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Abstract

Mast cells are important effector cells in immunoglobulin (Ig) E-mediated allergic reactions such as asthma, atopic dermatitis and
rhinitis. Vanillic acid, a natural product, has shown anti-oxidant and anti-inflammatory activities. In the present study, we investigated
the anti-allergic inflammatory effects of ortho-vanillic acid (2-hydroxy-3-methoxybenzoic acid, o-VA) that was a derivative of vanillic acid
isolated from Amomum xanthioides. In mouse anaphylaxis models, oral administration of 0-VA (2, 10, 50 mg/kg) dose-dependently
attenuated ovalbumin-induced active systemic anaphylaxis and IgE-mediated cutaneous allergic reactions such as hypothermia,
histamine release, IgE production and vasodilation; administration of 0-VA also suppressed the mast cell degranulator compound
48/80-induced anaphylaxis. In cultured mast cell line RBL-2H3 and isolated rat peritoneal mast cells in vitro, pretreatment with

0-VA (1-100 pmol/L) dose-dependently inhibited DNP-HSA-induced degranulation of mast cells by decreasing the intracellular free
calcium level, and suppressed the expression of pro-inflammatory cytokines TNF-a and IL-4. Pretreatment of RBL-2H3 cells with o-VA
suppressed DNP-HSA-induced phosphorylation of Lyn, Syk, Akt, and the nuclear translocation of nuclear factor-kB. In conclusion, o-VA
suppresses the mast cell-mediated allergic inflammatory response by blocking the signaling pathways downstream of high affinity IgE
receptor (FceRl) on the surface of mast cells.
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Introduction

Allergy is a hypersensitive response of the body’s immune sys-
tem caused by normally innocuous environmental substances
such as pollen, dust, mites, variant proteins and chemicals™.
In particular, type I hypersensitivity is a mast cell-mediated
allergic reaction that results in anaphylaxis and allergic disor-
ders such as asthma, atopic dermatitis and eczema. Activation

*To whom correspondence should be addressed.

E-mail dkhang@gachon.ac.kr (Dongwoo KHANG);
shkim72@knu.ac.kr (Sang-Hyun KIM)

Received 2016-06-02 Accepted 2016-08-23

of mast cells can be initiated by the allergen-induced cross-
linking of immunoglobulin (Ig) E antibodies bound to the high
affinity IgE receptor (FceRI) expressed on the surface of mast
cells, and the aggregation of FceRI triggers an intracellular sig-
naling cascade™ .

Mast cells activated by the aggregation of FceRI immediately
release allergic mediators such as preformed histamine and
prostaglandins. Histamine is a major factor in acute allergic
reactions such as vasodilation and increases the permeability
of vessels near the allergic site”. In addition, mast cells pro-
duce various cytokines, such as tumor necrosis factor (TNF)-a,
interleukin (IL)-1pB, IL-4 and transforming growth factor



(TGF)-B, all of which play important roles in the inflammatory
responses of the late-phase reaction, including the enhance-
ment of T cell activation and B cell survival®. Therefore, sup-
pressing histamine and pro-inflammatory cytokine release is a
suitable therapeutic target for the treatment of allergic inflam-
mation.

FceRI cross-linking initiates mast cell activation through a
complex intracellular signaling pathway. Assembly of the het-
erotetrameric structure of FceRI is initiated by the phosphory-
lation of the immunoreceptor tyrosine-based activating motifs
on the  and y subunits by Src family kinases such as Lyn and
Fyn. The phosphorylated y subunits then serve as binding
and activation sites for Syk. Phosphorylated Syk induces the
activation of various downstream signaling molecules, such
as linker for the activation of T cells, phospholipase Cy and
Gab2, resulting in an increase in calcium mobilization. Fur-
thermore, the FceRI-mediated signaling pathway also induces
the activation of mitogen-activated protein kinases (MAPKs)
and phosphatidylinositol-3-kinase (PI3K), Akt, and nuclear
factor (NF)-xB*®7). As a result, these events lead to late-phase
inflammatory reactions through the expression of several pro-
inflammatory and chemotactic cytokines™ ).

Many anti-allergic agents such as steroids, anti-histamines
and immunosuppressants are broadly used for the treat-
ment of allergic inflammation. However, the prolonged use
of steroids or non-specific immunosuppressants is known to

[0 Therefore, safer and more

[11]

cause a variety of side effects
effective drugs are needed to control allergic inflammation’
Natural products have been considered as a source of safer
and effective new drugs, and many candidates derived from
natural products have been approved for use as therapeutic

[12]

treatments Previously, we demonstrated that Amomum

xanthioides extract strongly inhibited mast cell-mediated aller-

gic inflammation!™

. Using activity-guided fractionation, we
isolated ortho-vanillic acid (2-hydroxy-3-methoxybenzoic
acid, 0-VA), a polyphenolic natural compound, as an active
component®. 0-VA is para-position derivative of vanillic acid.
Vanillic acid has been shown to possess anti-oxidant and anti-
inflammatory properties'* . However, the biological and/or
pharmacological activity of 0-VA has not been reported. The
aim of this study was to evaluate the beneficial effect of 0-VA
on mast cell-mediated allergic inflammation and to determine

the mechanism underlying these effects.

