with 5 %
CO2 at 37 �C in 85 % DMEM and 10 % fetal bovine serum. Control
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group, IgE þ Ag group and G-Rh2 groups were set up. The control
group was untreated. IgE þ Ag group was incubated with 10 mg/mL
anti-DNP IgE for 6 h and then with DNP-HSA (100 ng/mL) for
10 min. In G-Rh2 groups, G-Rh2 (5, 10, 20 mM) was added and
incubated at 37�Cfor 30 min. Then, cells were challenged with anti-
DNP IgE and DNP-HSA as those in IgE þ Ag group.

2.8. Cell viability

After treatment with different concentrations (0, 1, 10, 50, and
100 mM) of G-Rh2, RPMCs and RBL-2H3 cells were cultured in 96-
well plate (2 � 104/well). After MTT treatment, absorbance was
measured at 570 nm by SpectraMax Gemini®EM (Molecular de-
vices, CA, USA).

2.9. 45Ca uptake measurement

Calcium absorption in Ca2þ buffer solution was determined by
the method described previously [25]. After incubation at 4 �C for
10 min, the cells of control group, IgEþ Ag group and G-Rh2 groups
were treated as above described. Finally, the cells were lysed with
10 % Triton X-100. The Liquid Scintillation Analyzer (Canberra In-
dustries, Inc., Meriden, CT, USA) measured the radioactivity.

2.10. Histamine and degranulation measurement

RBL-2H3 cells (5 £ 105/well) were treated with anti-DNP IgE
(50 ng/mL) overnight. Cells were pretreated with or without G-Rh2
(0.1, 1, 10, 100 mM) for 1 h, and then treated with DNP-HSA (100 ng/
mL) for 4 h. After centrifugation for 5 min at 150 g � , 4 �C, the
supernatant was collected to determine histamine level by radio-
enzyme method.

The hypertrophic release of b-hexosaminase is also widely used
as a marker of degranulation of mast cells. The release of b-hex-
osaminase in BALF and by RBL-2H3 cells was measured. Briefly,
after incubating BALF with or without G-Rh2 (10, 20, 40 mM) at
37 �C for 30 min, the BALF supernatant was collected. The RBL-2H3
cells were incubated with or without G-Rh2 (0.1, 1, 10, 100 mM) at
37 �C for 1 h. Then, b-hexosaminidase substrate was added. After
the reaction was stopped, the degranulation degree of mast cells
was detected by spectrophotometer with a wavelength of 405 nm
with the addition of b-hexosaminase substrate.

2.11. Immunohistochemistry

Lung tissue sections were immune-stained sequentially with
Tryptase (# 19523S; CST), p-Syk (PA5-104904; Thermo Fisher), p-
Lyn (PA5-99355; Thermo Fisher) and goat anti-rabbit IgG-HRP (G-
21234; Thermo Fisher). RPMCs were immune-stained sequentially
with IL-4 (Abcam, USA) and goat anti-mouse IgG-HRP (Abcam).
Then, the slides were counterstained and observed under
microscope.

2.12. Western blot

Total proteins, cytosol proteins and nuclear proteins were iso-
lated from RBL-2H3 cells. The proteins were subjected to SDS-PAGE
and then transferred tomembranes. After blocking, themembranes
were incubated with Lyn (#2796), p-Lyn (#2731), Fyn (#4023), p-
Fyn (#70926), Syk (#2712), p-Syk (#2710), LAT (#9166), p-LAT
(#3584), PLCg2 (#3872), p-PLCg2 (#3871), PI3K (#17366), p-PI3K
(#4228), Raf-1 (#9422), ERK1/2 (#9102), p-ERK1/2 (# 4370), p65
(#8242), AKT (#2920), p-AKT (#9611), p38 (#8690), p-p38 (#4511),
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Nrf2 (#12721), Keap1 (#4678), GAPDH (#2118), and PCNA (#13110)
at room temperature for 1 h. These antibodies were from CST
(Danvers, MA, USA). The HRP conjugated secondary antibody was
then added for incubation. GAPDH and PCNAwere used as internal
references. Relative level of protein was calculated relative to
GAPDH or PCNA.

