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Abstract Aspirin is awell-knownnonsteroidal anti-inflammatory drug (NSAID) thatmaypotentiate
some acute allergies and causes adverse immunological reactions collectively referred to as aspirin
intolerance. Aspirin intolerance is accompanied by increased leukotriene (LT) synthesis, and high
levels of serum IgE are a risk factor for NSAID sensitivity. Herewedemonstrate that aspirinmodulates
LTC4 secretion in mast cells. Therapeutic levels of aspirin and salicylates (≤0.3 mM, i.e., the
concentrations observed in vivo in the use of antipyretic analgesic) increased IgE-mediated LTC4
secretion. Aspirin-induced stimulation was accompanied by increased Ser-505 phosphorylation of
cytosolic phospholipase A2, which occurred independently of extracellular signal-regulated protein
kinase-1/2 and p38mitogen-activated protein kinase pathways. Aspirin also increased IgE-mediated
Ca2+ influx, whereas aspirin at concentrations of ≥0.3 mM dose-dependently reduced Ca2+ store
emptying and Ca2+ release-activated Ca2+ channel activation. Instead, aspirin facilitated a
dihydropyridine receptor-mediated Ca2+ influx, resulting in increased LTC4 secretion. This novel
action of aspirin may play roles in exacerbation of immediate allergy and aspirin intolerance.
© 2008 Elsevier Inc. All rights reserved.
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Introduction

Aspirin (acetylsalicylic acid) and its analogs are among the
most widely used nonsteroidal anti-inflammatory drugs
(NSAIDs) worldwide but can cause adverse immunological
reactions known as aspirin intolerance. Aspirin intolerance is
a disorder that induces urticaria, asthma and anaphylaxis in
response to oral administration of the drug [1,2]. The
incidence of patients showing aspirin intolerance in general
ulate IgE-mediated leukotriene secretion in mast cells through a
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population ranges from 0.6% to 2.5%. Aspirin also potentiates
some acute allergies such as food-dependent exercise-
induced anaphylaxis (FDEIA), a food allergy induced by
physical exercise. Recently, aspirin was shown to be a
powerful trigger of anaphylaxis in FDEIA patients [3]. The
anti-inflammatory actions of aspirin have been attributed
primarily to inhibition of prostaglandin synthesis [4]. Slepian
and colleagues have reported [5] that aspirin intolerance is
particularly common in asthmatic patients who additionally
have chronic rhinitis and/or nasal polyps. These individuals
differ in several respects from patients who experience
urticaria and/or angioedema after aspirin administration.
Aspirin-sensitive asthma is most likely to be related to in
some manner to the capacity of aspirin to inhibit cycloox-
ygenases. Although data regarding the latter are indirect and
incomplete, different mechanisms may be involved in aspirin-
sensitive urticaria and/or angioedema. Aspirin acetylates Ser-
530 of cyclooxygenase (COX) I and II, thereby blocking
prostaglandin (PG) and thromboxane A2 synthesis, while thera-
peutic concentrations of aspirin and salicylates inhibit COX II
protein expression [6]. However, several lines of evidence
indicate that additional mechanisms, independent of COX
inhibition, are involved in the anti-inflammatory actions of
aspirin and salicylates. Thesemechanisms include inhibiting the
activity of the transcription factors nuclear factor κB (NF-κB)
[7] and nuclear factor of activated T cells (NF-AT) [8], as well
as inhibiting degranulation of basophils and mast cells [9].

One key feature of aspirin intolerance is the overproduc-
tion of cysteinyl leukotrienes (cys-LTs) such as LTC4/D4/E4,
which are arachidonic acid (AA) metabolites. The cys-LTs are
potent proinflammatory mediators and cause smooth muscle
contraction and increased vascular permeability. Patients
with aspirin intolerance have significantly higher levels of
cys-LTs in their bronchoalveolar lavage fluid and urine before
and after oral aspirin challenge [10].

Mast cells are important effector cells in allergic and
inflammatory reactions and are the major producers of cys-LTs.
Mast cells express the high-affinity IgE receptor (FceRI) on their
cell surface, and antigen cross-linking of FceRI triggers biochem-
ical cascades which lead to degranulation, secretion of cys-LTs
and PGs, and production of cytokines. Moreover, mast cells are
one of themajor cell types responsible for cys-LToverproduction
in aspirin intolerance [11–13]. In addition, several studies have
shown that an atopic background (high levels of serum IgE) is a
risk factor for NSAID sensitivity [14]. These observations led us to
examine the effects of aspirin on IgE-mediated LTsecretion and
on the signaling pathways involved in secretion in cultured mast
cells. Our results demonstrate that therapeutic concentrations
of aspirin, i.e., the concentrations observed in vivo in the use
of antipyretic analgesic, increase IgE-mediated LTC4 secretion
via dihydropyridine receptor (DHPR)-mediated Ca2+ channels,
which previously reported by us [15] but not Ca2+ release-
activated Ca2+ (CRAC) channels.
Materials and methods