Materials and methods

Reagents and cell culture

Dinitrophenyl-human serum albumin (DNP-HSA), anti-
DNP IgE, o-phthaldialdehyde, 4-nitrophenyl N-acetyl-B-D-
glucosaminide, ovalbumin (OVA), dexamethasone (Dexa)
and Histodenz were purchased from Sigma-Aldrich (St Louis,
MO, USA). Alum adjuvant was purchased from Thermo
Scientific (Waltham, MA, USA). In this study, o-VA was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). RBL-2H3 cells and rat peritoneal mast cells (RPMCs)
were grown in Dulbecco’s modified Eagle’s medium (DMEM)
and a-minimum essential medium (Gibco, Grand Island, NY,

www.chinaphar.com
Kim YY et al

91

USA), respectively, supplemented with heat-inactivated 10%
fetal bovine serum and 100 units/mL penicillin G, 250 ng/mL
amphotericin and 100 pg/mL streptomycin in 5% CO, at 37°C.

Animals

Male Sprague-Dawley (SD) rats weighing 240-280 g (10 weeks
old) and male Imprinting Control Region (ICR) mice weigh-
ing 35-40 g (6 weeks old) were purchased from Dae-Han
Experimental Animal Center (Daejeon, Korea). All animals
had ad libitum access to standard rodent chow and filtered
water during the study. The animals were housed 5 per cage
in a laminar air flow room maintained at a temperature of
22+2°C, relative humidity of 55%+5% and 12 h light:dark cycle
throughout the study. The care and treatment of the animals
were in accordance with the guidelines established by the
Public Health Service Policy on the Humane Care and Use of
Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee of Kyungpook National Uni-
versity.

Ovalbumin-induced active systemic anaphylaxis (ASA)

A total of 30 mice were divided into 6 groups (PBS only, OVA
mixture only, OVA mixture and 0-VA at 2, 10, or 50 mg/kg,
and Dexa 10 mg/kg). Mice (n=5/group) were sensitized with
the OVA mixture (100 pg of OVA and 2 mg of alum adjuvant
in 200 pL of PBS) by intraperitoneal (ip) injection on d 0 and d
7. 0-VA and Dexa were dissolved in saline and orally admin-
istered 3 times once every 2 d at doses of 2-50 mg/kg body
weight after the second sensitization. On d 14, 200 pg of OVA
was ip injected, and then the rectal temperature of the animals
was measured every 10 min for 80 min. After 80 min, blood
was drawn from the abdominal artery of each mouse for the
measurement of serum histamine, total IgE and OV A-specific
IgE levels.

IgE-mediated passive cutaneous anaphylaxis (PCA)

An IgE-dependent cutaneous reaction was elicited as
described previously"®. A total of 20 mice were divided into
4 groups (PBS only, DNP-HSA only, DNP-HSA and o-VA 50
mg/kg, and Dexa 10 mg/kg). To induce a PCA reaction, the
skin on the ears of the mice (n=5/group) was sensitized with
an intradermal injection of anti-DNP IgE (0.5 pg/site). After
48 h, each mouse received an injection of DNP-HSA (1 mg/
mouse) and 4% Evans blue (1:1) mixture via the tail vein.
0-VA or Dexa was dissolved in saline and orally administered
at a dose of 50 mg/kg body weight 1 h before the challenge.
Thirty minutes after the challenge, the mice were euthanized
with CO, and the ears were removed for measurement of the
pigmented area. The amount of dye present was determined
colorimetrically after extraction with 1 mL of 1 mol/L KOH
and 9 mL of a mixture of acetone and phosphoric acid (5:13).
The absorbance intensity was measured at 620 nm in a spec-
trophotometer (UV-1201; Shimadzu, Kyoto, Japan).

Compound 48/80-induced systemic anaphylaxis
A total of 60 mice were divided into 6 groups (PBS only, com-
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pound 48/80 only, compound 48/80 and o-VA at 1, 10, or
100 mg/kg, and Dexa 10 mg/kg). Mice (n=10/group) were
given with an ip injection of PBS or 8 mg/kg body weight of
the mast cell degranulator compound 48/80. 0-VA or Dexa
was dissolved in saline and orally administered at doses of
1, 10, and 100 mg/kg body weight 1 h before the injection of
compound 48/80. Mortality was monitored for 1 h after the
induction of anaphylactic shock.

