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The green tea polyphenol (—)-epigallocatechin-3-0O-gallate (EGCG) has various biological activities,
including anti-inflammatory, anti-neoplastic, anti- and pro-apoptotic, and neuroprotective effects.
Although these are often associated with increased intracellular reactive oxygen species (ROS) and Ca®*
levels, their involvement in biological effects is poorly understood. Here we report that EGCG induces
cytokine production in mast cells via Ca%* influx and ROS generation. EGCG at concentrations of >50 uM

Keywords: induced interleukin-13 and tumor necrosis factor-a production in RBL-2H3 and bone marrow-derived
ll;/[GaCS::ce“ mast cells. The effects were dependent on extracellular Ca?*, and EGCG induced Ca®* release from
Calcium intracellular stores and Ca?* influx. Ca* influx was suppressed by 2-aminoethoxydiphenyl borate, an
Superoxide inhibitor of store-operated Ca?* (SOC) channels, including Ca?* release-activated Ca®" channels and
Cytokine transient receptor potential canonical channels. EGCG failed to induce Ca** influx through SOC channels.

EGCG-activated Ca®* channels were genetically and pharmacologically distinct from Ca,1.2 L-type CaZ*
channels, another route of Ca?* influx into mast cells. EGCG evoked release of superoxide (0,°~) into the
extracellular space. Exogenous superoxide dismutase, but not catalase, inhibited EGCG-evoked Ca*
influx and cytokine production, indicating that extracellular O,*~ regulates these events. EGCG can serve
as a powerful tool for studying 0,° -regulated Ca%* channels, which may be selectively involved in the

regulation of cytokine production but have yet to be elucidated.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Polyphenolic compounds such as (—)-epicatechin (EC), (-)-
epigallocatechin (EGC), (—)-epicatechin-3-0O-gallate (ECG) and (—)-
epigallocatechin-3-0O-gallate (EGCG) are major green tea consti-
tuents that are known for their strong antioxidant activities.
Among these catechins, EGCG is the most abundant (accounting for
40-60% of the catechins) and a powerful antioxidant [1-3].
Epidemiological studies have shown the effectiveness of green tea
at preventing cancer, and cardiovascular and neurological diseases
[4-6]. These biological activities of EGCG were initially proposed to
be based on its antioxidant activity. However, studies on the
structure-activity relationship for EC, EGC, ECG and EGCG have
revealed no apparent correlation between the degrees of their
biological effects and antioxidant activities. Recent evidence
suggests that the action of EGCG is more complicated than
previously thought. To date, EGCG has been shown to interact with
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membrane lipid rafts [7,8] and directly targets various signaling
molecules, including receptor tyrosine kinases, and that these
effects are crucial for cancer chemoprevention and neuroprotec-
tion by EGCG [9,10].

Catechins including EGCG have also been shown to suppress
allergic reactions in laboratory animal models [11]. Mast cells play
central roles in allergic, inflammatory reactions. Upon stimulation
of the high-affinity IgE receptor (FceRI) by IgE and a multivalent
antigen, mast cells have remarkably diverse functional outputs.
These outputs include degranulation (secretion of pre-formed
chemical mediators stored in granules, such as histamine and
serotonin, referred as to degranulation), synthesis and secretion of
arachidonic acid-derived mediators such as leukotrienes (LTs) and
prostaglandins, and the production of cytokines and chemokines
[12]. These chemical mediators cause various pathophysiological
events that contribute to acute and chronic allergic reactions.
Therefore, inhibition of proinflammatory mediator release from
mast cells is a potential mechanism for the anti-allergic effect of
catechins. Indeed, catechins have been shown to suppress
histamine release from mast cells in vitro in the order of
EGCG > ECG > EGC, whereas EC has no effect [11]. Moreover, we
have shown that EGCG, but not EC, inhibits mast cell degranula-
tion, LTC, secretion and Ca?* influx [13]. The effects are unlikely to
be attributed to the anti-oxidant activity, because EC has been
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shown to exhibit strong antioxidant and radical scavenging
activities in vitro and in vivo [2,3,14]. In addition, we have found
that EGCG, but not EC, has various biological effects, including
generation of intracellular reactive oxygen species (ROS), mito-
chondrial membrane potential (A¥;,) collapse, and mitochondrial
Ca%" ([Ca®'],n) release; all of which appear to be involved in the
inhibitory effect [13]. However, EGCG appears to enhance the
production of interleukin (IL)-13 in mast cells. These findings led
us to study the effects of EGCG on cytokine production, with special
attention to the role of ROS and Ca?* signals.

