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DMast cells, constituents of virtually all organs and tissues, are critical cells in IgE-mediated allergic responses. The

aim of this studywas to investigate the effect andmechanism of an indoxyl chromogenic compound, 5-bromo-4-
chloro-3-indolyl 1,3-diacetate, CAC-0982, on IgE-mediated mast cell activation and allergic responses in mice.
CAC-0982 reversibly suppressed antigen-stimulated degranulation in murine mast cells (IC50, ~3.8 μM) and
human mast cells (IC50, ~3.0 μM). CAC-0982 also inhibited the expression and secretion of IL-4 and TNF-α in
mast cells. Furthermore, CAC-0982 suppressed the mast cell-mediated allergic responses in mice in a dose-
dependent manner (ED50 27.9mg/kg). As for themechanism, CAC-0982 largely suppressed the phosphorylation
of Syk and its downstream signalingmolecules, including LAT, Akt, Erk1/2, p38, and JNK. Notably, the tyrosine ki-
nase assay of antigen-stimulatedmast cells showed that CAC-0982 inhibited Fyn kinase, one of the upstream ty-
rosine kinases for Syk activation inmast cells. Taken together, these results suggest that CAC-0982may be used as
a new treatment for regulating IgE-mediated allergic diseases through the inhibition of the Fyn/Syk pathway in
mast cells.

© 2015 Published by Elsevier Inc.
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Introduction

Type 1 hypersensitivity response is an allergic reaction induced by
re-exposure to a specific type of antigen referred to as an allergen
(Broide, 2001). The reaction could be either local or systemic, and its
symptoms from mild irritation makes to sudden death by anaphylactic
shock. In recent years, the prevalence of asthma and allergic diseases
such as atopic dermatitis, food allergies, and allergic rhinitis has
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doxyl compound 5-bromo-4-
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significantly increased all over the world (Begin and Nadeau, 2014;
El-Qutob et al., 2014; Holgate, 2014). According to recent studies, asth-
ma affects more than 7% of the world's population (Akdis, 2013). In ad-
dition, allergic rhinitis, respiratory allergies, and other allergies affect
around 20% of people in the United States and other industrialized
countries (Castillo and Dimov, 2014).

It has been well established that these allergic responses are gener-
ally associated with the expansion of the Th2 cell subset, and mast cells
are culprit immune cells to the symptoms. The aggregation of high-
affinity IgE receptors (FcεRI) on mast cells via antigen triggers the re-
lease of various allergic mediators including histamine, inflammatory
cytokines, and eicosanoids in humans (Metzger, 2004; Rivera and
Gilfillan, 2006; Beaven, 2009). Many signaling molecules have previ-
ously been shown to be associated with the activation of mast cells,
including Lyn, Fyn and Syk, and other adaptor proteins such as LAT,
SLP-76, Grb2 and PLCγ (Gilfillan and Rivera, 2009; Mocsai et al., 2010;
Lee et al., 2011). Three typical MAP kinases, Erk1/2, p38, and JNK, are
also critical for the production of pro-inflammatory cytokines
(Ishizuka et al., 1997; Duan and Wong, 2006). Collectively, these
chloro-3-indolyl 1,3-diacetate, CAC-0982, suppresses activation of Fyn
.doi.org/10.1016/j.taap.2015.04.009
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signaling pathways are essential for the degranulation and secretion of
inflammatory cytokines and eicosanoids in IgE-mediated mast cells
(Rivera and Gilfillan, 2006; Lee et al., 2008).

Avoidance of allergy-causing allergens before or after sensitization
should be beneficial as primary or secondary prophylaxis. Various clin-
ical approaches are also suggested for patients with allergic diseases,
such as treatment with corticosteroids, β2-adrenoceptor agonists,
mediator antagonists (H1-antihistamines), allergen-specific immuno-
therapy, IgE blockers, inhibitors of mast cells, and cytokine-based im-
munotherapies (Holgate and Polosa, 2008). Given that mast cells play
a critical role in IgE-mediated allergic responses, the development of in-
hibitors of signaling proteins involved in mast cell activation might be a
good treatment approach.

In the course of the ongoing efforts to find a new compound for anti-
allergic effect in vitro and in vivo, a potent inhibitor of mast cells, 5-
bromo-4-chloro-3-indolyl 1,3-diacetate, CAC-0982, was selected on
the basis of cell-based assays from among over 7000 compounds. How-
ever, the physiological effects and mechanism of action of the com-
pounds in mast cells are totally unknown. This study shows for the
first time that an indoxyl chromogenic compound CAC-0982 effectively
suppresses mast cell activation and allergic responses in vitro and
in vivo through the inhibition of a Fyn/Syk signaling pathway and its
downstream signaling molecules in mast cells.