2.13. PP2 treatment

After treating with 25 ng/mL DNP-HAS, RBL-2H3 cells were
incubated with or without G-Rh2 (5, 10, 20 mM) or PP2 (20 mM) for
10 min.

2.14. siRNA transfection

After transfection with 100 nM siAKT (#6909; CST), siNrf2
(#5285; CST), sip 65 (#6337; CST) or siControl (#6568; CST) for
48 h, RBL-2H3 cells were collected for further analysis.

2.15. Inhibitor treatment

RBL-2H3 cells were treated with MK2206 (AKT inhibitor) or SB
203580 (p38MAPK inhibitor) for 2 h and G-Rh2 for 1 h. Then, cells
were collected for further analysis.

2.16. Statistical analysis

Data were analyzed using SPSS 17.0. Data of 5 independent ex-
periments were shown as means ± standard error (SEM). One-way
analysis of variance and Duncan's multiple range tests were per-
formed. P < 0.05 indicates statistically significant difference.

3. Results

3.1. Effect of G-Rh2 on OVA-mediated asthma in mice

Mast cells are mainly distributed in human skin, airways, and
digestive tract. In this study, we detected tryptase expression in
lung tissues to represent mast cells. It was found that the mast cells
in the lung tissue of the asthma group could be stained, indicating
that there was an inflammatory reaction in the mast cells of the
asthma group, while the G-Rh2 reduced inflammation. The
expression of tryptase in the OVA group increased, while G-Rh2
inhibited the expression of tryptase (Fig. 1A). H&E staining was
used to assess the infiltration of inflammatory cells in lung tissue.
The results showed that compared with the Control group, in-
flammatory cells infiltrated extensively around the trachea and
blood vessels in the OVA group. However, G-Rh2 treatment relieved
this situation (Fig. 1B). The goblet cell proliferation and mucus
secretion were evaluated by PAS staining. Compared with mice in
the Control group, mice in the OVA group had obvious proliferation
of goblet cells around the airway and increased mucus secretion
(Fig. 1C). G-Rh2 treatment obviously inhibited airway goblet cell
proliferation and mucus secretion in asthmatic mice. The immu-
nohistochemical method was used to observe the expression of p-
Lyn, and p-Syk. As shown in Fig. 1D, the expression levels of p-Lyn
and p-Syk in the OVA group were higher than those in the control
group. We found that G-Rh2 inhibited the expression levels of p-
Lyn and p-Syk in a dose-dependent manner. In addition, the levels
of TNF-a, IL-4, IL-8 and IL-1b in OVA groupwere significantly higher
compared to Control group (Fig.1E). Comparedwith the OVA group,
G-Rh2 reduced the production of TNF-a, IL-4, IL-8 and IL-1b in
asthmatic mice dose dependently. In Fig. 1F, compared with OVA



Fig. 1. Effects of G-Rh2 on OVA-mediated asthmatic mice. (A) Immunohistochemical staining of tryptase in lung tissue. (B) H&E staining of mouse lung sections. (C) PAS staining of
mouse lung sections. (D) Immunohistochemical staining of p-Lyn and p-Syk proteins in lung tissue. (E) Changes of cytokines in alveolar lavage fluid of asthmatic mice. (F) Changes in
serum IgE in the OVA-asthma mice model. (G) The content of b-hexosaminase in BALF. Each data value represents the average of 5 independent experiments (±S.E.M.).*P < 0.05 vs.
the Control group. #P < 0.05 vs. the OVA group.
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Fig. 2. The effect of G-Rh2 on ear swelling in mice. Mice were divided into Control group, IgE þ Ag group and IgE þ Ag þ G-Rh2 groups. Representational photographs of ear
sections stained with H&E (A) and toluidine blue (B) were shown. (C) Ear thickness was measured by dial thickness meter. (D) Mast cells were counted in the dermis. Each data
value represents the average of 5 independent experiments (±S.E.M.). #P < 0.05 vs. the Control group. *P < 0.05 vs. the IgE þ Ag group.
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group, G-Rh2 dose dependently reduced the production of IgE in
serum of asthmatic mice. Moreover, G-Rh2 also inhibited the
expression of b-hexosaminase in BALF dose dependently (Fig. 1G).
Therefore, we speculate that G-Rh2 inhibits the OVA mediated
allergic reaction of asthma in mice and that this effect may be
achieved by inhibiting Lyn and Syk activation and mast cell
degranulation.
3.2. The effect of G-Rh2 on ear swelling in mice