In the present study, we found that EGCG induced production of
IL-13 and tumor necrosis factor (TNF)-a by stimulating Ca%* influx.
The EGCG-induced Ca?* influx appeared to occur via extracellular
superoxide (O,°7)-regulated channels, which differed from the
three known routes of Ca®* influx into mast cells, including Ca?*
release-activated Ca%* (CRAC) channels, transient receptor poten-
tial canonical (TRPC) channels and L-type Ca®* channels (LTCCs).

2. Materials and methods
2.1. Materials

EC and EGCG were obtained from Kurita Industries (Tokyo,
Japan). These compounds were dissolved in phosphate buffered
saline (PBS) and stored at —20 °C, and diluted with Hank’s balanced
salt solution (HBSS, pH 7.4) before use. Nifedipine, 2-aminoethox-
ydiphenyl borate (2-APB), superoxide dismutase (SOD), ebselen,
cytochrome c, catalase and thapsigargin (Tg) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Diphenyleneiodonium chlo-
ride (DPI) was obtained from Enzo Life Sciences (San Diego, CA,
USA). Fluo3-acetoxymethyl ester (Fluo3/AM) was purchased from
Dojindo Laboratories (Kumamoto, Japan) and dissolved in
dimethylsulfoxide (DMSO). Reagents were dissolved in DMSO
and diluted with HBSS to a final concentration of <0.1% before use.
DMSO alone at a concentration of 0.1% (vehicle) had no effects
throughout this study. A monoclonal anti-2,4,6-trinitrophenyl
(TNP) IgE antibody (clone IgE-3) was obtained from BD PharMin-
gen Japan (Tokyo, Japan). A TNP-bovine serum albumin (BSA)
conjugate (TNP:BSA conjugation ratio of 25:1) was purchased from
Cosmo Bio (Tokyo, Japan).

2.2. Cells

Rat basophilic leukemia (RBL)-2H3 cells obtained from the
National Institute of Health Sciences (Japan Collection of Research
Bioresources, cell number JCRB0023) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma-Aldrich) supplemented
with 10% fetal bovine serum (FBS) (JRH Biosciences, Lenexa, KS, USA)
in a 5% CO,-containing atmosphere. The cells were harvested by
incubation in HBSS containing 1 mM EDTA and 0.25% trypsin for
5 min at 37 °C. For IgE sensitization, cells suspended in DMEM were
plated on 100-mm culture dishes (5 x 10° cells/5 ml) or in 24-well
plates (2 x 10° cells/well) and incubated with anti-TNP IgE (0.1 p.g)
at 37 °C overnight. Bone marrow-derived mast cells (BMMCs) were
prepared from the femurs of 4-8-week-old C3HeBFe] mice as
previously described [15]. All animal treatments were performed
according to Nihon University guidelines. The cells were cultured in
RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% FBS,
100 U/ml penicillin, and 100 pg/ml streptomycin (Invitrogen),
5x 107> M B-mercaptoethanol (Wako Pure Chemicals, Osaka,
Japan), 100 pg/ml sodium pyruvate (Invitrogen), 1% MEM nones-
sential amino acid solution (Invitrogen)and 5 ng/ml recombinant IL-
3 (Pepro Tech Inc., Rocky Hill, NJ, USA) in a 5% CO,-containing
atmosphere at 37 °C. After 4-6 weeks of culture, the cells were
stained for cell surface expression of FceRl, and BMMCs were used
for experiments after 4-8 weeks of culture (>95% mast cells).

2.3. Degranulation assay

Mast cell degranulation was assessed by measuring (3-
hexosaminidase release. After stimulating IgE-sensitized cells
with 30 ng/ml antigen or IgE-untreated cells with the agents to
be tested at 37 °C for 30 min, supernatants were collected and 3-
hexosaminidase activity in supernatants was determined spectro-
photometrically as previously described [15]. Cells were lysed with
0.1% (w/v) Triton X-100, and the (3-hexosaminidese activity of the
extracts was measured (total). The 3-hexosaminidase activity in
unstimulated cells (the spontaneous release <5% of total enzyme
activity) was subtracted from the enzyme activity in stimulated
cells (test). The percentage of 3-hexosaminidase released into the
supernatant was calculated by the following formula: release
(%) = (test — spontaneous)/(total — spontaneous) x 100.