Preparation of rat peritoneal mast cells (RPMCs)

RPMCs were isolated from SD rats as previously described”).
In brief, the rats were euthanized with CO, and injected with
40 mL of Tyrode’s buffer A (137 mmol/L NaCl, 5.6 mmol/L
glucose, 12 mmol/L NaHCQO;, 2.7 mmol/L KClI, 0.3 mmol/L
NaH,PO,, and 0.1% gelatin) into the peritoneal cavity before
gentle massage of the abdomen for approximately 90 s. The
peritoneal cavity was carefully opened, and the fluid contain-
ing the peritoneal cells was collected using a Pasteur pipette.
The cells were collected after centrifugation at 150xg for 10
min at room temperature and then resuspended in 1 mL of
Tyrode’s buffer A. To separate the mast cells from the other
major rat peritoneal cells, ie, macrophages and small lympho-
cytes, the peritoneal cells suspended in Tyrode’s buffer A were
layered on 2 mL of 0.235 g/mL Histodenz solution and cen-
trifuged at 400xg for 15 min at room temperature. The cells at
the buffer-Histodenz interface were discarded, and the cells in
the pellet were washed and resuspended. The mast cell prep-
arations had a purity of approximately 95% as determined by
toluidine blue staining. More than 97% of the cells were viable
based on trypan blue staining,.

Cell viability

Cell viability was assayed using an MTT assay kit (WelGENE,
Seoul, Korea). RBL-2H3 cells (3x10* cells/well in 96-well
plates) were pretreated with various concentrations of 0-VA
for 24 h and incubated with 1 mg/mL MTT reagent at 37°C.
After 2 h, the formazan crystal by-products in the cells were
dissolved with 100 pL DMSO per well. The absorbance was
measured at 570 nm using a spectrophotometer (Molecular
Devices, Sunnyvale, CA, USA). Cell viability was calcu-
lated as relative absorbance compared with the control and
expressed as a percentage of the control.

B-Hexosaminidase release

The release of B-hexosaminidase used as a marker of mast cell
degranulation. Anti-DNP IgE (100 ng/mL)-sensitized RBL-
2H3 cells (5x10° cells/well in 12-well plates) were pretreated
with 0-VA for 1 h after washing 3 times with PBS and then
stimulated with DNP-HSA (100 ng/mL) for 4 h. After incuba-
tion, the cells were separated from the media by centrifuga-
tion at 150xg for 5 min at 4°C, and then the supernatant (40
pL) was transferred to 96-well plates and incubated with an
equal volume of substrate solution (1 mmol/L 4-nitrophe-
nyl N-acetyl-B-D-glucosaminide in 0.1 mol/L citrate buf-
fer, pH 4.5) for 1 h at 37°C. The cells were lysed with 0.5%
Triton X-100 before removing the supernatant to measure
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total B-hexosaminidase activity. The reaction was stopped
by adding 200 pL stop solution (0.1 mol/L Na,CO;-NaHCQO,,
pH=10). The absorbance was measured at 405 nm using a
spectrophotometer. B-Hexosaminidase release was calculated
by dividing the content in the culture media by the combined
absorbance of the culture media and cell lysate.

% Degranulati0n= ODCuItured media/ (ODCultured media+ ODCell lysate) X 100

Histamine release

To determine mast cell degranulation, the levels of histamine
in the serum and culture medium were measured. Mouse
blood was centrifuged at 400xg for 15 min at 4°C, and the
serum was collected. Anti-DNP IgE (100 ng/mL)-sensitized
RBL-2H3 cells (5%10° cells/well in 12-well plates) were pre-
treated with 0-VA for 1 h after washing 3 times with PBS, and
then stimulated with DNP-HSA (100 ng/mL) for 4 h. Isolated
RPMCs were seeded into 24-well plates (2x10* cells/well) with
anti-DNP IgE (500 ng/mL). After 24 h, the cells were washed
with PBS, pretreated with 0-VA for 1 h and then stimulated
with DNP-HSA (100 ng/mL) for 30 min. The cells were sepa-
rated from the medium by centrifugation at 150xg for 5 min at
4°C. For the measurement of histamine in the serum and sep-
arated medium, 0.1 mol/L HCI and 60% perchloric acid were
added and then centrifuged. The supernatant was transferred
to a 1.5 mL eppendorf tube, 5 mol/L NaCl, 5 mol/L NaOH
and n-butanol were added, and the solution was vortexed and
then centrifuged. The supernatant was shaken with 0.1 mol/L
HCI and n-haptane and then centrifuged. The histamine in
the aqueous layer was measured using the o-phthaldialdehyde
spectrofluorometric procedure as previously described™. The
fluorescence intensity was detected at emission 440 nm and
excitation 380 nm using a fluorescence plate reader (Molecular
Devices).