To study the effect of G-Rh2 on allergic ear swelling, H & E and
toluidine blue staining were used. H & E staining results showed
that the auricles of the mice in the IgE þ Ag group became thicker,
edema, and had a large number of inflammatory cell infiltration
(Fig. 2A). However, the G-Rh2 group significantly alleviated the
aforementioned pathological changes dose dependently. In addi-
tion, G-Rh2 also reduced ear swelling caused by allergic reactions
and significantly reduced ear thickness dose dependently (Fig. 2B
and C). Mast cell infiltration in the ears of mice in the IgE þ Ag
group was significantly increased than Control group (Fig. 2D).
Moreover, G-Rh2 treatment did affect the number of mast cells.
Therefore, G-Rh2 reduces inflammation and swelling induced by
the allergic responses, but not via regulating the number of mast
cells.
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3.3. Effects of G-Rh2 on uptake of calcium, degranulation, histamine
release, and pro-inflammatory cytokine expression in IgE-sensitized
mast cells

First, we used MTT to explore the effect of G-Rh2 on cell
viability. The results showed that cell survival was not significantly
different at different concentrations of G-Rh2, suggesting that G-
Rh2 had no cytotoxicity at the experimental concentrations
(Fig. 3A). Meanwhile, we studied the effect of G-Rh2 on mast cell
morphology. The surface of normal RPMCs was regular, round and
filled with granules (Fig. 3B). After treatment with IgE þ Ag, the
surface of RPMCs became irregular. RPMCs swelled and the number
of granules increased. However, after treatment with G-Rh2, RPMC
became slightly larger than normal cells. The cell surface became
round and the granularity decreased.

Next, we investigated the effect of G-Rh2 on calcium uptake. The
result showed that calcium uptake in RPMCs and RBL-2H3 cells was
significantly higher after IgE þ Ag treatment (Fig. 3C and D).
However, G-Rh2 significantly inhibited this increase dose depen-
dently (P < 0.05 or P < 0.01). We therefore concluded that G-Rh2
inhibited IgE-mediated uptake of calcium.

The inhibitory effect of G-Rh2 on histamine release and
degranulation of IgE sensitized mast cells was also analyzed. The
results showed that histamine release and degranulation in RBL-
2H3 cells in the IgE group were significantly increased compared
to the control group (Fig. 3E and F). However, in IgE-sensitized RBL-
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2H3 cells, G-Rh2 inhibited the release and degranulation of hista-
mine dose dependently.

In addition, we examined the effect of G-Rh2 on cytokine release
by ELISA. As shown in Fig. 3G, cytokine levels in the IgE þ Ag group
were significantly higher. However, G-Rh2 had a significant inhib-
itory effect on cytokine release dose dependently. IgE-treated
RPMCs had obviously higher IL-4 while G-Rh2 treatment reduced
IL-4 level (Fig. 3H). These results indicate that G-Rh2 inhibits his-
tamine release, degranulation and proinflammatory cytokine
expression in IgE-sensitized mast cells dose dependently.
3.4. Effects of G-Rh2 on FcεRI signaling pathway in IgE-sensitized
RBL-2H3 cells

The activity of kinases, including Fyn and Lyn, is the key to
activating Syk in antigen-stimulated mast cells. Thus, the levels of
Fyn and Lyn were measured by Western blot in vitro to determine
which tyrosine kinase is the direct target of G-Rh2 in mast cells.
Compared to control, the level of p-Fyn and p-Lyn in the IgE þ Ag
group increased significantly. G-Rh2 acted on p-Lyn in a
concentration-dependent manner in vitro but had no effect on p-
Fyn (Fig. 4A), suggesting that Lyn is the target of G-Rh2 in mast
cells.