2.4. Cytokine production assay

After stimulating IgE-sensitized cells with 30 ng/ml antigen or
IgE-untreated cells with the agents to be tested at 37 °C for 4 h,
supernatants were collected and IL-13 and TNF-a contents in
supernatants were determined by a solid-phase sandwich ELISA
kit (Biosource International, Camarillo, CA, USA) for rat or mouse
IL-13 and TNF-«, respectively, according to the manufacturer’s
protocols.

2.5. Calcium measurement

Cytosolic Ca®* concentration ([Ca®*].) was measured using the
Ca%*-reactive fluorescent probe Fluo3/AM, as previously described
[15]. Cell suspensions (1 x 10° cells/ml) were incubated with 4 uM
Fluo3/AM for 30 min at 37 °C, washed with HBSS, and resuspened in
HBSS supplemented with 1 mM CaCl,. To study Ca?* release from
internal stores and Ca®* entry separately, aliquots of the Fluo3/AM-
loaded cells were resuspended in Ca?'-free medium (HBSS
supplemented with 1 mM EGTA instead of 1 mM CaCl,). Fluores-
cence 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). [Ca%*].
was calculated using the equation: [Ca®"].=Kg ((F— Fmin)/
(Fmax — F), where Ky is the dissociation constant of the Ca®*-Fluo3
complex (450 nM). F,.x represents the maximum fluorescence
(obtained by treating cells with 5 wM A23187), and Fy,i, represents
the minimum fluorescence (obtained by treating cells with A23187
in the presence of 10 mM EGTA). F is the actual sample fluorescence.
For quantitative analyses of inhibition of Ca* signals, the area under
the curve (AUC) was calculated.

2.6. Ca,1.2 LTCC knockdown cells

Expression of the o;c subunit of Ca,1.2 LTCCs was down-
regulated at mRNA and protein levels (Ca, 1.2 knockdown cells) as
previously described [16] with minor modifications. Adherent cells
in six-well plates (2.5 x 10° cells/well) or 24-well plates (5.0 x 10*
cells/well) were transfected with 30 nM siRNA targeting the o ¢
subunit or a negative control siRNA with an irrelevant sequence
(Ambion, Austin, TX) for 48 h using the siPORT™ NeoFX transfec-
tion agent (Ambion) according to the manufacturer’s instructions.
The efficacy for the knockdown was evaluated by measuring the
ac transcript and surface oqc protein expression using RT-PCR
and flow cytometry, respectively as previously described [16].

2.7. Extracellular 0, release measurement

Extracellular release of 0,°~ was measured using a SOD-
dependent cytochrome c reduction assay as previously described
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[17]. Cells (1 x 10° cells/ml) were stimulated and 20 uM cyto-
chrome c¢ was added. The reduction in absorbance at 540 nm
(AODsy4p) was measured immediately in a Model 680 Microplate
Reader (Nippon Bio-Rad Laboratories, Osaka, Japan). To measure the
SOD-dependent response, SOD was added to the reaction mixture in
separate samples at a final concentration of 10U/ml, and the
reduction in absorbance at 540 nm (AODs4o [SOD]) was measured in
the same way. The data are shown as SOD-dependent cytochrome c
reduction, corresponding to AODs49 — AODs4o [SOD].

2.8. Statistical analysis

The statistical significance of differences among values was
analysed by one-way ANOVA with a post hoc Tukey test. Values of
P < 0.05 were considered significant.

3. Results

3.1. EGCG alone induces IL-13 and TNF-a production but not
degranulation in mast cells

To determine whether EGCG stimulated production of cyto-
kines in mast cells, RBL-2H3 mast cells were treated with varying
concentrations of EGCG for 4 h at 37 °C, and IL-13 and TNF-a
production were measured by ELISA. EGCG at concentrations of
>50 wM induced IL-13 and TNF-a production with a maximal
effect at 100 wM (Fig. 1A and B). The effect of EGCG on IL-13
production was almost comparable to the effect of the optimal
antigen stimulation, whereas EGCG was significantly less effective
than antigen stimulation for inducing TNF-a production (maxi-
mum of 60%). On the contrary, EGCG at concentrations of up to
200 uM induced no substantial degranulation, as measured by [3-
hexosaminidase release (Fig. 1C). EC at concentrations of up to
200 M alone had no effects on cytokine production and
degranulation (Fig. 1A-C). These results showed that EGCG, but
not EC, induced cytokine production, but not degranulation, in
mast cells. To examine whether the effects were specific for tumor
mast cells like RBL-2H3 cells, we performed similar experiments
using BMMCs. EGCG alone induced IL-13 and TNF-a production in
the cells with the maximal effect at 100 wM, while EC had no effect,
although EGCG was significantly less effective than the optimal
Antigen stimulation (maximum of 40%) (Figs. S1A and B). On the
contrary, EGCG at concentrations of up to 200 M had no effects on
degranulation (Fig. S1C). EGCG induction of cytokine production is
also observed in the primary mast cells. Therefore, we investigated
the mechanisms underlying the EGCG induction of cytokine
production in RBL-2H3 cells.