Reagents

Aspirin (Acetylsalicylic acid, ASA) and salicylate (SA) were
obtained from Wako Pure Chemicals (Osaka, Japan). ASA and
SA (1 M stock solutions) were prepared in dimethylsulfoxide
Please cite this article as: K. Togo, et al., Aspirin and salicylates mod
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(DMSO). The stock solutions were stored in the dark at
−20 °C. ASA and SA were diluted in Hank's balanced salt
solution (HBSS) immediately prior to use. The monoclonal
anti-trinitrophenyl (TNP) IgE antibody (clone IgE-3) was
purchased from BD PharMingen Japan (Tokyo, Japan). TNP-
conjugated bovine serum albumin (TNP-BSA) (conjugation
ratio of 25 TNP:1 BSA) was purchased from Cosmo Bio (Tokyo,
Japan). Thapsigargin (Tg), 2-aminoethoxydiphenyl borate (2-
APB), (S)-BayK8644, p-trifluoromethoxyphenylhydrazone
(FCCP), antimycin A, oligomycin, and rotenone were
obtained from Sigma (St. Louis, MO, USA). Nifedipine was
obtained from Calbiochem (San Diego, CA, USA). Fluo3-
acetoxylmethyl ester (Fluo3/AM) was purchased from
Dojindo (Kumamoto, Japan). 5,5′,6,6′-tetrachloro-
1,1′,3,3′-tetraethylbenzimidazolocarbocyanine iodide (JC-
1) was obtained from Invitrogen Corporation (Carlsbad, CA,
USA). The JRK clone producing the monoclonal anti-rat β-
chain antibody was kindly provided by Dr. J. Rivera (NIAMS,
NIH, USA). All other chemicals were of analytical grade.

RBL-2H3 cells

Rat basophilic leukemia (RBL-2H3), an experimental model of
mucosal-type mast cells, were obtained from the National
Institute of Health Sciences (Japanese Collection of Research
Biosources, [JCRB]; Cell No. JCRB0023) and grown in Dulbec-
co's modified Eagle's minimal essential medium (DMEM)
(Sigma) supplemented with 10% fetal bovine serum (FBS,
SAFC Biosciences, Tokyo, Japan) in an atmosphere containing
5% CO2. Cells were harvested by incubating them in Hank's
balanced salt solution (HBSS) (pH 7.4) containing 1 mM
ethylenediamine tetraacetate and 0.25% trypsin for 5 min at
37 °C. For IgE sensitization, cells suspended in complete DMEM
were plated on 100-mm culture dishes (1×106 cells/ml) or in
24-well plates (2×105/well) and incubated with anti-TNP IgE
(1 μg/dish or 0.1 μg/well) at 37 °C overnight. IgE-sensitized
cells were washed with phosphate-buffered saline (PBS) and
suspended in HBSS and then stimulated with TNP-BSA at the
indicated concentrations at 37 °C.

BMMCs

All animal experiments were performed according to Nihon
University guidelines. Bonemarrow-derivedmast cells (BMMCs)
were prepared from femurs of 4- to 8-week-old C3HeBFeJmice
as previously described [16]. Cells were cultured in RPMI-1640
medium (Sigma) supplemented with 10% FBS, 100 U/ml
penicillin and 100 μg/ml streptomycin (Invitrogen, Carlsbad,
CA, USA), 5×10−5 M 2-mercaptoethanol (Wako, Tokyo, Japan),
100 μg/ml sodium pyruvate (Invitrogen), 1% MEM nonessential
amino acid solution (Invitrogen), and 5 ng/ml of recombinant
IL-3 (Pepro Tech; RockyHill, NJ) in an atmosphere containing 5%
CO2 at 37 °C.After 4 to 6weeks in culture, cellswere stained for
cell surface expression of FceRI, and BMMCs were used for
experiments after 4 to 8 weeks in culture (N95% mast cells).

LTC4 secretion assay

LTC4 secretion was determined as described previously [17].
Briefly, cells were activated, as described above, and LTC4
content in the supernatant was determined using an ELISA kit
ulate IgE-mediated leukotriene secretion in mast cells through a
, doi:10.1016/j.clim.2008.09.008
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(Cayman Chemical, Ann Arbor, MI) according to the manufac-
turer's protocols.

Measurement of [Ca2+]i

Measurement of cytosolic Ca2+ concentration ([Ca2+]i) was
performed using the Ca2+-reactive fluorescence probe Fluo3/
AM, as previously described [17]. Briefly, a cell suspension
(1×106 cells/ml) was incubated with 4 μM Fluo3/AM for 30min
at 37 °C and then washed with HBSS and resuspended in HBSS
supplementedwith 1mMCaCl2. To study Ca2+ store release and
Ca2+ entry separately, aliquots of the Fluo3-loaded cells were
resuspended in HBSS supplemented with 1 mM EGTA instead of
1 mM CaCl2. Fluorescence was monitored at 5-s intervals for
3 min using a microplate fluorometer (Fluoroskan Ascent CF,
Labsystems, Helsinki, Finland; excitation and emission at 485
and 527 nm, respectively). [Ca2+]i was calculated using the
equation [Ca2+]i=Kd [(F−Fmin)/(Fmax−F)], where Kd is the
dissociation constant of the Ca2+-Fluo3 complex (450 nM). Fmax

represents the maximum fluorescence (obtained by treating
cells with 5 μM A23187), and Fmin represents the minimum
fluorescence (obtained by treating cells with A23187 in the
presence of 10mM EGTA). F is the actual sample fluorescence.
The data are expressed as calculated [Ca2+]i after background
subtraction ([Ca2+]i observed in unstimulated cells).