In order to study the mechanism of G-Rh2 underlying its
inhibitory effect on mast cell activation, we investigated its effect
on the levels of early signaling proteins (including Syk and LAT) in
IgE-sensitized RBL-2H3 cells. Compared to the control group, we
found increased levels of Syk and LAT phosphorylation in the IgE
group (Fig. 4B). However, G-Rh2 inhibited phosphorylation of Syk
and LAT in a dose-dependent manner. PP2, which is a well-known
inhibitor of Src family kinases and inhibits the phosphorylation of
Syk and LAT, served as a positive control. Then, the effect of G-Rh2
on protein expression (including PLCr2 and PI3K) after mast cell
activationwas analyzed. The levels of phosphorylation of PLCr2 and
PI3K in IgE-sensitized RBL-2H3 cells were increased than control
group (Fig. 4C). We found that G-Rh2 inhibited the phosphorylation
levels of PLCr2 and PI3K dose dependently. The activity of PI3K was
quantified by a PI3-Kinase Activity ELISA kit. As shown in Fig. 4D,
the activity of PI3K in RBL-2H3 cells sensitized with IgE was higher
than that in the Control group. G-Rh2 inhibited PI3K activity in a
dose-dependent manner. In Fig. 4E, the expression levels of Raf-1
and p-ERK1/2 in IgE-sensitized RBL-2H3 cells were higher than
those in the Control group. We found that G-Rh2 inhibited the
expression levels of Raf-1 and p-ERK1/2 in a dose-dependent
manner. Thus, G-Rh2 dose dependently inhibits the FcεRI
signaling pathway in IgE-sensitized RBL-2H3 cells.
3.5. Effects of G-Rh2 on AKT-Nrf2/NF-kBp65 and p38-Nrf2/NF-
kBp65 signal pathways in IgE-sensitized RBL-2H3 cells

We examined the effect of G-Rh2 on p-AKT, p-p38 and Nrf2 in
IgE-sensitized RBL-2H3 cells by Western blotting. Compared to
control, the levels of p-AKTand p-p38were up-regulated, while the
level of Keap1 was down-regulated in IgE-sensitized RBL-2H3 cells
(Fig. 5A). After treating mast cells with G-Rh2 (5, 10, 20 mM), p-AKT
and p-p38MAPK levels were down-regulated, while the level of
Fig. 3. Effects of G-Rh2 on uptake of calcium, histamine release, degranulation and pro-infla
2H3 cells were treated with different concentrations of G-Rh2. Cell viability was measur
magnification). Control group: Normal RPMCs in HEPES-Tyrode buffer; IgE þ Ag group: RPM
HAS; IgE þ Ag þ G-Rh2 group: Prior to the challenge with 100 ng/mL DNP-HAS, cells were p
method (RPMCs). (D) Calcium uptake by radioenzyme method (RBL-2H3 cells). (E) Histamin
hexosaminase Each data value represents the average of 5 independent experiments (±S
Immunohistochemical detection of IL-4 expression in IgE-mediated RPMCs. Each data value
vs. the Control group. *P < 0.05, **P < 0.01 vs. the IgE þ Ag group.
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Keap1 was up-regulated. In addition, the level of Nrf2 in the nu-
cleus of the IgE þ Ag group increased significantly, and that in the
G-Rh2 groups increased significantly than that in control and
IgE þ Ag groups. However, the expression of Nrf2 in the cytoplasm
is opposite to that in the nucleus. Together, G-Rh2 reduced the
expression of p-AKT, p-p38 and Nrf2 (cytoplasm) and increased the
level of Keap1 in IgE-sensitized RBL-2H3 cells.