3.2. EGCG-induced cytokine production is dependent on
extracellular Ca®*

Elevations of the intracellular Ca?* concentrations are necessary
for the multiple Ca?*-dependent biochemical processes during
mediator secretion. The entry of Ca* from the extracellular space
mainly contributes to the increase in [Ca®*]., thereby playing a
crucial role in IgE-dependent degranulation and cytokine produc-
tion [12]. Therefore, we examined whether EGCG induction of
cytokine production was dependent on extracellular Ca*. Cells in
Ca®"-containing or Ca%*-free medium were stimulated with EGCG
and analysed for cytokine production. Consistent with their strict
Ca®" dependences, degranulation and IL-13 and TNF-a production
that were observed after antigen stimulation were diminished in
the cells in Ca®*-free medium (Fig. 2). Similarly, IL-13 (Fig. 2A) and
TNF-a production (Fig. 2B) in the EGCG-treated cells were
completely abolished under Ca?*-free conditions, indicating that
they were also dependent on extracellular Ca®*.
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Fig. 1. EGCG, but not EC, induces cytokine production in mast cells without evoking
mast cell degranulation. (A and B) RBL-2H3 cells (5 X 10° cells/200 1) were treated
with EGCG and EC at the indicated concentrations or sensitized with 0.1 pg/ml anti-
TNP IgE overnight and stimulated with 30 ng/ml antigen (Ag). At 4h after
stimulation, the IL-13 (A) and TNF-a contents (B) in the supernatants were
determined by ELISA. The data represent the means + SE of nine independent
experiments. **P < 0.01; ***P < 0.001. (C) RBL-2H3 cells (5 x 10° cells/200 w.l) were
treated with EGCG and EC at the indicated concentrations or with stimulated with
antigen for 30 min, and the (3-hexosaminidase activities in the supernatants were
determined enzymatically and the percentage of (3-hexosaminidase released was
calculated. The data represent the means + SE of four independent experiments.
P < 0.001.



T. Inoue et al./Biochemical Pharmacology 82 (2011) 1930-1939 1933

A
2000 + *kk
W Ca? (+)
E Oca () [ r]
® 1500 |-
2
c
0
© 1000 |-
=
e
o
o
© 500 p=
=
0 1
vehicle EGCG Ag
B *kk
800
= W Ca? (+) ]
£
2 el O caz ()
c
.0
S 400
©
e
(X
$ 200
[
=z
=
0
vehicle EGCG Ag
C R
e W Ca”" (+)
8 50
T Oca (-) ]
©
9 40
o
[<}]
8 30 |-
=]
£
£ 20 |-
©
(7]
o
> 10
T
= LU= .

vehicle EGCG Ag

Fig. 2. EGCG induces cytokine production in a Ca?*-dependent manner. (A and B) RBL-
2H3 cells (5 X 10° cells/200 wl) were suspended in HBSS containing 1 mM CaCl,
(Ca®*-containing medium [Ca?* (+)]) or HBSS containing 1 mM EGTA (Ca®*-free
medium [Ca?* (—)]) and treated with 100 .M EGCG or with stimulated with antigen
for4 h,and theIL-13 (A) and TNF-a contents (B) in the supernatants were determined
by ELISA. The data represent the means + SE of four independent experiments.
***P < 0.001. (C) Cells suspended in Ca**-containing medium [Ca®* (+)] or Ca**-free
medium [Ca®* (—)] were treated with 100 uM EGCG or with stimulated with Ag for
30 min, and the B-hexosaminidase activities in the supernatants were determined. The
data represent the means = SE of three independent experiments. ***P < 0.001.