Materials and methods

Antibodies and reagents. The chemical library, over 7000 chemicals in-
cluding 5-bromo-4-chloro-3-indolyl 1,3-diacetate (CAS Registry Num-
ber: 3030-06-6, Fig. 1), was obtained from Korea Chemical Bank
(http://www.chembank.org, Daejeon, Korea). The code number of the
compound is CAC-0982 (Fig. 1). The stock solution of CAC-0982 was
made in DMSO, and the solution was diluted with PBS to keep 0.1% or
less DMSO during its treatment. Antibodies for the phosphorylated
forms of Syk (Y346), LAT (Y191), Erk1/2, p38, c-Jun N-terminal kinase
(JNK), and Akt (S473) were purchased from Cell Signaling Technology
Inc. (Danvers, MA). Antibodies for Syk, LAT, and Actin were obtained
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). The antibody
for phosphotyrosine (4G10)was obtained fromMerckMillipore (Biller-
ica, MA, USA). A prestained protein standard for the molecular weight
range of 6000 to 170,000 Da was obtained from GenDEPOT (Barker,
TX, USA). 4-Amino-5-(4-chlorophenyl)-7-(dimethylethyl) pyrazolo
[3,4-d] pyrimidine (PP2) and diphenylhydramine (DPH) were from
Calbiochem (La Jolla, CA, USA). Evans blue, dinitrophenol-conjugated
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bovine serum albumin (DNP-BSA) as antigen, and DNP-specific
monoclonal IgE were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Enzyme-linked immunosorbent assay (ELISA) kits were from
Invitrogen-Biosource Cytokine & Signaling (Camarillo, CA, USA).
Other culture reagents were obtained from GIBCO/Life Technologies,
Inc. (Rockville, MD, USA).

Preparation of rat basophilic leukemia (RBL)-2H3 cell lines and bone
marrow-derived mast cells (BMMCs), human leukemic mast cell line
(LAD2), and primary humanmast cells (HuMCs). RBL-2H3 cellswere pur-
chased from American Type Culture Collection (Manassas, VA, USA).
Cells were cultured in minimal essential medium (MEM) containing
Earle's salts and supplemented with glutamine, antibiotics, and 15%(v/
v) heat-inactivated fetal bovine serum (FBS, Hyclone), 100 U/ml penicil-
lin–streptomycin in a humidified incubator at 37 °C, 5% CO2 (Invitrogen,
Carlsbad, CA, USA). To prepare BMMCs, bonemarrow cells were isolated
from femurs and tibias from Balb/c mice. The cells were cultured in an
RPMI-1640mediumwith 10% FBS, 2mM L-glutamine, 0.1mMnonessen-
tial amino acids, 100 U/ml penicillin and streptomycin, 50 mM 2-
mercaptoethanol, and 10 ng/ml of mouse recombinant IL-3 (Peprotech,
Rocky Hill, NJ, USA) as previously described (Jensen et al., 2006). After
4 weeks, more than 95% of the cells were characterized as BMMCs for
the following experiments. LAD2 was cultured in serum-free media
(StemPro-34 SFM, Life Technologies, Gaithersburg, MD, USA), supple-
mentedwith 2mM L-glutamine, 100 U/ml penicillin, 50 g/ml streptomy-
cin, and 100 ng/ml SCF. The cell suspensions were plated at a density of
105 cells/ml and maintained at 37 °C and 5% CO2. Cells were fed by
hemi-depletion of media once a week. Human peripheral blood-
derived CD34+ cells were cultured in StemPro-34 SFM, supplemented
with 2 mM L-glutamine, 50 g/ml streptomycin, 100 IU/ml penicillin,
100 ng/ml SCF, and 100 ng/ml recombinant human IL-6 (PeproTech,
Inc., Rocky Hill, NJ, USA). Recombinant human IL-3 (30 ng/ml) was
added only for the first week. Half of the culture medium was replaced
every 7 days. Cultures at 8–10 weeks consisted of ~99% HuMC.

Assessment of degranulation in mast cells. Degranulationwas determined
by measuring the release of a granule marker, β-hexosaminidase, as pre-
viously reported (Ozawa et al., 1993). Briefly, cells were transferred into a
24-well plate (for RBL-2H3 cells) or tube (for BMMCs) (2 × 105 cells/
0.5ml) and sensitizedwith 20 ng/mlDNP-specific IgE inmedia overnight.
After washing twice, the cells were incubated for 30min with or without
CAC-0982 in piperazine-N-N′-bis (1-ethanesulfonic acid) (PIPES) buffer
(25 mM PIPES [pH 7.2], 159 mM NaCl, 5 mM KCl, 0.4 mM MgCl2, 1 mM
CaCl2, 5.6 mM glucose, and 0.1% fatty acid–free fraction V from a bovine
serum) for RBL-2H3 cells or in a Tyrode buffer (135 mM NaCl, 5 mM
KCl, 20 mM HEPES, 5.6 mM glucose, 1.8 mM CaCl2, 1 mM MgCl2, and
0.05% fatty acid–free fraction V from a bovine serum) for BMMCs. Cells
were subsequently stimulated with 25 ng/ml of antigen, DNP-BSA, for
10min. For experimentswith humanmast cells, biotinylated humanmy-
eloma IgE (100 ng/ml, Calbiochem, EMD Biosciences, Germany)-primed
LAD2 and HuMCs were stimulated with streptavidin (SA, 100 ng/ml,
Sigma, St Louis, MO, USA) for 30 min in Tyrode buffer. Release of β-
hexosaminidase was determined by use of a colorimetric assay in
which the release of p-nitrophenol from p-nitrophenyl-N-acetyl-b-D-
glucosaminide (p-NAG) was measured. 30 μl of the supernatant of
each group and 30 μl of p-NAG were added into 96-well plate and
then incubated at 37 °C for 1 h. Reactions were terminated by adding
250 μl of 0.1 M carbonate buffer. The optical density of p-nitrophenol
in solution was analyzed at 405 nm. Values were expressed as the
percent of intracellular β-hexosaminidase that was released into the
medium. All values were obtained from at least three independent ex-
periments and every experiment was performed in triplicates.