Western blot was performed to detect cytosol and nuclear NF-
kBp65 level. After sensitization of RBL-2H3 cells by IgE, the level of
NF-kBp65 in the nucleus was significantly increased, while the level
of NF-kBp65 in the cytoplasm was significantly reduced (Fig. 5A).
However, after treatment with G-Rh2, the level of NF-kBp65 in the
nucleus decreased significantly, while the level of cytoplasmic NF-
kBp65 recovered. In a word, G-Rh2 inhibited the activation of NF-
kBp65 by inhibiting the nuclear translocation of the p65 subunit.

G-Rh2 may have certain effects on the AKT-Nrf2 signaling
pathway of IgE-sensitized RBL-2H3 cells. We found that knock-
down of AKT inhibited phosphorylation of NF-kB-p65, and knock-
down of Nrf2 inhibited phosphorylation of NF-kB-p65 (Fig. 5B).
However, we found that knockdown of NF-kB-p65 had no signifi-
cant effect on AKT (Fig. 5B), confirming the upstream and down-
stream relationship between Akt and NF-kB-p65. To investigate
whether AKT affects the effect of G-Rh2 on Nrf2, we further pre-
treated RBL-2H3 cells with MK2206 (AKT inhibitor) or BT (Nrf2
inhibitor). The results showed that MK2206 inhibited the expres-
sion of p-AKT and Nrf2, while BT inhibited the expression of Nrf2.
We found p-AKTand Nrf2 were activated after the G-Rh2 treatment
of RBL-2H3 cells. G-Rh2þMK2206 effectively inhibited p-AKT and
Nrf2 activation. We also found that G-Rh2þBT suppressed Nrf2
activation (Fig. 5C). These results indicate that G-Rh2 regulates
AKT-Nrf2 signaling in IgE-sensitized RBL-2H3 cells.

Meanwhile, G-Rh2 may also have effects on p38-Nrf2 signal axis
of RBL-2H3 cells sensitized by IgE. We observed that knockdown of
p38MAPK inhibited NF-kB-p65 phosphorylation (Fig. 5D). Knock-
down of Nrf2 reduced the phosphorylation of NF-kB-p65, but the
knockdown of NF-kB-p65 has no significant effect on AKT (Fig. 5D).
To investigate whether G-Rh2 was regulated by p38, RBL-2H3 cells
were pretreated with SB 203580 (p38MAPK inhibitor) or BT (Nrf2
inhibitor). Subsequently, SB 2035806 inhibited the expression of p-
p38 and Nrf2, while BT inhibited the expression of Nrf2. After
treating RBL-2H3 cells with G-Rh2, we found that p-p38 and Nrf2
were activated. We observed that treatment with G-Rh2þSB
203580 effectively blocked the activation of Nrf2 and p-p38 in RBL-
2H3 cells, and that G-Rh2þBT also effectively blocked the expres-
sion of Nrf2 (Fig. 5E). In conclusion, G-Rh2 activated the p38-Nrf2
signal pathway of RBL-2H3 cells sensitized by IgE.
4. Discussion

Previous studies have reported that G-Rh2 has antioxidant, anti-
inflammatory, and anti-apoptotic activities [26e29]. Here we
demonstrate the anti-allergic effects of G-Rh2 by activating AKT-
Nrf2 and p38MAPK-Nrf2 in vivo and in vitro. Asthma is a common
allergic disease currently, and severely affects the normal life of
patients at the time of onset [30]. Mast cells are involved in the
development of asthma, and cytokines such as IL-1b, TNF-a, IL-8,
mmatory cytokine expression in IgE-sensitized mast cells. (A) Purified RPMCs and RBL-
ed by MTT assay. (B) Morphology of IgE-mediated degranulation of RPMCs (1000�
Cs sensitized with 10 g/mL anti-DNP IgE for 6 h and challenged with 100 ng/mL DNP-
reincubated with 20 mM G-Rh2 at 37+C for 30 min. (C) Calcium uptake by radioenzyme
e levels were measured with a fluorescent plate reader (RBL-2H3 cells). (F) Level of b-
.E.M.). (G) The expression of cytokines by RBL-2H3 cells was detected by ELISA. (H)
represents the average of 5 independent experiments (±S.E.M.). #P < 0.05, ##P < 0.01