Intracellular calcium

The concentration of intracellular calcium was measured
using the fluorescent indicator Fluo-3/AM (Invitrogen,
Carlsbad, CA, USA). Anti-DNP IgE (100 ng/mL)-sensitized
RBL-2H3 cells (2x10* cells/well in 96-well plates) were pre-
incubated with Fluo-3/AM (5 pmol/L) for 1 h at 37°C. The
cells were treated with or without 0-VA for 1 h after washing
3 times with PBS and then were stimulated with DNP-HSA
(100 ng/mL). The fluorescence intensity was measured using
fluorescence plate reader at an excitation wavelength of 485
nm and an emission wavelength of 510 nm. The intracellular
calcium level in untreated control cells was calculated as 1
relative absorbance unit.

RNA extraction and quantitative real-time polymerase chain
reaction

Prior to the isolation of total cellular RNA, anti-DNP IgE
(100 ng/mL)-sensitized RBL-2H3 cells (5x10° cells/well in
12-well plates) were pretreated with 0-VA for 1 h and then
stimulated with DNP-HSA (100 ng/mL) for 1 h. Total RNA
samples were isolated using an RNAiso Plus kit (Takara Bio,



Inc, Shiga, Japan) according to the manufacturer’s proto-
col. First strand complementary DNA (cDNA) was synthe-
sized using Maxime RT Premix (iNtRON Biotech, Sungnam,
Korea). Quantitative real-time polymerase chain reaction
(PCR) was carried out using a Thermal Cycler Dice TP850
(Takara Bio, Inc) according to the manufacturer’s protocol.
Briefly, 1.5 pL of cDNA (150 ng), 1 pL of each of the forward
and reverse primers (0.4 pmol/L), 12.5 pL of SYBR Premix
Ex Taq (Takara Bio, Inc), and 9 pL of dH,O were mixed
together to obtain a final 25 pL reaction mixture in each reac-
tion tube. The PCR amplification conditions were similar to
the conditions in our previous research™™. Relative quan-
tification of mRNA expression was performed using TP850
software. The primer sequences used were as follows: TNF-a
(F 5-TCCCAAATGGGCTCCCTCTC-3, R 5'-AAATGGCAA-
ACCGGCTGACG-3), IL-4 (F 5-TGCACCGAGATGTTTG-
TACCAGA-3, R 5-TTGCGAAGCACCCTGGAAG-3'), and
B-actin (F 5’-GAAGCTGTGCTATGTTGCCCTAGA-3’, R
5-GTACTCCTGCTTGCTGATCCACAT-3"). The number of
cycles was optimized to ensure product accumulation in the
exponential range. The amplified products were separated by
electrophoresis on a 1.5% agarose gel containing ethidium bro-
mide and documented using a molecular imaging gel doc XR
system (Bio-Rad, Hercules, CA, USA).

Enzyme linked immunosorbent assay (ELISA)

The assay was performed using an ELISA kit (BD Biosci-
ences, San Diego, CA, USA) in a 96-well Nunc immuno plate
according to the manufacturer’s protocol. Anti-DNP IgE (100
ng/mL)-sensitized RBL-2H3 cells (5x10° cells/well in 12-well
plates) were pretreated with o-VA for 1 h after washing 3
times with PBS and then were stimulated with DNP-HSA (100
ng/mL) for 6 h. In the case of OVA-specific IgE, the immune
plate was coated with 20 pg of OVA instead of a capture anti-
body. After terminating the reaction with a substrate, the
absorbance intensity was detected using a microplate reader at
a wavelength of 450 nm.