Immunoprecipitation and western blot analysis. Mast cells (5 × 106 cells/
plate), which were sensitized overnight by 20 ng/ml DNP-specific IgE,
chloro-3-indolyl 1,3-diacetate, CAC-0982, suppresses activation of Fyn
.doi.org/10.1016/j.taap.2015.04.009
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were washed twice in cultured media, and changed by fresh media.
After incubating for 30 min with or without CAC-0982, cells were
subsequently stimulated with 25 ng/ml of antigen for 10 min, then
chilled with ice to terminate stimulation, and then washed twice
with ice-cold PBS. The cells were lysed with an 0.5 ml of ice-cold
lysis buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 1% Nonidet p-40,
10% glycerol, 60 mM octyl-β-glucoside, 10 mM NaF, 1 mM Na3VO4,
1 mM phenylmethylsulfonylfluoride, 2.5 mM nitrophenylphosphate,
0.7 μg/ml pepstatin, and protease inhibitor cocktail tablet). Lysates
were kept on ice for 30 min and then centrifuged at 15,000 ×g for
15 min at 4 °C. To perform immunoprecipitation experiments, the su-
pernatant was “precleared” by the addition of 50 μl protein G–Agarose
before the addition of the specific antibody. A 1 mg of protein was
used for immunoprecipitation. Syk and LAT proteins were precipitated
by overnight incubation at 4 °C with 5 μg of each specific antibody
and, in turn, protein G–agarose. The agarose was washed 5 times with
a washing buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% Nonidet
p-40, 10% glycerol, 10 mM NaF, 1 mM Na3VO4, 1 mM PMSF, 2.5 mM
nitrophenylphosphate, 0.7 μg/ml pepstatin, and protease inhibitor
cocktail tablet) and then boiled at 95 °C for 5 min in a 2× Laemmli buff-
er. Proteinswere separated by SDS-PAGEand transferred to PVDFmem-
branes. Following incubation with blocking solution containing 5% BSA
or 5% skimmilk, the membranes were incubated overnight at 4 °C with
the appropriate primary antibodies in 5% BSA for phosphorylated pro-
tein or in 5% skim milk for others with rocking. Immunoreactive pro-
teins were detected by use of horse-radish peroxidase (HRP)-coupled
secondary antibodies. Protein bands were detected using chemilumi-
nescence reagents according to the manufacturer's protocol. All west-
ern blot analyses were repeated at least three times with different
biological samples.

Measurement of cell viability. Mouse BMMCs (5 × 104 cells/well) were
plated on 96-well plates in media. Next, cells were incubated with the
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Fig. 2. Effect of CAC-0982 on antigen-stimulateddegranulation and its reversibility inmast cells.
BMMCs were stimulated by 25 ng/ml antigen (10 min) with or without CAC-0982 or PP2. (B) B
(HuMCs) were stimulated by streptavidin (100 ng/ml, 30 min) with or without CAC-0982. (C)
PIPES buffer, and then stimulated for 10 min with 25 ng/ml antigen. Mast cell degranulation
(D) BMMCs were incubated with CAC-0982 for 4 h and the cell viability, then, was determined
dicate mean ± SEM from three independent experiments. Significant differences with the Ag-
antigen; SA, streptavidin; PP2, a Src-family kinase inhibitor.
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indicated concentrations of CAC-0982 (1–10 μM) for 4 h. Cell viability
was determined by using a cell counting kit-8 (CCK-8) (Dojindo Labora-
tories, Kumamoto, Japan), according to the manufacturer's protocol.
Briefly, CCK-8 solution (at a 1:10 ratio of CCK-8 to media) was added
to each well of the plate, and the plates were incubated for 1 h in a
CO2 incubator at 37 °C. The absorbance was measured at 450 nm.

Extraction of total RNA and RT-PCR. RBL-2H3 cells were plated in 6-well
clustered plate (1 × 106 cells/well) and incubated overnight in a com-
plete growth medium with 20 ng/ml DNP-specific IgE. After washing
twice, cells were stimulated with 25 ng/ml of antigen for 15 min with
or without CAC-0982. Total RNA was isolated from RBL-2H3 cells by
use of Trizol™ Reagent (Invitrogen, Carlsbad, CA, USA) and was reverse
transcribed with the Superscript first strand synthesis kit (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer's protocol. PCR was
performed at 94 °C for 45 s, at 55 °C for 45 s, and at 72 °C for 60 s for
30 cycles. The primers used were as follows: rat TNF-α forward, 5′-
CACCACGCTCTTCT GTCTACTGAAC-3′; rat TNF-α reverse, 5′-CCGGACTC
CGTGATGTCTAAGTACT-3′; rat IL-4 forward, 5′-ACCTTGCTGTC ACCCTG
TTC-3′; rat IL-4 reverse, 5′-TTGTGAGCGTGGACTCAT TC-3′; rat
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward, 5′-
GTGG AGTCTAC TGGCGTCTTC-3′; rat GAPDH reverse, 5′-CCAAGGCTGT
GGGCAAGG TCA-3′.