3.3. EGCG induces Ca®* mobilization from intracellular stores and
the extracellular space

EGCG induced cytokine production in an extracellular Ca*-
dependent manner. Therefore, we examined whether EGCG could

affect Ca?* mobilization. EGCG increased [Ca®*]. at concentrations
that induced cytokine production (Fig. 3A). The increase was
observed more rapidly for higher concentrations of EGCG and
sustained for at least 3 min. On the contrary, EC at concentrations
of up to 100 M had no such effects (Fig. 3B). As shown in Fig. 3C,
EGCG at concentrations of >10 uM increased [Ca®']. in a
concentration-dependent manner in Ca%*-free medium, which
indicated induction of Ca?* mobilization from intracellular stores.
However, this increase was less sustained compared with the
[Ca?*].increase observed in Ca?*-containing medium. Consequent-
ly, the [Ca®*]. level returned to baseline within 3 min. As the
concentration of EGCG increased, the time to the peak [Ca®*]. level
became shorter (50, 30 and 20s for 10, 30 and 100 wM EGCG,
respectively). On the contrary, EC at concentrations of up to
100 M caused no increase in [Ca®*]. (Fig. 3D). These data showed
that EGCG, but not EC, induced Ca%* mobilization from intracellular
stores and the extracellular space.

3.4. EGCG activates 2-APB-sensitive non-SOC channels

Two different types of SOC channels, CRAC and TRPCs are found
to mediate Ca?* influx in mast cells and 2-APB at high
concentrations above 10 wM inhibits their activities [18]. There-
fore, to gain insight into Ca?* channels involved in the EGCG-
induced Ca** influx, we examined the effect of 2-APB on the Ca?*
influx. 2-APB (10 wM) had no significant effect on the EGCG-
induced [Ca®']. increase until 30 s but substantially reduced the
increase thereafter (Fig. 4A and B). Next, we examined whether
EGCG could induce SOC channel activation. To this end, RBL-2H3
cells in Ca**-free medium were treated with 2 M Tg or 100 uM
EGCG to deplete intracellular Ca%* stores, and then Ca®* was added
again. An increase in [Ca®*]. was observed in the Tg-treated cells
(Fig. 4C), but not in the EGCG-treated cells (Fig. 4D), which
indicated that EGCG failed to activate SOC channels. So far, our data
suggested that EGCG activated a store-independent Ca®* influx.
LTCCs are activated independently of Ca®" store depletion and
comprise another route of Ca?" influx into mast cells [16,19].
Therefore, to elucidate the possible role of LTCCs, we examined the
effect of the LTCC-specific inhibitor nifedipine on EGCG-induced
Ca?* influx and found that nifedipine (1 wM) had stimulatory
rather than inhibitory effects on Ca®* influx (Fig. 4A and B). Further
analyses using the Ca,1.2 knockdown cells [16] confirmed the
independence of the EGCG-induced Ca?* influx of this channel.
Consistent with the role of Ca,1.2 LTCCs in antigen-activated Ca®*
influx, the Ca®" influx was significantly smaller in the Ca,1.2
knockdown cells compared with control cells (Figs. S2A and B).
Moreover, nifedipine reduced the Ca®?" influx in control cells,
whereas nifedipine sensitivity was completely abolished in the
Ca,1.2 knockdown cells. These data confirm that Ca,1.2 LTCCs
activity was impaired in the Ca,1.2 knockdown cells. On the
contrary, EGCG induced a comparable level of [Ca®*]. increase
between the Ca, 1.2 knocked down cells and control cells (Fig. S2C),
which indicated that the [Ca?']. increase was independent of
Ca,1.2 LTCC activity. Collectively, these data suggest that EGCG
activates 2-APB-sensitive Ca®" channels that are distinct from
CRAC and TRPC channels and Ca,1.2 LTCCs.

3.5. EGCG induces release of 0,°~ into the extracellular space

We have previously reported that EGCG, but not EC, induces the
production of intracellular ROS [13]. Moreover, cytochrome c
reduction assay revealed that EGCG at concentrations of >10 puM
evoked release of 0,° into the extracellular space (Fig. 5A). O,*~
release was observed within 1 min and kept at that level for further
5 min. On the contrary, EC at concentrations of up to 100 M had
no such effects (Fig. 5B). Fig. 5C shows the summarized data. The
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Fig. 3. EGCG, but not EC, induces Ca®" mobilization. RBL-2H3 cells (1 X 10° cells/ml) were incubated with 4 .M Fluo3/AM for 40 min at 37 °C. The Fluo3/AM-loaded cells were
suspended in Ca®*-containing medium [Ca®* (+)] (A and B) or Ca®*-free medium [Ca?* (—)]) (C and D) were treated with EGCG (A and C) or EC (B and D) at the indicated
concentrations. The Fluo3 fluorescence was monitored for up to 3 min using a microplate fluorometer with excitation and emission at 485 and 527 nm, respectively. The data
shown as the calculated [Ca®*]. are representative of four (A and B) and three (C and D) independent experiments.