Western blot

Nuclear and cytosolic proteins were extracted as previously
described™. Anti-DNP IgE (100 ng/mL)-sensitized RBL-2H3
cells (1x10° cells/well in 6-well plates) were pretreated with
o0-VA for 1 h after washing 3 times with PBS and then stimu-
lated with DNP-HSA (100 ng/mL) for 7 min (Lyn and Syk),
30 min (Akt) and 1 h (p65 NF-xB and IxBa). The cells were
washed with PBS and resuspended in 100 mL of cell lysis
buffer A (0.5% Triton X-100, 150 mmol/L NaCl, 10 mmol/L
HEPES, 1 mmol/L EDTA/Na;VO,, 0.5 mmol/L PMSF/DTT,
and 5 pg/mL leupeptin/aprotinin), vortexed, incubated for
5 min on ice, and centrifuged at 400xg for 5 min at 4°C. The
supernatant was collected and used as a cytosolic protein
extract. The pellets were washed 3 times with 1 mL of PBS
and then suspended in 25 pL of cell lysis buffer B (25% glyc-
erol, 420 mmol/L NaCl, 20 mmol/L HEPES, 1.2 mmol/L
MgCl,, 0.2 mmol/L EDTA, 1 mmol/L Na;VO,, 0.5 mmol/L
PMSF/DTT, and 5 pg/mL leupeptin/aprotinin), vortexed,
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sonicated for 30 s, incubated for 20 min on ice, and centrifuged
at 15000xg for 15 min at 4°C. The supernatant was collected
and used as the nuclear protein extract. Equal amounts of
cellular protein were electrophoresed using an 8%-12% SDS-
PAGE gel and then transferred to nitrocellulose membrane.
After blocking, the membrane was incubated with a primary
antibody against the target and then with anti-IgG horserad-
ish peroxidase-conjugated secondary antibody. The following
antibodies were purchased from Santa Cruz Biotechnology:
NF-kB (sc-109, rabbit polyclonal, 1:1000), IxBa (sc-371, rabbit
polyclonal, 1:1000), actin (sc-8432, mouse monoclonal, 1:1000),
lamin B (sc-6217, goat polyclonal, 1:1000). The following
antibodies were purchased from Cell Signaling Technology
(Beverly, MA, USA): phospho-Lyn (#2731, Tyr507, rabbit poly-
clonal, 1:1000), phospho-Syk (#2711, Tyr525/526, rabbit poly-
clonal, 1:1000), phospho-Akt (#9271, Ser473, rabbit polyclonal,
1:1000), Lyn (#2732, rabbit polyclonal, 1:1000), Syk (#2712, rab-
bit polyclonal, 1:1000), Akt (#9272, rabbit polyclonal, 1:1000).
Immunoreactive protein bands were visualized using a chemi-
luminescent substrate (Thermo Scientific).

Statistical analysis

Statistical analyses were performed using SAS statistical soft-
ware (SAS Institute, Cary, NC, USA). Treatment effects were
analyzed using analysis of variance followed by Duncan’s
multiple range tests. P<0.05 indicated significance.

Results

Effect of 0-VA on systemic and local anaphylaxis

The systemic anaphylaxis model is widely used to investigate
allergic responses, which are closely linked to the activation
of mast cells®. Anaphylaxis was induced in mice repetitively
sensitized with ovalbumin (OVA) through OVA challenge.
After an ip injection of OVA, mice were observed for 80 min.
The rectal temperature of the mice decreased; this effect was
attenuated by the administration of 0-VA, which was linked
to the serum histamine level. The serum histamine level
increased but was reduced by the administration of o-VA (Fig-
ure 1A-1C). In addition, total/ OV A-specific IgE levels were
increased after OVA challenge and reduced by 0-VA (Figure
1D, 1E). IgE plays a critical role in the mast cell-mediated

allergic response!™”

. To confirm the systemic activity of o-VA,
we also used a compound 48/80-induced anaphylactic shock
model. Our result showed that ip injection of compound
48/80 increased the mortality rate. However, the mortality
rate was reduced by oral administration of o-VA (Table 1).
PCA is one of the most appropriate in vivo models of local

allergic reaction!®

. After injection of 4% Evans blue mixed
with antigen, the PCA reaction site indicated that vascular
permeability was markedly increased, as indicated by the
amount of Evans blue dye extravasating. When o-VA was
orally administered to those mice, the vascular permeability of
the ears was attenuated, as indicated by the extent of ear blue
staining and intensity of Evans blue extraction of ears (Figure
2A, 2B). Ear thickness was also increased by antigen injection
and decreased by o-VA (Figure 2C).
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Figure 1. Effects of o-VA on ovalbumin (OVA)-induced active systemic anaphylaxis. The induction of systemic anaphylaxis and oral administration of
0-VA are described in the Materials and methods section. (A) Rectal temperature was measured every 10 min for 80 min. (B) Rectal temperature of the
mice at 60 min. Blood was obtained from the abdominal artery of each mouse to measure serum histamine, total IgE and OVA-specific IgE levels. (C)
Histamine levels were detected using a fluorescence plate reader. (D and E) Serum total IgE and OVA-specific IgE levels were detected by ELISA. Each
data point represents the mean+SEM of three independent experiments. "P<0.05. Dexa: dexamethasone.