Measurement of secreted cytokines by ELISA. RBL-2H3 cells (5× 105 cells/
well) were sensitized overnight with 20 ng/ml DNP-specific IgE as de-
scribed above. The cells werewashed twicewith culturedmedia and in-
cubated for 30 min with or without CAC-0982 or PP2. Cells were, then,
stimulated with 25 ng/ml antigen for 4 h at 37 °C. The supernatant
(50 μl) was transferred to a 96-well ELISA plate. The amounts of TNF-
α and IL-4 in the culture media were then determined using ELISA
kits (Invitrogen-Biosource Cytokine & Signaling). Each experiment
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RBL-2H3 cells were stimulated with or without CAC-0982 for 1 h, washed five times with
was determined by measuring the activity of β-hexosaminidase in the culture medium.
by using a cell counting kit-8 as described in the “Materials and methods”. The values in-
stimulated controls without CAC-0982 are indicated as follows: **p b 0.05; **p b 0.01. Ag,
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a Src-family kinase inhibitor.
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included two replicates and all values were obtained from three differ-
ent experiments.

Induction of IgE-mediated passive cutaneous anaphylaxis (PCA) in
mice. Balb/c mice (male; aged 4 weeks) were purchased from the Dae
Han Experimental Animal Center (Eumseong, Korea) and the mice
were housed in a laminar air flow room maintained at 22 ± 1 °C with
a relative humidity of 55 ± 10%. PCA was induced as previously de-
scribed (Lee et al., 2008). Mice were injected intradermally in the left
ear with 0.5 μg of anti-DNP IgE, and in the right ear with the same vol-
ume of phosphate-buffered saline (PBS) as a control. After 24 h,
250 μg of antigen, DNP-BSA, in PBS containing 4% Evans blue was
injected into the tail vein. To assess the effect of CAC-0982, this com-
pound was orally administered 1 h prior to the antigen challenge. The
mice were euthanized 1 h after the challenge, followed by the removal
of an ear for measurement of the amount of dye extravasated by the an-
tigen. The dye was eluted overnight from the ear tissue in 700 μl of
formamide at 63 °C. The absorbance of the eluted dye solutionwasmea-
sured at 620 nm. The animal study was performed using a protocol pre-
approved by the Institutional Animal Care and Use Committee (IACUC)
at Konkuk University (Approval No. KU-14111).

Measurement of tyrosine kinase activity. The key protein tyrosine kinases
for mast cell activation, Lyn, Fyn, Fgr, or Syk were immunoprecipitated
by using each specific antibody from whole cell lysates (1 mg of total
protein) of BMMCs stimulated with or without CAC-0982 as described
above. The kinase activity of precipitates was assayed with an ELISA-
based Universal Tyrosine Kinase Assay Kit by the manufacturer's in-
structions (Genway, San Diego, CA, USA).

Statistical analysis. The data were presented as themean± SEM from at
least three independent experiments. Statistical analysiswas performed
by using one-way ANOVA and the student's t-test for unpaired values
unless stated otherwise. All statistical calculations (*, p b 0.05 and **,
p b 0.01) were performed with the SigmaStat software (Systat Software
Inc., San Jose, CA, USA).

Results

Effect of CAC-0982 on degranulation in antigen-stimulated mast cells

To examine the effect of CAC-0982 (Fig. 1) on antigen-stimulated
degranulation of mast cells, the release of β-hexosaminidase from
RBL-2H3 cells ormouse BMMCswasmeasuredwith orwithout antigen.
The degranulationwas dose-dependently inhibited byCAC-0982 inmu-
rine (Fig. 2A, IC50= ~3.8 μM) and human (Fig. 2B, IC50= ~3.0 μM)mast
cells. The effect of CAC-0982 was comparable to that by PP2, a typical
Src-family kinase inhibitor (Fig. 2A). However, this suppression disap-
peared when the mast cells were washed with PIPES buffer after a 1 h
pre-treatment with 10 μMCAC-0982 (Fig. 2C), indicating that the effect
of CAC-0982 on mast cells was reversible. No cytotoxic effect was
observed in the experimental dose range (Fig. 2D).

Effect of CAC-0982 on the expression and secretion of TNF-α and IL-4

Besides degranulation,mast cells are also involved in the production
of inflammatorymediators during the allergic process (Theoharides and
Kalogeromitros, 2006). Therefore, we also tested whether CAC-0982
suppressed the expression and secretion of TNF-α and IL-4 in antigen-
stimulated mast cells. Consistently with the previous reports (Park
et al., 2011; Wang et al., 2014), the increase of expression of IL-4 and
TNF-α was evident by antigen stimulation for 15 min in mast cells
(Fig. 3A). Notably, CAC-0982 inhibited the expression of TNF-α and IL-
4 mRNA derived by antigen stimulation (Fig. 3A). In addition, the re-
leases of cytokines were also significantly suppressed by CAC-0982 in
Please cite this article as: Lee, J.H., et al., An indoxyl compound 5-bromo-4-
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a dose-dependent manner (Figs. 3B and C). These results showed
that CAC-0982 has an inhibitory effect on the production of pro-
inflammatory cytokines from mast cells.

Effect of CAC-0982 on FcεRI-associated mast cell signaling pathways

The initial signaling events that follow FcεRI aggregation are regulat-
ed by a series of protein phosphorylation events. Upon FcεRI aggregation,
Lyn becomes activated, with a resulting activation of the tyrosine kinase
Syk and downstream signaling molecules such as PLD2, LAT, SLP-76 and
PLCγ (Kawakami and Galli, 2002; Lee et al., 2006). The next step was to
investigate whether or not CAC-0982 inhibited FcεRI-associated proxi-
mal signaling molecules such as Syk and LAT in antigen-stimulated
mast cells. CAC-0982 significantly suppressed the phosphorylation of
Syk and LAT in a dose-dependent manner (Fig. 4A, upper panel) as
well as the downstream proteins Akt and three typical MAP kinases
(Fig. 4A, lower panel). Consistently, CAC-0982 also inhibited the activat-
ing phosphorylation of Syk and LAT in mouse primary BMMCs (Fig. 4B),
suggesting that CAC-0982 might be involved in the suppression of the
early signaling molecules associated with the FcεRI receptors.