Fig. 4. Effects of G-Rh2 on FcεRI signaling pathway in IgE-sensitized RBL-2H3 cells. (AWestern blot was used to detect the expression of p-Lyn, Lyn, p-Fyn, and Fyn protein. RBL-2H3
cells were stimulated with 25 ng/mL DNP-HSA, and then incubated with G-Rh2 or PP2 for 10 min. Protein levels were detected with Western blot. (B) The levels of p-Syk, Syk, p-LAT,
and LAT protein. (C) The levels of p-PLCg2, PLCg2, p-PI3K, and PI3K protein. (D) The activity of PI3K was quantified by a PI3-Kinase Activity ELISA kit. (E) The levels of Raf-1, p-ERK1/
2, and ERK1/2 protein. Each data value represents the average value of 5 independent experiments (±SEM). #P < 0.05, ##P < 0.01 vs. the Control group. *P < 0.05, **P < 0.01 vs. the
IgE þ Ag group.
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and IL-4 are involved in the development of chronic allergic
inflammation [31]. TNF-a promotes T cells to produce various in-
flammatory factors, which in turn promotes inflammation [32]. IL-4
has immunomodulatory effects on mast cells and can stimulate the
proliferation of mast cells [33]. IL-8 can exert chemotactic effects on
various cells to the lesion site in the inflammatory response [34]. IL-
1b is an inflammatory cytokine, which is widely involved in many
pathological processes, such as tissue destruction and edema for-
mation [35]. In this study, we found that the expression of tryptase
in the OVA group increased, while this was inhibited by G-Rh2. The
activation of Lyn and Syk in the lung tissue of the G-Rh2 adminis-
tration group also decreased. Moreover, G-Rh2 reduced TNF-a, IL-4,
IL-8, and IL-1b produced by mast cells in asthma and inflammatory
responses and decreased the production of IgE in serum of OVA
induced asthmatic mice, thereby inhibiting the further develop-
ment of chronic allergic inflammation.

Mast cells are important for allergic inflammation [36,37].
Activated mast cells release histamine, chemokines, and cytokines
[38]. In addition, calcium in mast cells is significantly increased
after mast cell activation [39]. In this study, we found that G-Rh2
significantly reduced calcium uptake, thereby inhibiting mast cell
activation. However, G-Rh2 did not significantly affect the viability
or the number of mast cells. In addition, histamine is one of the
most important factors for allergic reactions [40]. Our results
showed that G-Rh2 also dose dependently inhibited histamine
release and degranulation of mast cells. Therefore, we speculate
that G-Rh2 inhibits the release and degranulation of histamine by
inhibiting the calcium uptake of mast cells dose dependently.

Activation of the FcεRI signaling pathway can cause a variety of
allergic reactions [41,42]. The binding of IgE antigen to FcεRI leads
to activation of FcεRI [43], which causes various allergic reactions,
such as degranulation, cytokine expression and secretion [44].
Antigen-mediated aggregation of FcεRI on mast cells will activate
Syk and cause phosphorylation of other mediators (such as LAT,
PLCr2, PI3K, etc.) [45,46], and finally, cause mast cells to degranu-
late and release cytokines [47]. To understand how G-Rh2 inhibits
mast cell activation, we investigated the effect of G-Rh2 on FcyRI-
mediated Syk and LAT phosphorylation. We found that G-Rh2
inhibited antigen-induced phosphorylation of Lyn, Syk, LAT, PLCr2,
PI3K, ERK1/2 and the expression of Raf-1 dose dependently.
Moreover, G-Rh2 could inhibit the activity of PI3K induced by IgE in
a dose-dependent manner. These findings indicate that G-Rh2 dose
dependently significantly inhibits the activation of FcεRI-mediated
signaling pathways and thus exerts anti-allergic effects.