Effect of 0-VA on the degranulation of mast cells

We first measured the effect of 0-VA and dexamethasone
(Dexa), a positive control, on the cell viability of RBL-2H3 cells
using the MTT assay. RBL-2H3 cells were incubated for 24 h
with various concentrations 0-VA or Dexa. Pre-treatment with
0-VA and Dexa at concentrations up to 20 pmol/L did not
reduce the cell viability (Figure 3A, 3B). Next, we tested the
ability of 0-VA on the degranulation of mast cells. DNP-HSA-
challenged RBL-2H3 cells released high levels of histamine
and -hexosaminidase. 0-VA (1-100 nmol/L) considerably
reduced the histamine and p-hexosaminidase release in DNP-
HSA-challenged cells in a dose-dependent manner. Moreover,
the highest dose of 0-VA showed effects similar to a substan-
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tially lower (100 times) concentration of Dexa (Figure 3C, 3D).
The inhibitory effect of 0-VA on histamine release was con-
firmed in primary cultured mast cells, RPMCs (Figure 3E). To
investigate the mechanisms by which 0-VA reduces mast cell
degranulation, we assayed intracellular calcium levels. It is
known that calcium movement across the membranes of mast
cells is important to histamine release. The suppression of cal-
cium influx by anti-allergic drugs inhibits mast cell degranu-
lation™. The inhibitory effect of 0-VA on calcium influx was
tested using the fluorescent indicator Fluo-3/AM. Intracel-
lular calcium levels were elevated by DNP-HSA challenge but
alleviated by 0-VA pre-treatment (Figure 3F).



Table 1. Effect of 0-VA on compound 48/80-induced systemic ana-
phylaxis.

Dose (mg/kg) Compound 48/80 (8 mg/kg) Mortality (%)
None (saline) + 100
o-VA 1 + 40
10 + 30
100 + 20
100 - 0
Dexa 10 + 20

Mice were given an intraperitoneal injection of 8 mg/kg of mast cell
degranulator, compound 48/80. 0-VA was orally administered at doses of
1, 10, and 100 mg/kg 1 h before the injection of compound 48/80 (n=10/
group). Mortality was monitored for 1 h after induction of anaphylactic
shock.

Effect of o-VA on the expression and secretion of pro-inflam
matory cytokines

IgE molecules bind to FceRI on the surface of mast cells. Then,
antigen exposure cross-links the cell-bound IgE and secretes
various pro-inflammatory cytokines, such as TNF-a and
IL-4". We assessed the effect of 0-VA on the expression of
pro-inflammatory cytokines in RBL-2H3 cells using quantita-
tive real-time PCR and ELISA. The gene expression of pro-

PBS only DNP-HSA
B 0.20
0.16
0.12

0.08

Absorbance

0.04

0
OVA - + + +
o-VA (mg/kg) - - 50 -
Dexa (mg/kg) - - - 10
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inflammatory cytokines was increased after DNP-HSA chal-
lenge. However, pre-treatment with o-VA (1-100 nmol/L)
suppressed the expression of pro-inflammatory cytokines.
(Figure 4A). In addition, the increased secretion of TNF-a and
IL-4 was dose-dependently decreased by pre-treatment with
o-VA (Figure 4B).

Effect of 0-VA on the activation of signaling proteins in mast cells
To identify mechanisms by which 0-VA inhibits pro-inflam-
matory cytokine production, we investigated the effect of
0-VA on known intracellular signaling molecules. The aggre-
gation of FceRI by antigen leads to the activation of Src family
protein tyrosine kinases such as Lyn and Syk. Consequently,
activated Src family protein tyrosine kinases induce the phos-
phorylation of Akt, resulting in the translocation of NF-kB™ .
It is known that NF-xB activation is involved in the inflamma-
tory response™). Accordingly, we measured the effect of 0-VA
on the activation of Lyn, Syk, Akt, IkBa and the translocation
of p65 NF-xB. Our results showed that activation of Lyn, Syk
and Akt was markedly suppressed by pre-treatment of o-VA
in DNP-HSA-challenged RBL-2H3 cells. In addition, 0-VA
hindered the DNP-HSA-induced degradation of IxBa and
translocation of p65 NF-kB (Figure 4C).

Discussion
Type I hypersensitivity is induced by the release of allergic

DNP-HSA+0-VA 50 DNP-HSA+Dexa 10 (mg/kg)

0.3

0.25

Ear thickness (mm)

0.2
OVA - + + +
0-VA (mg/kg) - - 50 -
Dexa (mg/kg) - - - 10

Figure 2. Effect of 0-VA on IgE-mediated passive cutaneous anaphylaxis. (A, B) The ear skin of mice (n=5/group) was sensitized with an intradermal
injection of anti-DNP IgE (0.5 mg/site) for 48 h. o-VA was orally administered at doses of 2, 10, and 50 mg/kg body weight 1 h before the intravenous
injection of a DNP-HSA and 4% Evans blue (1:1) mixture. Thirty minutes later, the thickness of both ears was measured, and the ears were collected
to measure the dye pigmentation. The dye was extracted as described in the Materials and methods section and detected using a spectrophotometer.
(C) Ear thickness was measured with a dial thickness gauge. Each data point represents the mean+SEM of three independent experiments. “P<0.05.