Effect of CAC-0982 on activation of protein tyrosine kinases

The IgE high affinity receptor-associated Lyn, most possibly, is the
first tyrosine kinase activated by antigen stimulation in mast cells
while Fyn and Fgr are also activated in this event (Gilfillan and Rivera,
chloro-3-indolyl 1,3-diacetate, CAC-0982, suppresses activation of Fyn
.doi.org/10.1016/j.taap.2015.04.009
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2009; Lee et al., 2011). Following those activations, an essential protein
tyrosine kinase Syk is activated during this stimulation and is followed
by many downstream signaling molecules including LAT and MAP ki-
nases (Beaven, 2009). Next, this study investigated which protein tyro-
sine kinases were targeted by CAC-0982 in mast cells. Notably, the
activity of Fyn, but not Lyn and Fgr, was inhibited by CAC-0982 in
antigen-stimulatedmast cells in a dose-dependentmanner. In addition,
the activity of Sykwas also suppressed by CAC-0982 (Fig. 5). These find-
ings suggest that the inhibition of the IgE-mediated mast cell activation
by CAC-0982 was caused by the inhibition of Fyn/Syk-dependent
signals.

Effect of CAC-0982 on passive cutaneous anaphylaxis (PCA) in mice

To determine the effect of CAC-0982 on allergic response in vivo, the
experiments were performed using the IgE-dependent type I hypersen-
sitive mouse model, PCA. It is well established that PCA is an IgE/mast
cell-mediated allergic response in mice (Okudaira et al., 1980; Ujike
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western blot analysis was done for phosphorylated forms (pY) or total of Syk and LAT
using specific antibodies. Representative images from three independent experiments
are shown. Ag, antigen; PP2, a Src-family kinase inhibitor.

Please cite this article as: Lee, J.H., et al., An indoxyl compound 5-bromo-4-
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et al., 1999). The antigen-induced PCA reaction was significantly
inhibited by CAC-0982 in a dose-dependent manner. The effect of
CAC-0982 at a dose of 100 mg/kg (ED50, 27.9 mg/kg) was comparable
to that by diphenhydramine, DPH (50 mg/kg) (Figs. 6A and B). These
observations strongly suggested that CAC-0982 effectively suppresses
IgE-mediated allergic responses in mice.
F

Discussion

IgE-mediatedmast cell activation is involved in the process of allergic
responses and associated with allergic disorders such as allergic rhinitis,
atopic dermatitis, allergic asthma, and some food allergies (Theoharides
and Kalogeromitros, 2006; Galli et al., 2008). Mast cells are activated by
antigen through the high affinity receptors for IgE, FcεRI, on the mem-
brane,which then release granules that contain preformed inflammatory
mediators such as histamine as well as de novo synthesis of eicosanoids
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(Beaven, 2009; Stone et al., 2010).
Although various treatments have been applied to allergic disorders

(Holgate, 2014; Akdis, 2013; Burks et al., 2013), the treatments some-
times cause unwanted side effects including: corticotherapy, alterations
in fat distribution, gastric irritation, and peptic ulcer (Holgate and
Polosa, 2008); clinical therapy with Omalizumab, high cost and partial
efficacy (Poole et al., 2005; Kopp, 2011); allergen-specific immunother-
apy, long duration of treatment and occasional hazards (Sheehan et al.,
1993; Hayen et al., 2014). Consequently, novel approaches are being ex-
plored to develop new therapies for allergic disorders.

Many research groups are exploring novel candidates that could tar-
get early signaling molecules like Src-family kinases and Syk for sup-
pressing mast cell activation (Bradding, 2008). R112, a Syk inhibitor,
ameliorated acute allergic rhinitis disorder through the inhibition of
the allergen-induced release of mast cell mediators and the production
of most eicosanoids and cytokines (Masuda and Schmitz, 2008).
Saucerneol F (Lu et al., 2013) andmorin (Kimet al., 2009)were reported
to inhibit mast cells and allergic responses in vitro and in vivo through
suppressing Fyn kinase and its downstream signaling cascades in mast
Please cite this article as: Lee, J.H., et al., An indoxyl compound 5-bromo-4-
kinase in mast cells and IgE-..., Toxicol. Appl. Pharmacol. (2015), http://dx
cells. In this study, the indoxyl compound CAC-0982 suppressed the ac-
tivation of Fyn, but not Lyn and Fgr, and its downstream signaling pro-
tein Syk in antigen-stimulated mast cells.

The indoxyl compound is a class of chromogenic substrates,
especially in microbial detection, with a wide range of applications
(Pohanka and Drtinova, 2013; Juergensmeyer, 2006). To our best
knowledge, no pharmacological effect of indoxyl chromogenic com-
pounds including CAC-0982 has yet been reported. In this study, we
demonstrated for the first time that CAC-0982 inhibited significantly
degranulation in antigen-stimulated mast cells for suppression of IgE-
mediated allergic responses (Figs. 2A and B).