In addition, NF-kB-p65 is also involved in mast cell activation
[48]. Thus, we further clarified the effect of G-Rh2 on NF-kB-p65.
AKT-Nrf2 and p38MAPK-Nrf2 signaling pathways, which have
important roles in mast cell activation [49e51]. We found that G-
Rh2 inhibited antigen-induced NF-kB-p65, Akt, p38MAPK phos-
phorylation but up-regulated Keap1 expression in mast cells dose
dependently. In addition, knockdown of AKT or p38MAPK signifi-
cantly reduced phosphorylation of NF-kB-p65, but knockdown of
NF-kB-p65 had no significant effect on AKT or p38MAPK, indicating
that AKT and p38MAPK affect activation of NF-kB-p65. In summary,
Fig. 5. Effects of G-Rh2 on AKT-Nrf2/NF-kBp65 and p38-Nrf2/NF-kBp65 signal path-
ways in IgE-sensitized RBL-2H3 cells. Protein levels were detected with Western blot.
(A) Levels of p-AKT, AKT, p-p38, p38, Nrf2 and NF-kB. ##P < 0.01 vs. the Control group.
*P < 0.05, **P < 0.01 vs. the IgE þ Ag group. (B) Levels of p-AKT, AKT, Nrf2, Keap-1, p-
p65, and NF-kB. ##P < 0.01 vs. the Control group. **P < 0.01 vs. the siControl þ G-Rh2
group. (C) Levels of p-AKT, AKT, and Nrf2 (nuclear). ##P < 0.01 vs. the Control group.
**P < 0.01 vs. the G-Rh2 group. (D) Levels of p-p38, p38, Nrf2, p-p65, and p65.
##P < 0.01 vs. the Control group. **P < 0.01 vs. the siControl þ G-Rh2 group. (E) Levels
of p-p38, p38, and Nrf2 (nuclear). #P < 0.05, ##p < 0.01 vs. the Control group.
**P < 0.01 vs. the G-Rh2 group. Each data value represents the average value of 5
independent experiments (±SEM).



Fig. 6. An illustration of the mechanism underlying the inhibitory effect of G-Rh2 on the FcεRI signal pathway. G-Rh2 blocked IgE-induced mast cell degranulation by inhibiting
AKT-Nrf2 and p38MAPK-Nrf2 signal pathways.
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we confirmed the relationship between AKTor p38MAPK and Nrf2/
NF-kB-p65. G-Rh2 inhibits NF-kB-p65 activation by inhibiting AKT-
Nrf2 and p38MAPK-Nrf2 signaling pathways. The possible mecha-
nisms are as follows: 1) Activation of AKT and p38MAPK leads to
Nrf2 activation and further to NF-kB-p65 activation; 2) Activation of
AKT and p38MAPK results in upregulation of Nrf2 expression and
activation of NF-kB-p65; 3) AKT and p38MAPK may regulate the
activation of NF-kB-p65 through other signaling molecules.

Based on the results of in vivo and in vitro experiments, a
schematic diagram of the mechanism of G-Rh2 inhibition on the
FcεRI signal pathway has been drawn (Fig. 6). G-Rh2 dose depen-
dently blocked IgE-induced mast cell degranulation by inhibiting
AKT-Nrf2 and p38MAPK-Nrf2 pathways.

In summary, G-Rh2 reduced calcium uptake and histamine
release and inhibited inflammatory cytokines most likely through
AKT-Nrf2 and p38MAPK-Nrf2 signal axes. Thus, G-Rh2 might help
prevent or treat mast cell-mediated allergic inflammatory diseases.
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