Dexa: dexamethasone.
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Figure 3. Effects of 0-VA on the degranulation of mast cells. (A, B) RBL-2H3 cells were pretreated with or without 0-VA and Dexa, then incubated for 24 h.
The absorbance intensity was detected using a spectrophotometer. (C, E) RBL-2H3 cells and RPMCs were pretreated with or without o-VA. Histamine
levels were detected using a fluorescence plate reader. (D) B-Hexosaminidase levels were detected using a spectrophotometer. (F) RBL-2H3 cells were
preincubated with Fluo-3/AM. Intracellular calcium was detected using a fluorescence plate reader. BAPTA, a calcium chelator, was used as a positive
control. Each data point represents the mean+SEM of three independent experiments. “P<0.05. Dexa: dexamethasone.

mediators and several pro-inflammatory cytokines and che-
mokines from activated mast cells™!. After antigen exposure,
mast cells are activated by the binding of antigen and the IgE-
mediated cross-linking of the FceRI complex. This event leads
to the secretion of allergic mediators, which induce allergic
reactions such as allergic rhinitis, atopic dermatitis, asthma
and some food allergies™. Therefore, mast cells are a target
for the development of drugs for allergic symptoms. In the
present study, we demonstrated that 0-VA suppressed mast
cell-mediated allergic inflammation using in vivo and in vitro
models.

Ovalbumin (OVA) is an abundant glycoprotein in egg
white and one of the major allergens®!. Sensitization with
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OVA enhances IgE production in the serum, after which re-
exposure to OVA initiates an allergic response through the
binding of antigen and IgE-receptor complexes on the sur-
face of mast cells” ! In particular, hypothermia, an allergic
response to OVA challenge, is caused by increased serum
histamine levels®. Therefore, the OVA-induced ASA model
is an appropriate animal model for mast cell-mediated type
I hypersensitivity®. The IgE-mediated PCA model is also
another well-characterized animal model of allergic reaction.
Local injection of anti-DNP IgE followed by an intravenous
antigenic challenge induces local plasma extravasation and
vascular permeability™. In both animal models, the increase
in histamine release results in vasodilation, which eventually



A J CON
Il DNP-HSA
1 DNP-HSA+0-VA 1 nmol/L
DNP-HSA+0-VA 10 nmol/L
E3# DNP-HSA+0-VA 100 nmol/L
DNP-HSA+Dexa 10 umol/L
4 -
Re]
c_ 3t
5%
32 g
o0& 2
oo
X C
58
2= 1t
[0
(O]
0
B 0.6

0.5

0.4

0.3

0.2

Cytokines (ng/mL)

0.1

TNF-a IL-4

www.chinaphar.com

Kim YY et al 97
C 209 100 559  77.0
p-Lyn el
Lyn  —— w— — —
10.7 100 58.9 20.9
p-Syk — -
Syk e —— o
23.9 100 14.0 27.8
p-Akt | — — - e —
Akt
100 19.7 48.3 62.9
IkBa — — —
B-Actin
8.9 100 22.8 24.4
N-NF-kB — =
Lamin B
DNP-HSA - + + +
o-VA (nmol/L) - 100 -
Dexa (umol/L) - - - 10

Figure 4. Effects of 0-VA on the expression of pro-inflammatory cytokines and the activation of signaling proteins and NF-kB. RBL-2H3 cells were
pretreated with or without 0-VA. Extraction and analysis of mRNA/protein were performed as described in the Materials and methods section. (A) The
gene expression of pro-inflammatory cytokines was determined with quantitative real-time PCR. (B) The secretion of pro-inflammatory cytokines was
measured by ELISA. Each data point represents the mean+SEM of three independent experiments. (C) NF-kB translocation, IkBa degradation and
the activation of signal molecules were assayed by Western blot (N-: nuclear, p-: phosphorylated). B-Actin and lamin B were used as a loading control.
The band intensity was digitized and normalized to the relative ratio. The band is representative of three independent experiments. “P<0.05. Dexa:

dexamethasone.

causes hypothermia and Evans blue pigmentation. In addi-
tion, the serum IgE level in the OVA-induced ASA model
was increased after challenge with OVA. OVA stimulates the
production of IgE by B cells, which requires the differentia-
tion of naive T cell into Th2 cells and is essential to mast cell

[4]

activation™. It is known that increased IgE levels contribute to

systemic anaphylaxis in mice™”

. Moreover, compound 48/80
is capable of inducing mast cell degranulation, which induces
systemic anaphylactic shock®. In our results, these symptoms
were reduced by the oral administration of 0-VA. From these
results, we suggest that 0-VA suppresses the allergic reaction
by inhibiting mast cell activation.