It has been usually reported thatmost actions of a drug on a receptor
or an enzyme are reversible. After a period of time, the drug releases
from the receptor or enzyme and resumes its normal function. Some-
times an interaction is largely irreversible, and the drug's effect persists
until the body makes more enzymes anew. Therefore, an irreversible
drug should be utilized carefully in patient treatment because of the
more plausible side effect. To check the reversibility of the effect of
CAC-0982 on mast cells, we washed away the compound from the
reaction media 1 h after its incubation with mast cells and, then,
chloro-3-indolyl 1,3-diacetate, CAC-0982, suppresses activation of Fyn
.doi.org/10.1016/j.taap.2015.04.009
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degranulation of the cells was assessed. The degranulation of mast cells
was restored by washing away the compound from the medium
(Fig. 2C), suggesting that the action of CAC-0982 on mast cells was re-
versible. However, further study should be performed to investigate
its possible side effects before application to patients.

Mast cells can secrete an array of cytokines including IL-4, IL-5, and
TNF-α by antigen stimulation (Bischoff, 2007). These cytokines are
known to induce pathogenic inflammatory symptoms, especially in
the later stages of an allergic reaction (Carter et al., 1999). CAC-0982 sig-
nificantly suppressed expression and secretion of TNF-α and IL-4 in
antigen-stimulatedmast cells in a dose-dependentmanner (Fig. 3), sug-
gesting that the compound could suppress chronic allergic symptoms. It
is alsowell established thatMAPkinases are essential for the production
of various cytokines frommast cells; ERK1/2 for IL-5, TNF-α, IL-3, and IL-
13 (Lorentz et al., 2003); p38 for IL-4 production (Frossi et al., 2007). In
the study, CAC-0982 inhibited the expression and secretion of TNF-α
and IL-4 (Figs. 3A and B) as well as the activation of three typical MAP
kinases (Fig. 4A), indicating that these effects could be associated with
the inhibition of MAP kinases.

The release of allergic mediators from antigen-stimulated mast cells
is regulated through intracellular signaling events (Lee et al., 2011). The
cross-linking of antigen-stimulated receptors activates the Src-family
kinase, such as Lyn, Fyn, Fgr, and downstream signaling molecules
such as Syk, LAT, SLP-76, PLD2, and PLCγ (Rivera and Gilfillan, 2006:
Lee et al., 2011). Although the Lyn-dependent pathway leads to the ini-
tial activation of FcεRI proximal signals in mast cells, it involves also
negative signaling processes in the cells to maintain its homeostasis
(Roth et al., 2008; Ingley, 2012). On the other hand, Fyn kinase shows
largely a positive regulatory role for the induction of degranulation, syn-
thesis and release of leukotrienes, and the production of cytokines via
the Gab2/PI3K pathway (Gomez et al., 2005; Parravicini et al., 2002)
and/or Syk (Yu et al., 2006). As themechanism of CAC-0982, it inhibited
the activation of Syk and the downstream substrate protein LAT in
antigen-stimulated mast cells (Fig. 4). Of particular interest, CAC-0982
inhibited the activation of Fyn, but not Lyn and Fgr, in the cells
(Fig. 5). These findings strongly suggest that CAC-0982 significantly
suppressed mast cell degranulation by reversibly inhibiting the Fyn/
Syk pathway.

Basophils are Th2 type reaction-associated cells that share functional
and developmental similarities as mast cells (Voehringer, 2013). They
produce a similar allergic mediators, including proteases, histamine,
various proinflammatory cytokines, and lipid mediators. These media-
tors are rapidly released by the activation of the IgE high-affinity recep-
tor (FcεRI) that is expressed on the surface of basophils. Thus, basophils
may contribute, at least partially, to IgE-mediated allergic responses
(Voehringer, 2013). Therefore, it would be of interest to determine
whether CAC-0982 suppresses the release of allergicmediators fromba-
sophils by antigen stimulation.

In summary, this study demonstrated for the first time that a syn-
thetic substance CAC-0982 inhibited the activation of murine and
human mast cells, and IgE/mast cell-mediated allergic responses. CAC-
0982 suppressed IgE-mediated allergic responses through inhibition of
the activation of Fyn/Syk pathway and its downstream signaling
cascades (Fig. 6C). These results suggest, therefore, that further evalua-
tion is warranted of its usefulness in the treatment of acute and chronic
allergic diseases in patients.

Conflict of interest statement

The authors have declared that there is no conflict of interest.

Transparency Document

The Transparency document associated with this article can be
found, in the online version.
Please cite this article as: Lee, J.H., et al., An indoxyl compound 5-bromo-4-
kinase in mast cells and IgE-..., Toxicol. Appl. Pharmacol. (2015), http://dx
Acknowledgments

This work was supported by Basic Research Laboratory Program
through the National Research Foundation of Korea (NRF)
(No.2013R1A4A1069575) and in part by the NRF grant (No.
2012R1A2A1A03670516) funded by the Ministry of Science, ICT &
Future Planning, the Korea government. The chemical library used
in this study was kindly provided by Korea Chemical Bank of Korea
Research Institute of Chemical Technology.
E
D
 P

R
O

O
F

References

Akdis, C.A., 2013. The pathogenesis of asthma. In: Akdis, C.A. (Ed.), Global Atlas of Asthma.
European Academy of Allergy and Clinical Immunology, pp. 28–31.

Beaven, M.A., 2009. Our perception of the mast cell from Paul Ehrlich to now. Eur.
J. Immunol. 39, 11–25.