EGCG-induced O,°~ release was highly sensitive to the treatment
with DPI, a NADPH oxidase inhibitor. DPI at concentrations of
>30 nM significantly inhibited the oxidative burst with almost
complete inhibition at around 3 wM (Fig. 5D and E).

3.6. Extracellular O,°~ mediates the EGCG-induced Ca** influx and
cytokine production

We previously have reported evidence that ROS are involved in
the regulation of Ca?* signaling and cytokine production in
antigen-activated mast cells [15,20,21]. Therefore, we hypothe-
sized that ROS also played a role in the stimulatory effects of EGCG
on cytokine production. To test the hypothesis, we examined the
effects of various ROS scavengers on EGCG-induced cytokine
production. Application of SOD at concentrations above 10 U/ml
reduced the EGCG-induced IL-13 and TNF-« production in a dose-
dependent manner (Fig. 6A and B). On the contrary, 10 U/ml SOD
had minimal effects on the production of cytokines upon FceRI
stimulation (Fig. 6C). DPI also dose-dependently suppressed the
production of both cytokines (Fig. 6D and E). In accordance with
the increase in intracellular peroxide level [13], the glutathione
peroxidase mimetic antioxidant ebselen also inhibited the cyto-
kine production in a dose-dependent manner. On the contrary,
catalase at concentrations of up to 100 U/ml had minimal effects
on the production (Fig. S3). We also examined whether the EGCG-
induced Ca®* influx was ROS-dependent. In the cells treated with
DPI and SOD, the [Ca®']. increase grew less sustained compared
with that observed in untreated cells (Fig. 7A). Consequently, the
profiles of the [Ca?*]. increase in the presence of DPI and SOD
resembled that observed under Ca®*-free conditions. The AUC
measurements revealed that SOD and DPI significantly suppressed

the EGCG-induced Ca?* influx at concentrations that reduced the
EGCG-induced cytokine production (Fig. 7B and C). On the
contrary, catalase had minimal effects on the Ca®' influx
(Fig. 7B). Collectively, these data suggest that extracellular O,*~
plays an important role in the regulation of EGCG-induced Ca?*
influx and cytokine production.

4. Discussion

Ca?" is unequivocally a common second messenger in the signal
transduction pathways that lead to mast cell degranulation and
cytokine production. Ca®* influx is necessary for these outputs
induced by FceRI stimulation, since the removal of extracellular
Ca®" completely abolishes them [12]. We previously showed that
Ag (1) ions induce Ca?* influx and degranulation of mast cell but
have a minimal effect on cytokine production [22]. Similar to FceRI
stimulation, Ag (I)-induced degranulation is strictly dependent on
the extracellular Ca?*. However, Ag (I)-induced Ca?* influx is
mediated by another mode of Ca?* influx that is activated
independently of Ca®* store depletion [23]. These findings support
the view that non-store-operated Ca?* entry comprises another
route of Ca®* influx into mast cells. In addition, they suggested that
Ca%* introduced through different pathways (channels) leads to
different types of outputs. The results of the present study clearly
demonstrate that EGCG also activates mast cells in a manner that
differs from FceRI stimulation, because it can evoke IL-13 and TNF-
« production but not degranulation. Moreover, EGCG stimulated
Ca?* influx that was necessary for cytokine production. Collective-
ly, the present findings indicate that EGCG stimulates a Ca%* influx
pathway that is selectively involved in cytokine production and
support the Ca®* channel-specific regulation of mast cell outputs.
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respectively. The data shown as the calculated [Ca®*]. are a representative of four independent experiments. (B) The AUC was measured and expressed as percentages relative
to the AUC in control cells treated with EGCG alone (set at 100%), and represent the means = SE of four independent experiments. **P < 0.01. (C and D) Fluo3/AM-loaded cells
(1 % 10° cells/ml) were resuspended in medium containing 1 mM EGTA (Ca**-free medium) and treated with 1 wM Tg (C) or 100 wM EGCG (D) (indicated by the first arrow) for
10 min at 37 °C to empty the internal Ca?* stores and activate SOC channels. Next, 2 mM CaCl, was added to the cells. The Fluo3 fluorescence was monitored for up to 3 min using a
microplate fluorometer with excitation and emission at 485 and 527 nm, respectively. The data shown as the calculated [Ca®*]. are representative of three independent experiments.