Measurement of mitochondrial transmembrane
potential (ΔWm)

Changes in the ΔWm were measured using the lipophilic cation
JC-1, as previously described [16]. Briefly, cells (5×105 cells/
Figure 1 Effects of aspirin and salicylate on IgE-mediated LTC4 s
treated with aspirin (ASA) or salicylate (SA) at the indicated concent
(antigen) for 30 min at 37 °C. The LTC4 content of the supernatant w
The results are presented as a percent of control, in which the LTC4 se
100%. The data are the mean±S.E.M. of three to five independent e
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500μl) were loadedwith 2μMJC-1 for 15min in aCO2 incubator,
washed, and resuspended in HBSS. After cell stimulation, the
green fluorescence (the monomeric JC-1) and red fluorescence
(J-aggregates)weremeasured using the FL-1 and FL-2 channels,
respectively, with a FACSCalibur instrument (Becton Dickinson,
San Jose,CA).Oligomycin, an inhibitor of themitochondrial FoF1
adenosine 5′-triphosphate (ATP) synthase, was added in
experiments using antimycin A to prevent the mitochondrial
consumption of cellular ATP.Oligomycin alone had no significant
effect, as previously described [16].

Western blotting

After stimulation, cell lysates were prepared and proteins were
separatedbySDS-PAGEusing a10% separatinggel under reducing
conditions and transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore, Bedford, MA). The PVDF membranes
were incubated with 3% BlockAce™ (Snow Brand Milk Products,
Tokyo, Japan) at 4 °C overnight or 1 h at room temperature. For
analyses of the dually phosphorylated (active) forms of
extracellular signal-regulated protein kinase-1/2 (ERK 1/2) and
p38 mitogen-activated protein kinase (p38MAPK), the mem-
branes were incubated with a 1:4000 dilution of a rabbit
polyclonal antibody raised against phosphorylated Thr202 and
Tyr204 of ERK or a 1:2000 dilution of a rabbit polyclonal antibody
raised against phosphorylated Thr180 and Tyr182 of p38MAPK
(Cell Signaling, Beverly, MA), respectively overnight at 4 °C. The
membranes were then incubated with horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG (Cell Signaling) for 1 h at room
temperature. For analysis of the phosphorylated (active) formof
cytosolic phospholipase A2 (cPLA2), membranes were incubated
ecretion in mast cells. RBL-2H3 cells (A, C) or BMMCs (B) were
rations and then immediately stimulated with 30 ng/ml TNP-BSA
as determined by ELISA, as described in Materials and methods.
cretion in cells stimulated with antigen in the absence of drug is
xperiments. ⁎Pb0.05; ⁎⁎Pb0.01; ⁎⁎⁎Pb0.001.

ulate IgE-mediated leukotriene secretion in mast cells through a
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Figure 2 Role for cPLA2, ERK1/2, and p38MAPK in IgE-mediated LTC4 secretion and regulation by aspirin. (A–C) RBL-2H3 cells were
treated with ASA at the indicated concentrations and then immediately stimulated with 30 ng/ml antigen for 5 min at 37 °C. The
stimulated cells were lysed with SDS sample buffer. The proteins were separated by SDS-PAGE using a 10% separating gel under reducing
conditions, and transferred to PVDFmembranes. The presence of phospho-cPLA2 (A), phospho-p44/42 ERK1/2 (B), and phospho-p38MAPK
(C) was analyzed by Western blotting using specific antibodies, as described in Materials and methods. To verify equal loading, the blots
were reprobed with FceRlβ (A) or antibodies to each kinase (B, C). The data are representative of three independent experiments. (A–C,
lower panels) Quantitative analyses data from three separate gels. ⁎Pb0.05; ⁎⁎⁎Pb0.001 (D) RBL-2H3 cells were treatedwith 20 μMU0126
or 30 μM SB203580 and then immediately stimulated with 30 ng/ml antigen for 30 min at 37 °C. The LTC4 content of the supernatant was
determined byELISA.Results are expressedas percent of control, inwhich LTC4 secretion fromcells stimulatedwith antigen in the absence
of drug is 100%. The data represent the mean±S.E.M. of four independent experiments. ⁎⁎⁎Pb0.001.
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with a 1:1000 dilution of a rabbit polyclonal antibody raised
against phosphorylated Ser 505 of cPLA2 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) overnight at 4 °C and then with HRP-
conjugated species-specific anti-rabbit Ig (GE Healthcare, Little
Chalfont, UK) for 1 h at room temperature. After extensive
washing of the membranes, the immunoreactive proteins were
visualized using an ECL Plus kit (GE Healthcare) according to the
recommendations of the manufacturer. The PVDF membranes
were exposed to Fuji RX film (Fuji Film, Tokyo, Japan).
Immunoreactive bands were scanned to produce digital images
that were quantified using the NIH Image software.

Statistical analysis

Data were analyzed with a one-way ANOVA followed by a post-
Tukey test. Values of pb0.05 were considered significant.

Results

Aspirin and salicylate have a dual effect on IgE-
mediated LTC4 secretion in mast cells