Begin, P., Nadeau, K.C., 2014. Epigenetic regulation of asthma and allergic disease. Allergy
Asthma Clin. Immunol. 10, 27.

Bischoff, S.C., 2007. Role of mast cells in allergic and non-allergic immune responses:
comparison of human and murine data. Nat. Rev. Immunol. 7, 93–104.

Bradding, P., 2008. Novel approaches to the inhibition of mast cells in allergic disease.
Clin. Exp. Allergy 38, 704–708.

Broide, D.H., 2001. Molecular and cellular mechanisms of allergic disease. J. Allergy Clin.
Immunol. 108, S65–S71.

Burks, A.W., et al., 2013. Update on allergy immunotherapy: American Academy of
Allergy, Asthma & Immunology/European Academy of Allergy and Clinical Immunol-
ogy/PRACTALL consensus report. J. Allergy Clin. Immunol. 131, 1288–1296.

G.W.,Carter, A.B., et al., 1999. Both Erk and p38 kinases are necessary for cytokine gene
transcription. Am. J. Respir. Cell Mol. Biol. 20, 751–758.

Castillo, J., Dimov, V., 2014. Investigational drugs for the treatment of allergic rhinitis.
Expert Opin. Investig. Drugs 23, 823–836.

Duan, W., Wong, W.S., 2006. Targeting mitogen-activated protein kinases for asthma.
Curr. Drug Targets 7, 691–698.

El-Qutob, D., et al., 2014. Recent advances in immunotherapy for allergic diseases. Recent
Pat. Inflamm. Allergy Drug Discov. 8, 24–35.

Frossi, B., et al., 2007. Selective activation of Fyn/PI3K and p38 MAPK regulates IL-4
production in BMMC under nontoxic stress condition. J. Immunol. 178, 2549–2555.

Galli, S.J., et al., 2008. The development of allergic inflammation. Nature 454, 445–454.
Gilfillan, A.M., Rivera, J., 2009. The tyrosine kinase network regulating mast cell activation.

Immunol. Rev. 228, 149–169.
Gomez, G., et al., 2005. Impaired FcepsilonRI-dependent gene expression and defective ei-

cosanoid and cytokine production as a consequence of Fyn deficiency in mast cells.
J. Immunol. 175, 7602–7610.

Hayen, S.M., et al., 2014. Novel immunotherapy approaches to food allergy. Curr. Opin.
Allergy Clin. Immunol.

Holgate, S.T., 2014. New strategies with anti-IgE in allergic diseases. World Allergy Organ.
J. 7, 17.

Holgate, S.T., Polosa, R., 2008. Treatment strategies for allergy and asthma. Nat. Rev.
Immunol. 8, 218–230.

Ingley, E., 2012. Functions of the Lyn tyrosine kinase in health and disease. Cell. Commun.
Signal 10, 21.

Ishizuka, T., et al., 1997. Mast cell tumor necrosis factor alpha production is regulated by
MEK kinases. Proc. Natl. Acad. Sci. U. S. A. 94, 6358–6363.

Jensen, B.M., et al., 2006. Generation, isolation, and maintenance of rodent mast cells and
mast cell lines. Curr. Protoc. Immunol. (Chapter 3, Unit 3 23).

Juergensmeyer, M.A., 2006. A selective chromogenic agar that distinguishes Bacillus
anthracis from Bacillus cereus and Bacillus thuringiensis. J. Food Prot. 69, 2002–2006.

Kawakami, T., Galli, S.J., 2002. Regulation of mast-cell and basophil function and survival
by IgE. Nat. Rev. Immunol. 2, 773–786.

Kim, J.W., et al., 2009. Morin inhibits Fyn kinase in mast cells and IgE-mediated type I hy-
persensitivity response in vivo. Biochem. Pharmacol. 77, 1506–1512.

Kopp, M.V., 2011. Omalizumab: anti-IgE therapy in allergy. Curr. Allergy Asthma Rep. 11,
101–106.

Lee, J.H., et al., 2006. Phospholipase D2 acts as an essential adaptor protein in the activa-
tion of Syk in antigen-stimulated mast cells. Blood 108, 956–964.

Lee, J.H., et al., 2008. Curcumin, a constituent of curry, suppresses IgE-mediated allergic
response and mast cell activation at the level of Syk. J. Allergy Clin. Immunol. 121,
1225–1231.

Lee, J.H., et al., 2011. The Src family kinase Fgr is critical for activation of mast cells and
IgE-mediated anaphylaxis in mice. J. Immunol. 187, 1807–1815.

Lorentz, A., et al., 2003. Role of activator protein 1, nuclear factor-kappaB, and nuclear fac-
tor of activated T cells in IgE receptor-mediated cytokine expression in mature
human mast cells. J. Allergy Clin. Immunol. 111, 1062–1068.

Lu, Y., et al., 2013. Saucerneol F inhibits tumor necrosis factor-alpha and IL-6 production
by suppressing Fyn-mediated pathways in FcepsilonRI-mediated mast cells. Food
Chem. Toxicol. 59, 696–702.

Masuda, E.S., Schmitz, J., 2008. Syk inhibitors as treatment for allergic rhinitis. Pulm.
Pharmacol. Ther. 21, 461–467.

Metzger, H., 2004. The high affinity receptor for IgE, FcepsilonRI. Novartis Found. Symp.
257, 51–59.