We found that EGCG induced Ca®" release from intracellular
stores but failed to evoke SOC activation. The findings appear to be
inconsistent with the view that Ca®* store depletion leads to SOC
activation. There are several possible explanations for our
observations. One is that EGCG induced Ca?" release from
intracellular stores other than the endoplasmic reticulum (ER).
We previously have reported that EGCG induces Ca®* release from
the mitochondria [13]. Another possibility is that EGCG induced
substantial Ca%* store depletion in the ER but failed to activate
SOCs. It is becoming increasingly evident that mitochondria are
key regulators of CRAC channel activation in eukaryotic cells [24].
Respiring mitochondria rapidly take up the Ca®* released from the
ER stores, which results in more extensive store depletion and thus
robust activation of CRAC channels. CRAC channel opening results
in robust increase in [Ca®*]., which feeds back to inactivate the
channels. Mitochondria reduce the Ca®*-dependent inactivation of
the CRAC channels by sequestering the cytosolic CaZ*, thereby
leading to more prolonged Ca2* influx. On the other hand,
mitochondrial Ca?* release close to the ER accelerates Ca" store
refilling and thus promotes channel inactivation. Thus, mitochon-
dria can reciprocally regulate CRAC channel gating by modulating

the cytosolic and ER lumen Ca?* levels. It is widely accepted that
the Ca* unipoter, which is driven by A¥,,, mediates rapid and
massive Ca®* entry into mitochondria [25]. Consistent with the
essential role of mitochondrial Ca®* uptake in CRAC channel
activation in mast cells, the dissipation of the AW, results in severe
impairment of store-operated Ca?* entry, degranulation and LTC,4
secretion [26,27]. Therefore, it should be noted that EGCG, but not
EC, induces strong AY,, collapse and thus inhibits CRAC channel
activation [13]. Taken together, our data suggest that the
mitochondrial Ca%* dysfunction mainly causes the failure of CRAC
channel activation in EGCG-treated cells.

SOC channels are the major route of Ca?* influx that leads to
cytokine production in T cells and mast cells [18,28]. However,
recent evidence suggests that, besides CRAC channels, other types
of Ca®* channels are also involved in Ca?* signaling in mast cells
and some of them are considered to be involved in the production
of cytokines. The non-selective cation channels TRPC channels
have been shown to be activated in response to FceRI stimulation
and are necessary for full Ca?* influx and mast cell degranulation
[29-31]. In addition, TRPC channels are 2-APB-sensitive channels
and implicated to play a role in IL-2 production [30]. However,
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Fig. 5. EGCG, but not EC, induces the extracellular release of 0,°". (A and B) RBL-2H3 cells (1 x 10° cells/ml) were treated with EGCG (A) or EC (B) at the indicated
concentrations, and extracellular release of O,*~ were measured by monitoring cytochrome c reduction (the reduction of absorbance at 540 nm) in a microplate reader. Panel
C represents the summarized data of four independent experiments. **P < 0.01; ***P < 0.001. (D) Cells (1 x 10° cells/ml) were treated with 100 .M EGCG in the presence or
absence of DPI at the indicated concentrations, and extracellular release of O,°~ were measured. Panel E represents the summarized data of four independent experiments.

***P < 0.001.

EGCG induced cytokine production, but not degranulation, which
indicates that TRPC channels are unlikely targets of EGCG.
Considering the crucial roles of SOC channels such as CRAC
channels and TRPC channels in mast cell degranulation, the failure
of EGCG to induce degranulation may be attributed to its inability
to evoke SOC channel activation. Ca,1.2 LTCCs are activated
independently of Ca* store depletion and comprise another route
of Ca?* influx into mast cells and positively regulate production of
cytokines such as IL-13 and TNF-« [16,19]. Therefore, there is the
possibility that the channels are the targets of EGCG for inducing
cytokines. However, the present pharmacological and genetic
analyses revealed that this was not the case, because the LTCC-
specific inhibitor nifedipine and downregulated Ca,1.2 gene
expression did not reduce the EGCG-induced Ca®* influx.
Collectively, EGCG appears to stimulate Ca®* influx by a pathway,
which differs from CRAC channels, TRPC channels and Ca,1.2
LTCCs.