To determine whether ASA affects IgE-mediated LTsecretion in
mast cells, we initially examined the effect of ASA on the LTC4
Please cite this article as: K. Togo, et al., Aspirin and salicylates mod
dihydropyridine receptor-mediated Ca2+ influx, Clin. Immunol. (2009)
secretion in RBL-2H3 cells. Cells that had been sensitized with
anti-TNP IgE were treated with ASA at concentrations ranging
from0.1mMto3mM,and then immediately stimulatedwith the
antigen TNP-BSA (the basal level, 48±11 pg/ml n=5; antigenic
stimulation, 3601±218 pg/ml, n=5). ASA alone had no effect on
LTC4 secretion in the cells. However, ASA had a dual effect on
IgE-mediated LTC4 secretion: at low concentrations (≤0.3mM),
ASA significantly increased LTC4 secretion, while at high
concentrations (N1 mM) ASA suppressed secretion (Fig. 1A).
The optimal concentration of ASA was 0.1 or 0.3 mM in
different experiments (∼1.5-fold greater secretion compared
with antigenic stimulation alone). To exclude the possibility
that this behavior is an aberration of tumor cells such as RBL-
2H3, we also examined the effect of ASA on LTC4 secretion in
BMMCs and observed a similar trend in these mast cell primary
cultures, although the magnitude of the increased secretion
varied considerably in different experiments (Fig. 1B). Similar
results were obtained when cells were exposed to the aspirin
metabolite SA: at low concentrations (≤0.3 mM), SA signifi-
cantly increased IgE-mediated LTC4 secretion, while at high
concentrations (N1 mM), SA suppressed secretion (Fig. 1C). SA
was approximately 3 times more toxic than ASA. Treatment
with ASA up to 3mM for 4 h had aminimal effect on cell viability
(control, 92%; ASA 0.1 mM, 92%, ASA 0.3 mM, 93%; ASA 1 mM,
92%; ASA 3 mM, 91%), while ASA (10 mM) and SA (1 mM) caused
ulate IgE-mediated leukotriene secretion in mast cells through a
, doi:10.1016/j.clim.2008.09.008
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substantial cell death (ASA 10 mM, 94%; SA 1 mM, 40%), as
measured by annexin Vand propidium iodide double staining or
trypan blue dye exclusion assay (data not shown). Moreover,
DMSO concentration (0.3%) in 3 mM ASA had minimal effects of
Figure 3 Ca2+ entry is essential for IgE-mediated LTC4 secretion an
containing medium (HBSS supplemented with 1 mM CaCl2) or nomi
stimulated with 30 ng/ml antigen for 30 min at 37 °C, and then the LT
represent the mean±S.E.M. of four independent experiments. ⁎⁎⁎Pb
twice in HBSS, and resuspended in Ca2+-containing medium (HBSS sup
(HBSS supplemented with 1 mM EGTA) (C). The cells were incubated
stimulated with 30 ng/ml antigen. The data are expressed as c
experiments. (D) RBL-2H3 cells loaded with Fluo3/AM were resuspend
for 10 min at 37 °C in order to deplete intracellular Ca2+ stores and
indicated concentrations or 10 μM2-APB prior to the addition of 2mMC
independent experiments. (B, right panel C, D, lower panels) Statist

Please cite this article as: K. Togo, et al., Aspirin and salicylates mod
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cytotoxicity (97%). These results demonstrate that ASA and SA
exhibit stimulatory effects on IgE-mediated LTC4 secretion at
non-toxic concentrations. Because ASA suppresses COX-1 and
COX-2 activities and SA does not [18], these results suggest that
d is aspirin regulated. (A) RBL-2H3 cells were suspended in Ca2+-
nally Ca2+-free medium (HBSS supplemented with 1 mM EGTA),
C4 content of the supernatant was determined by ELISA. The data
0.001. (B, C) RBL-2H3 cells were loaded with Fluo3/AM, washed
plemented with 1 mM CaCl2) (B) or nominally Ca2+-free medium
with ASA at the indicated concentrations and then immediately
alculated [Ca2+]i and are representative of two independent
ed in nominally Ca2+-free medium and treated with thapsigargin
activate SOCE. The cells were then incubated with ASA at the
aCl2 (indicated by the arrow). The data are representative of five
ical analysis data of the maximal [Ca2+]i. ⁎⁎Pb0.01; ⁎⁎⁎Pb0.001.

ulate IgE-mediated leukotriene secretion in mast cells through a
doi:10.1016/j.clim.2008.09.008
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Figure 4 Antigenic stimulation evokes a DHP-sensitive Ca2+ entry that is distinct from SOCE and is aspirin regulated. (A) RBL-2H3 cells
loadedwith Fluo3/AMwere resuspended in nominally Ca2+-freemedium and treatedwith Tg for 10min at 37 °C. After extensive washing,
the store-depleted cells were resuspended in Ca2+-containing medium or nominally Ca2+-free medium and then stimulated with 30 ng/ml
antigen or with 1 μM Tg. (B, D) The store-depleted cells resuspended in Ca2+-containingmediumwere incubated with 10 μM 2-APB or 1 μM
nifedipine (B) or with ASA at the indicated concentrations (D) and then immediately stimulated with 30 ng/ml antigen. (C) SOCE was
induced in RBL-2H3 cells by pharmacologically depleting intracellular Ca2+ stores as described in the legend of Fig. 3D. The cells were
treated with 10 μM 2-APB or 1 μM nifedipine before Ca2+ replenishment (indicated by the arrow). The data are representative of five
independent experiments. (A–D, lower panels) Statistical analysis data of the maximal [Ca2+]i. ⁎Pb0.05; ⁎⁎Pb0.01; ⁎⁎⁎Pb0.001.
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the enhancement of LTC4 secretion is not via suppression of COX
activity. We investigated the effect of aspirin further in detail
using RBL-2H3 cells as a model.