Mocsai, A., et al., 2010. The SYK tyrosine kinase: a crucial player in diverse biological func-
tions. Nat. Rev. Immunol. 10, 387–402.
chloro-3-indolyl 1,3-diacetate, CAC-0982, suppresses activation of Fyn
.doi.org/10.1016/j.taap.2015.04.009

http://dx.doi.org/
http://dx.doi.org/10.1016/j.taap.2015.04.009


F

522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542

543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558

559

8 J.H. Lee et al. / Toxicology and Applied Pharmacology xxx (2015) xxx–xxx
Okudaira, H., et al., 1980. A study of the rat passive cutaneous anaphylaxis (PCA) reaction
for the assay of mouse IgE antibody. J. Immunol. Methods 33, 369–377.

Ozawa, K., et al., 1993. Ca(2+)-dependent and Ca(2+)-independent isozymes of protein
kinase C mediate exocytosis in antigen-stimulated rat basophilic RBL-2H3 cells. Re-
constitution of secretory responses with Ca2+ and purified isozymes in washed
permeabilized cells. J. Biol. Chem. 268, 1749–1756.

Park, K.L., et al., 2011. 4-Chlorotetrazolo[1,5-a]quinoxaline inhibits activation of Syk ki-
nase to suppress mast cells in vitro and mast cell-mediated passive cutaneous ana-
phylaxis in mice. Toxicol. Appl. Pharmacol. 257, 235–241.

Parravicini, V., et al., 2002. Fyn kinase initiates complementary signals required for IgE-
dependent mast cell degranulation. Nat. Immunol. 3, 741–748.

Pohanka, M., Drtinova, L., 2013. Spectrophotometric methods based on 2,6-
dichloroindophenol acetate and indoxylacetate for butyrylcholinesterase activity assay
in plasma. Talanta 106, 281–285.

Poole, J.A., et al., 2005. Targeting the IgEmolecule in allergic and asthmatic diseases: review
of the IgE molecule and clinical efficacy. J. Allergy Clin. Immunol. 115, S376–S385.

Rivera, J., Gilfillan, A.M., 2006. Molecular regulation of mast cell activation. J. Allergy Clin.
Immunol. 117, 1214–1225.

Roth, K., et al., 2008. Positive and negative regulatory mechanisms in high-affinity IgE
receptor-mediated mast cell activation. Arch. Immunol. Ther. Exp. (Warsz) 56,
385–399.
U
N
C
O

R
R
E
C
T

Please cite this article as: Lee, J.H., et al., An indoxyl compound 5-bromo-4-
kinase in mast cells and IgE-..., Toxicol. Appl. Pharmacol. (2015), http://dx
Sheehan, M.P., et al., 1993. Oral psoralen photochemotherapy in severe childhood atopic
eczema: an update. Br. J. Dermatol. 129, 431–436.

Stone, K.D., et al., 2010. IgE, mast cells, basophils, and eosinophils. J. Allergy Clin. Immunol.
125, S73–S80.

Theoharides, T.C., Kalogeromitros, D., 2006. The critical role of mast cells in allergy and in-
flammation. Ann. N. Y. Acad. Sci. 1088, 78–99.

Ujike, A., et al., 1999. Modulation of immunoglobulin (Ig)E-mediated systemic anaphylax-
is by low-affinity Fc receptors for IgG. J. Exp. Med. 189, 1573–1579.

Voehringer, D., 2013. Protective and pathological roles of mast cells and basophils. Nat.
Rev. Immunol. 13, 362–375.

Wang, X., et al., 2014. Shikonin, a constituent of Lithospermum erythrorhizon exhibits
anti-allergic effects by suppressing orphan nuclear receptor Nr4a family gene expres-
sion as a new prototype of calcineurin inhibitors in mast cells. Chem. Biol. Interact.
224, 117–127.

Yu, M., et al., 2006. Scaffolding adapter Grb2-associated binder 2 requires Syk to transmit
signals from FcepsilonRI. J. Immunol. 176, 2421–2429.
E
D
 P

R
O

O

chloro-3-indolyl 1,3-diacetate, CAC-0982, suppresses activation of Fyn
.doi.org/10.1016/j.taap.2015.04.009

http://dx.doi.org/10.1016/j.taap.2015.04.009

	An indoxyl compound 5-�bromo-�4-�chloro-�3-�indolyl 1,3-�diacetate, CAC-�0982, suppresses activation of Fyn kinase in mast ...
	Introduction
	Materials and methods
	Antibodies and reagents
	Preparation of rat basophilic leukemia (RBL)-2H3 cell lines and bone marrow-derived mast cells (BMMCs), human leukemic mast...
	Assessment of degranulation in mast cells
	Immunoprecipitation and western blot analysis
	Measurement of cell viability
	Extraction of total RNA and RT-PCR
	Measurement of secreted cytokines by ELISA
	Induction of IgE-mediated passive cutaneous anaphylaxis (PCA) in mice
	Measurement of tyrosine kinase activity
	Statistical analysis

	Results
	Effect of CAC-0982 on degranulation in antigen-stimulated mast cells
	Effect of CAC-0982 on the expression and secretion of TNF-α and IL-4
	Effect of CAC-0982 on FcεRI-associated mast cell signaling pathways
	Effect of CAC-0982 on activation of protein tyrosine kinases
	Effect of CAC-0982 on passive cutaneous anaphylaxis (PCA) in mice

	Discussion
	Conflict of interest statement
	Transparency Document
	Acknowledgments
	References