In this study, we used two types of mature mast cells to
assess the anti-allergic inflammatory effect of o-VA. One was
RBL-2H3 cells, one of the most popular mast cell lines used
and the other was RPMCs, primary isolated mast cells from
the peritoneal cavity. As previously mentioned, histamine
causes immediate allergic responses, including vascular per-
meability, vasodilation, bronchoconstriction and hypother-
mia®". The mechanism underlying histamine release from
mast cells is well understood. The binding of antigen to the

IgE-FceRI complex on mast cells leads to the phosphoryla-

tion of PLCy, which catalyzes the hydrolysis of phosphati-
dylinositol 4,5-bisphosphate, resulting in the generation of
inositol-1,4,5-trisphosphate (IP;) and diacylglycerol. IP; bind-
ing to its receptor in the endoplasmic reticulum (ER) immedi-
ately releases calcium from the ER store. Finally, the extrusion
of granules via fusion of the granule membrane releases hista-
mine® *'L In our results, antigen-mediated histamine release
was suppressed by 0-VA treatment in both RBL-2H3 cells and
RPMCs, and the intracellular calcium level was also decreased.
Various reports have shown that the release of histamine is
increased by intracellular calcium, an important secondary
messenger'™*. Therefore, these results suggest that the inhibi-
tion of histamine release is associated with the 0-VA-mediated
regulation of intracellular calcium levels.

TNF-a and IL-4 have a critical biological function in allergic
inflammation. In this study, we found that 0-VA inhibited
DNP-HSA-induced TNF-a and IL-4 expression. TNF-a pro-
motes inflammation and adaptive immunity and stimulates
immune cell maturation, migration and differentiation®,
TNF-a is also involved in eosinophil survival, thereby contrib-
uting to chronic inflammation due to increased cytokine pro-

duction®!. TL-4 is an essential factor in the production of IgE
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in plasma B cells and leads to the production of allergic Th2
cells by stimulating the maturation of naive T cells®. Thus,
the suppressive effects of 0-VA on the expression of TNF-a
and IL-4 suggest that 0-VA regulates the mast cell-mediated
allergic inflammatory response.

The production of TNF-a and IL-4 is regulated by NF-xB, a
key transcription factor that induces the expression of various
genes involved in inflammatory responses™. In unstimulated
cells, NF-xB is kept inactive by the binding of IxBa. After
stimulation with antigen, phosphorylated IxBa is degraded,
releasing NF-xB. Unbound-NF-xB translocates into the
nucleus for transcriptional activity™. The nuclear transloca-
tion of NF-xB and degradation of IkBa by DNP-HSA treat-
ment was significantly inhibited by 0-VA. Our results suggest
that inhibitory effects of 0-VA on pro-inflammatory cytokines
arise from the suppression of NF-xB nuclear translocation.

Mast cell activation is mediated by the crosslinking of FceRI
with IgE. The initiation of FceRI signaling induces the phos-
phorylation of Src family kinases such as Lyn, Fyn, and Syk.
After that, pLyn and pSyk phosphorylate various adaptor pro-
teins and then induce mast cell activation. In particular, Syk
kinase is an important protein in mast cell activation because
it leads to the activation of various downstream signaling
proteins such as PI3K, Akt, and MAPK, which cross-talks with
NF-xB® %,
might be a target for the discovery of anti-inflammatory drugs

Therefore, the inhibition of signaling molecules

to regulate the mast cell-mediated allergic inflammatory
response. A recent report showed that the allergic response
is suppressed by the regulation of Syk and Akt through Lyn

kinase activity"®”

. This report supports the idea that 0-VA also
can act as an inhibitor for the signaling pathway responsible
FceRI crosslinking-mediated mast cell activation.

In conclusion, 0-VA administration prevented systemic and
cutaneous allergic reaction in animal models. 0-VA reduced
the degranulation of mast cells via regulating intracellular
calcium levels. The expression of pro-inflammatory cyto-
kines was suppressed by 0-VA via the suppression of NF-kB,
presumably through the regulation of the signaling pathway
downstream of FceRI. A recent study compared the anti-
degranulation activity of vanillic acid and its derivatives in
DNP-HSA-challenged RBL-2H3 cells®. Tt showed no effect of
vanillic acid, and only 1000 pmol/L of methyl vanillate pos-
sessed a positive effect (no activity up to 300 pmol/L). This
is distinctly different from our results showing a reduction in
degranulation starting at 1 nmol/L of o-VA in similar condi-
tions. However, the anti-allergic activities of 0-VA in vivo are
lower than those in vitro. The low bioavailability of drugs
is associated with the poor aqueous solubility of drugs™.
Vanillic acid does not reach the maximum serum concentra-
tion within 1 h*”, This implies that the absorption and/or
bioavailability of vanillic acid into the serum are low. From
the differences in 0-VA activity in vivo and in vitro, we specu-
late that 0-VA may have low bioavailability similar to that
observed for vanillic acid. Nevertheless, our study showed
that 0o-VA could be a potential therapeutic candidate for mast
cell-mediated allergic disorders.
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