Aspirin increases activation of cPLA2 independently
of ERK and p38MAPK signaling pathways

To gain insight into the mechanisms by which ASA modulates
LTC4 secretion in mast cells, we examined the effect of ASA
Please cite this article as: K. Togo, et al., Aspirin and salicylates mod
dihydropyridine receptor-mediated Ca2+ influx, Clin. Immunol. (2009)
on intracellular signaling pathways involved in LTC4 synth-
esis, including activation of cPLA2, which mediates agonist-
induced AA release in most cell types [19]. The catalytic
activity of cPLA2 is phosphorylation dependent. Phosphor-
ylation of cPLA2 on Ser-505 by ERK1/2 is necessary for cPLA2-
mediated AA release following stimulation of various cell
types by many different agonists [20]. Using a polyclonal
antibody that specifically recognizes the Ser-505 phosphory-
lation of cPLA2, we found that antigenic stimulation
ulate IgE-mediated leukotriene secretion in mast cells through a
, doi:10.1016/j.clim.2008.09.008
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substantially induced cPLA2 phosphorylation, and that low
concentrations (≤0.3 mM) of ASA substantially (1.5-fold)
increased the effect (Fig. 2A). Thus, ASA both increased IgE-
mediated LTC4 secretion and Ser-505 phosphorylation of
cPLA2. We next examined whether ASA stimulated activation
of ERK1/2. ERK1/2 is activated following dual phosphoryla-
tion of a threonine and a tyrosine residue by the upstream
kinase MEK1/2. RBL-2H3 cells were treated with various
concentrations (0.1–3 mM) of ASA prior to antigenic
stimulation, and activation of ERK1/2 was then assessed
using a polyclonal antibody that specifically recognizes the
dually phosphorylated (active) ERK1/2 (Thr202/Tyr204) [21].
The phosphorylation of p42/44 ERK1/2 clearly increased
following antigenic stimulation (Fig. 2B). However, ASA
treatment dose-dependently reduced the activation of
ERK1/2 (Fig. 2B). The cPLA2 Ser-727 residue is another
Figure 5 Differential effects of mitochondrial depolarization on S
JC-1 were incubated with 5 μM FCCP, 5 μg/ml antimycin A plus 0.5 μg
fluorescence were then measured by flow cytometry. The results ar
control cells is 100%. The results represent the mean±S.E.M. of three
RBL-2H3 cells as described in the legend of Fig. 3D. The cells were
oligomycin (AM) before Ca2+ replenishment (indicated by the arrow
described in the legend of Fig. 4A. The cells were treated with 5 μM F
to stimulation with 30 ng/ml antigen. The results are representative
Statistical analysis data of the maximal [Ca2+]i. ⁎Pb0.05; ⁎⁎⁎Pb0.001

Please cite this article as: K. Togo, et al., Aspirin and salicylates mod
dihydropyridine receptor-mediated Ca2+ influx, Clin. Immunol. (2009),
site important for activation of the enzyme [22], and is
phosphorylated by MNK1-related protein kinases, which are
activated by p38MAPK [23]. We therefore examined the
effect of ASA on p38MAPK activation. Western blot
analysis, using a polyclonal antibody recognizing the active
enzyme phospho-p38MAPK (Thr180/Tyr182), showed that
antigenic stimulation induced p38MAPK activation, but ASA
at concentrations ranging from 0.1 mM to 3 mM did not
substantially affect the phosphorylation level (Fig. 2C). To
determine the involvement of these MAPKs in LTC4 secretion
in our cell system, the effect of pharmacological inhibitors of
selective MAPK pathways on IgE-mediated LTC4 secretion was
examined. As shown in Fig. 2D, 20 μM U0126 and 30 μM
SB203580, which are selective inhibitors of ERK1/2 and
p38MAPK, respectively, substantially (∼50% inhibition) inhib-
ited antigen-induced LTC4 secretion in RBL-2H3 cells,
OCE and DHP-sensitive Ca2+ entry. (A) RBL-2H3 cells loaded with
/ml oligomycin (AM), or 5 μM rotenone for 5 min. Green and red
e expressed as percent of control where ΔCm in the untreated
independent experiments. ⁎⁎⁎Pb0.001. (B) SOCE was induced in
treated with 5 μM FCCP, or 5 μg/ml antimycin A plus 0.5 μg/ml
). (C) DHP-sensitive Ca2+ entry was induced in RBL-2H3 cells as
CCP, or 5 μg/ml antimycin A plus 0.5 μg/ml oligomycin (AM) prior
of three to five independent experiments. (B, C, lower panels)
.

ulate IgE-mediated leukotriene secretion in mast cells through a
doi:10.1016/j.clim.2008.09.008
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Figure 6 Role for DHP-sensitive Ca2+ entry in IgE-mediated LTC4 secretion. (A) RBL-2H3 cells were suspended in Ca2+-containing
medium, stimulated with 30 ng/ml antigen or 1 μM Tg for 30 min at 37 °C, and then the LTC4 content of the supernatant was
determined by ELISA. The data represent the mean±S.E.M. of four independent experiments. ⁎Pb0.05; ⁎⁎⁎Pb0.001. (B) RBL-2H3 cells
suspended in nominally Ca2+-free medium were depleted of intracellular Ca2+ stores as described in the legend of Fig. 4, and then
resuspended in Ca2+-containing medium. The cells were then stimulated with 30 ng/ml antigen or 1 μM Tg for 30 min at 37 °C in the
absence or presence of ASA at the indicated concentrations, and the LTC4 content of the supernatant was determined by ELISA. The
data represent the mean±S.E.M. of four independent experiments. ⁎Pb0.05; ⁎⁎⁎Pb0.001. (C) RBL-2H3 cells suspended in Ca2+-
containing medium were treated with 1 μM nifedipine or 10 μM (S)-BayK8644 and then immediately stimulated with 30 ng/ml antigen
or 1 μM Tg for 30 min at 37 °C, and the LTC4 content of the supernatant was determined by ELISA. The data represent the mean±S.E.M.
of three independent experiments. ⁎⁎Pb0.01; ⁎⁎⁎Pb0.001.
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indicating that both MAPK pathways are involved in LTC4
synthesis in our cell system.
IgE-mediated LTC4 secretion is dependent on Ca2+

entry and aspirin has a dual effect on Ca2+

responses

Another key physiological regulator of LTC4 synthesis is Ca2+.
cPLA2 is regulated by an increase in intracellular Ca2+, which
binds to the amino-terminal C2 domain and induces cPLA2
translocation to the nuclear envelope and the endoplasmic
reticulum [24]. Ca2+ is an important regulator of 5-
lipoxygenase (5-LOX) as well, which catalyzes the addition
of molecular oxygen to AA. Because Ca2+ entry from the
extracellular space is a major source of increased [Ca2+]i, we
determined whether LTC4 secretion in mast cells was
dependent on Ca2+ influx. As shown in Fig. 3A, EGTA
chelation of extracellular Ca2+ completely abolished IgE-
mediated LTC4 secretion, indicating that this response is
strictly dependent on Ca2+ influx. We then examined the
effect of ASA on Ca2+ mobilization. ASA alone at concentra-
tions ranging from 0.1 mM to 3 mM, caused a minimal
increase in [Ca2+]i (data not shown). However, ASA had a dual
effect on IgE-mediated [Ca2+]i increase: at low concentra-
tions (≤0.3 mM), ASA increased the response, while at high
Please cite this article as: K. Togo, et al., Aspirin and salicylates mod
dihydropyridine receptor-mediated Ca2+ influx, Clin. Immunol. (2009)
concentrations (N1 mM), ASA suppressed the [Ca2+]i increase
(Fig. 3B). Next, the effect of ASA on Ca2+ mobilization from
intracellular stores was examined in cells placed in nominally
Ca2+-free medium. As shown in Fig. 3C, ASA dose-depen-
dently reduced the effect of antigenic stimulation. ASA
reduced the maximal level of [Ca2+]i with a minimum
effective dose of 0.1 mM, and caused an increase in the
time to reach peak [Ca2+]i levels (for aspirin concentrations
of 0, 0.3, 1, and 3 mM the times to peak [Ca2+]i levels were
30, 35, 50, and 60 s, respectively).

In nonexcitable cells including mast cells, store-operated
Ca2+ entry (SOCE) is a main pathway of Ca2+ influx [25]. In
RBL cells, the best known store-operated Ca2+ channels
(SOCs), the CRAC channels are activated by a pharmacolo-
gical emptying of intracellular stores with thapsigargin (Tg)
or by antigenic stimulation [26,27]. We therefore examined
whether ASA affected Ca2+ influx through SOCs. Cells were
treated with Tg for 10 min in nominally Ca2+-free medium in
order to deplete intracellular Ca2+ stores and activate SOCs.
A substantial [Ca2+]i rise was seen following readmission of
external Ca2+ to the Tg-treated cells (Fig. 3D). This Ca2+

influx was almost completely abolished by 2-APB, a SOCE
antagonist, indicating that the influx is SOC-mediated. ASA
(≥0.3 mM) suppressed Ca2+ influx in a dose-dependent
manner. These results suggest that ASA may stimulate some
other Ca2+ entry pathway.
ulate IgE-mediated leukotriene secretion in mast cells through a
, doi:10.1016/j.clim.2008.09.008
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Aspirin facilitates DHP-sensitive Ca2+ response,
which is pharmacologically distinct from SOCE

Recent work has demonstrated that in various immune cells
including T and B cells, in addition to SOCE, antigenic
stimulation can activate Ca2+ entry independently of Ca2+

store emptying. Moreover, we previously showed that
antigenic stimulation induces substantial Ca2+ entry even
when SOCE is inactive. In addition, this Ca2+ entry was
blocked by DHP receptor (DHPR) antagonists but minimally
affected by SOCE antagonists [15], indicating the occurrence
of DHP-sensitive Ca2+ response. We therefore examined
whether ASA might target this response. Consistent with our
previous study, antigenic stimulation but not Tg increased
[Ca2+]i in Ca2+ store-depleted cells (Figs. 4A and B), although
the amplitude of the increase varied considerably in
different experiments. This effect was absent in Ca2+-free
conditions, indicating that the response was due to entry of
extracellular Ca2+. This Ca2+ entry was substantially reduced
by the DHPR antagonist nifedipine but minimally affected by
10 μM 2-APB (Fig. 4B). On the other hand, 2-APB completely
abolished Ca2+ influx through SOCs, while nifedipine
increased it (Fig. 4C). ASA had a dual effect on this DHP-
sensitive Ca2+ response: at low concentrations (≤0.3 mM),
ASA increased this effect, while at high concentrations
(N1 mM), ASA suppressed it (Fig. 4D). These results
demonstrate that ASA increases DHP-sensitive Ca2+ response,
which is pharmacologically distinct from SOCE.

Mitochondrial depolarization has distinct effects on
SOCE and DHP-sensitive Ca2+ entry

Mitochondria play a facilitating role in SOC opening [28–30].
Mitochondrial depolarization evoked by the protonophore
FCCP or by respiratory chain inhibitors such as the complex I
inhibitor rotenone and the complex III inhibitor antimycin A
impairs CRAC channel activity and the subsequent [Ca2+]i
rise [26–30]. To characterize DHP-sensitive Ca2+ entry
further, we examined the effect of mitochondrial meta-
bolic inhibitors. FCCP and antimycin A caused an acute
collapse of ΔWm, while rotenone had no effect on ΔWm, as
measured with the lipophilic cation JC-1 (Fig. 5A).
Consistent with a number of previous reports [26–30],
both FCCP and antimycin A profoundly reduced SOCE (Fig.
5B). In contrast, both drugs increased DHP-sensitive Ca2+

entry (Fig. 5C). These data indicate that mitochondrial
depolarization has distinct effects on activation of SOCE
and on DHP-sensitive Ca2+ entry.

Role of DHP-sensitive Ca2+ entry in LTC4 secretion

The data presented so far demonstrated that low concentra-
tions of ASA selectively enhance DHP-sensitive Ca2+

response. Next, we determined whether DHP-sensitive Ca2+

entry was involved in LTC4 secretion. Tg could induce
substantial LTC4 secretion under normal conditions: 1 μM Tg
was more effective than FceRI stimulation by optimal
concentration of antigen (Fig. 6A). Depletion of intracel-
lular Ca2+ stores by Tg resulted in increased LTC4 secretion,
which may result from activation of SOCE (2689±261 pg/
ml, n=4). In accordance with its inability to evoke Ca2+
Please cite this article as: K. Togo, et al., Aspirin and salicylates mod
dihydropyridine receptor-mediated Ca2+ influx, Clin. Immunol. (2009),
response, Tg no longer induced any significant increase in
LTC4 secretion in the cells (3142±318 pg/ml, Fig. 6B). In
contrast, antigenic stimulation still significantly increased
LTC4 secretion (4520±289 pg/ml), in parallel with sub-
stantial Ca2+ entry. Moreover, ASA had a dual effect on the
LTC4 secretion: at low concentrations (0.3 mM), ASA
significantly increased secretion (6311±350 pg/ml, n=4),
while at a high concentration (3 mM), ASA suppressed
secretion (3303±484 pg/ml, n=4, Fig. 6B). As shown above,
nifedipine blocks DHP-sensitive Ca2+ entry with minimal
effect on SOCE. On the other hand, the DHPR agonist (S)-BayK
8644 was found to increase DHP-sensitive Ca2+ response but
not SOCE (data not shown). Thus, these drugs serve as
powerful tools in studying the role of DHP-sensitive Ca2+

entry. To elucidate the role of DHP-sensitive Ca2+ entry in LTC4

secretion under the conditions in which SOCs are active, we
examined whether the two drugs affected LTC4 secretion. As
shown in Fig. 6C, nifedipine significantly reduced IgE-
mediated LTC4 secretion, while (S)-BayK 8644 increased
secretion. In contrast, both drugs displayed minimal effects
on Tg-induced LTC4 secretion. These results demonstrate that
DHP-sensitive Ca2+ entry is involved in LTC4 secretion under
physiological conditions and that low concentrations of ASA
selectively increase this pathway.
Discussion

The current study demonstrates that ASA has a dual effect on
IgE-mediated LTC4 secretion in mast cells. At therapeutic
concentrations (0.1–0.3 mM) ASA can significantly increase
LTC4 secretion, while at high concentrations (N1 mM) ASA
reduces LTC4 secretion. We observed essentially similar
effects with the aspirin metabolite SA, which lacks the acetyl
group necessary for inhibiting COX activity, suggesting the
enhancement of LTC4 secretion is not via suppression of COX
activity. Consistent with the view that cPLA2 mediates
agonist-induced AA release in most cell types [19], we
demonstrated that antigenic stimulation induced Ser-505
phosphorylation of cPLA2, which is required to activate the
enzyme. Furthermore, ASA increased the phosphorylation of
cPLA2 and LTC4 secretion in parallel, suggesting that the
stimulatory effect of ASA is at least in part, attributable to
activation of cPLA2. Although the protein kinases responsible
for activation of cPLA2 are not fully understood, ERK1/2 may
play a role [20,31]. In addition, in various cell types, the
p38MAPK pathway has been implicated in cPLA2 activation
[32–34]. Our data indicate that antigenic stimulation
activates both the ERK pathway and the p38MAPK path-
way. Moreover, U0126 and SB203580, selective inhibitors
of ERK1/2 and p38MAPK, respectively, both significantly
reduced antigen-induced LTC4 secretion, indicating that
both kinases may be necessary for maximal response.
Nevertheless, ASA dose-dependently inhibited IgE-
mediated activation of ERK1/2 and had minimal effects
on that of p38MAPK. Thus, inhibition of the ERK1/2
pathway may be involved in inhibition of LTC4 secretion by
high concentrations of ASA, but cannot explain the
stimulatory effect of low concentrations of ASA.

Ca2+ is another key physiological regulator of LTC4

synthesis. Ca2+ binds to the amino-terminal C2 domain of
cPLA2, thereby inducing its translocation to the nuclear
ulate IgE-mediated leukotriene secretion in mast cells through a
doi:10.1016/j.clim.2008.09.008
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envelope and the endoplasmic reticulum [24]. Depletion of
external Ca2+ almost completely abolishes IgE-mediated LTC4
secretion, indicating the critical role of extracellular Ca2+

entry. In nonexcitable cells including mast cells, SOCE, which
is mediated by SOCs such as CRAC channels and activated by
depletion of intracellular Ca2+ stores, has been considered
the main pathway of Ca2+ influx [25]. Recently, CRAC
channels in RBL cells were shown to play key roles in Tg or
IgE-mediated AA release, cPLA2 activation, and LTC4 secre-
tion [26,27]. The current study demonstrates that low
concentrations of ASA can increase IgE-mediated Ca2+ influx,
while dose-dependently reducing Ca2+ store emptying and
CRAC channels. Thus, inactivation of CRACchannelsmay be the
mechanism by which high concentrations of ASA inhibit LTC4
secretion. However, the stimulatory effect of low concentra-
tions of ASA cannot be explained by CRAC channels, suggesting
that ASA may target an additional Ca2+ entry mechanism.

Increasing evidence demonstrates that in addition to
SOCE, a variety of agonists can activate store-independent
Ca2+ entry in nonexcitable cells. We previously demonstrated
that in Ca2+ store-depleted cells FceRI stimulation but not Tg
can evoke substantial Ca2+ entry, which is regulated by DHP
derivatives. The data presented in the current study show
that this Ca2+ response is a likely target of ASA. Low
concentrations of ASA increased the DHP-sensitive pathway,
while high concentrations of ASA inhibited it. Thus, this novel
Ca2+ entry pathway in mast cells appears to be responsible
for the stimulatory effect of ASA on Ca2+ influx. Mitochon-
drial depolarization had opposing effects on activation of
CRAC channels and the DHP-sensitive Ca2+ entry. Increasing
evidence indicates that mitochondria are key regulators of
SOC opening [28–30]. Mitochondrial depolarization impairs
CRAC channel activity and Ca2+ responses [26–30]. Moreover,
mitochondrial depolarization inhibits LTC4 secretion through
inactivation of CRAC channels [26,27]. In the current study,
we confirmed that mitochondrial depolarization impairs
CRAC channel activity in mast cells. However, our data
demonstrate that mitochondrial depolarization strongly
activates DHP-sensitive Ca2+ entry, providing further evi-
dence that this pathway differs from SOCE.

Our data suggest a potential role for DHP-sensitive Ca2+

channels in Ca2+ entry into mast cells. These Ca2+ channels,
such as the α1 subunit of voltage-gated L-type Ca2+ channel,
are well characterized in excitable cells. Interestingly, in
immune cells such as B and T cells, antigen receptor
stimulation evokes a Ca2+ influx via DHP-sensitive Ca2+

channels; this Ca2+ influx plays roles in B and Tcell functions
especially the production of cytokines such as IL-4 [35–37].
Recently, we have found that DHP-sensitive Ca2+ response is
involved in IgE-mediated cytokine production in mast cells.
These observations suggest that DHP-sensitive channels with
similar pharmacological and functional properties exist in
these cells, although further investigations will be necessary
to establish this view. Moreover, the current study demon-
strates that like CRAC channels, DHP-sensitive Ca2+ channels
are involved in immunological LTC4 secretion in mast cells.
Our data clearly demonstrate that FceRI stimulation can
evoke LTC4 secretion even under the conditions where SOCs
are inactivated and that low concentrations of ASA increases
the secretion. In addition, our data indicate that the DHPR
antagonist nifedipine inhibits, and the DHPR agonist (S)-
BayK8644 augments, antigen-induced LTC4 secretion, while
Please cite this article as: K. Togo, et al., Aspirin and salicylates mod
dihydropyridine receptor-mediated Ca2+ influx, Clin. Immunol. (2009)
these drugs have minimal effects on Tg-induced LTC4

secretion. Given that Tg can evoke SOCE but not DHP-
sensitive Ca2+ entry, these data suggest that antigen and Tg
stimulate LTC4 secretion in mast cells by two pharmacologi-
cally distinct Ca2+ entry pathways or channels, i.e., CRAC
channels and DHP-sensitive Ca2+ channels. Additionally, ASA
facilitates the latter mechanism selectively and mitochon-
drial depolarization appears to regulate the two pathways
oppositely. The findings suggest that these two pathways may
be regulated coordinately by mitochondria and that ASA
might affect this mitochondrial regulation. Further studies
testing this hypothesis are underway.

Mortaz et al. have reported that 10 mM ASA alone
increased LT release, whereas ASA inhibited IgE-mediated
β-hexosaminidase release, although ASA alone had no effect
[9,38]. In our cell system, however, 10 mM ASA exhibited
substantial cytotoxicity, and had no effect on LT release.
Selective occurrence of aspirin (NSAID) intolerance in some
but not all human population does not seem to be
explainable by the COX inhibition mechanism alone, because
COX I and II enzyme are not specific for aspirin (NSAID)
intolerance patients. The data presented in the current
study demonstrate that ASA can modulate IgE-mediated mast
cell activation. They are also consistent with various clinical
observations regarding ASA. In ASA intolerance, several
studies have shown that an atopic background (high levels
of serum IgE) is a risk factor for NSAID sensitivity [14].
Moreover, our data demonstrating that low concentrations of
ASA increase IgE-mediated LTC4 secretion are consistent with
the clinical observation that ASA intolerance is induced by
low doses of ASA [39]. Additionally, patients with ASA
intolerance can be desensitized to ASA by oral challenges
with high doses of ASA, which results in reduced LT synthesis
[39–42]. This phenomenon is similar to the suppressive
effect of high concentrations of ASA on LTC4 secretion
observed in the current study.

In conclusion, the current study demonstrates that
therapeutic concentrations of ASA facilitates DHP-sensitive
Ca2+ entry, a novel pathway of Ca2+ influx, thereby modulat-
ing IgE-mediated LTC4 secretion in mast cells. These actions
of ASA may be relevant to ASA-induced adverse immunolo-
gical reactions including aspirin intolerance.
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