An increasing body of evidence suggests a close functional
cross-talk between ROS and Ca?* signals in mast cells. FceRI
stimulation results in the generation of intracellular ROS, which
are involved in the regulation of Ca2" influx, mast cell degranula-
tion, LT secretion and cytokine production and survival [15,19,32].
FceRI stimulation causes the production of intracellular O,*~ and
H,0,. The two oxidants appear to be discretely generated by
separate intracellular signaling pathways, because the H,0,

generation is dependent on Src family kinase and phosphatidy-
linositol-3-kinase (PI3K) activities, but independent of extracellu-
lar Ca®*. On the other hand, the O,°~ generation is strictly
dependent on extracellular Ca®* but is negatively regulated by the
Src family kinase and PI3K activities. Although the molecular entity
of their sources remains unclear, the mitochondria and a NADPH
oxidase appear to be involved in the generation of O,*~ and H;0,,
respectively [33]. In this regard, it is noteworthy that Ca?* influx
through SOC channels, most probably CRAC channels results in
generation of 0O,°" within mitochondria in mast cells [21].
Collectively, the most likely source of the PI3K-independent
0,°~ generation is mitochondria whereas a NADPH oxidase is a
likely source of the PI3K-dependent H,0, generation. In addition,
analyses using Tg revealed that the two oxidants may distinctly
regulate mast cell degranulation and cytokine production. Tg can
evoke the PI3K-independent mitochondrial O,°~ generation, but
not PI3K-dependent H,0, generation, and can induce mast cell
degranulation more strongly than FceRI stimulation [21]. Howev-
er, Tgis much less effective than FceRI stimulation for evoking TNF-
«a and IL-13 production. Moreover, selective scavenging of H,0, by
ebselen has minimal effects on mast cell degranulation [15].
Therefore, intracellular O,*~ may preferentially mediate the Ca*
influx that is required for mast cell degranulation. This is consistent
with the finding that O,°~ generation is necessary for CRAC channel
activation [32]. On the other hand, the PI3K-inhibitor wortmannin



T. Inoue et al./Biochemical Pharmacology 82 (2011) 1930-1939 1937

B
A
120 120 ~
51 § 00| —
=0 50
oS 80| SE sl
=] c T C
-g [e] 2 8 *%
2 0 60} o 60 | sk
Q“s *% 3 “6 ok
2.°\° 40 ' " . |_z|_'3\i 40 L
2= =
o Bm
0 ! 1 1 0 1 1 1
0 10 30 100 0 10 30 100
SOD (U/ml) SOD (U/ml)
NS NS
C 120 e
100 F —
g st
5
O 60 |
L
o
2 40 |
20 +
0 1 1 |
- SOD - SOD
Ag Ag
IL-13 production TNF-a. production
E
D
120 120
§ _ 100 - — _52100-— *
£ 8 gs :
S £ 80 | - _g € 80
B9 o O
= O 60 5 © 60}
S u 2w
(3] o $ °
R 40 f Lz..',\° 40 |
A ~ *kk ~
20 | A -
0 ! 0 1
0 0.03 01 0.3 1 3 0 0.03 0.1 0.3 1 3

DPI (uM) DPI (M)

Fig. 6. Extracellular O,°~ mediates the EGCG-induced cytokine production. (A, B, D and E) RBL-2H3 cells (5 X 10° cells/200 w.l) were treated with 100 WM EGCG in the
presence or absence of SOD (A and B) or DPI (D and E) at the indicated concentrations for 4 h, and the IL-13 (A and D) and TNF-a contents (B and E) in the supernatants were
determined by ELISA. The data are expressed as percentages relative to the IL-13 and TNF-a contents in control cells stimulated with EGCG alone (set at 100%), and represent
the means =+ SE of three or four independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001. (C) RBL-2H3 cells (5 X 10° cells/200 1) were sensitized with 0.1 pg/ml anti-TNP IgE
overnight and stimulated with 30 ng/ml antigen (Ag) in the presence or absence of 10 U/ml SOD for 4 h, and IL-13 and TNF-a contents in the supernatants were determined by ELISA.
The data are expressed as percentages relative to the IL-13 and TNF-« contents in control cells stimulated with antigen alone (set at 100%), and represent the means =+ SE of three
independent experiments. NS, not significant.

and ebselen strongly blocked the production of cytokines [21], activity, which is involved in the production of cytokines but not
which suggest that intracellular H,0, generation is crucial for Ca** degranulation [16,19]. The present study revealed that the EGCG-
influx that leads to cytokine production. Recent studies have induced Ca?* influx was partially dependent on intracellular H,0,.
revealed that wortmannin and ebselen strongly inhibit Ca, 1.2 LTCC Taken together, it was possible that EGCG induced cytokine
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Fig. 7. Extracellular O,*~ mediates the EGCG-induced Ca?* influx. (A) Fluo3/AM-
loaded cells (1 x 10° cells/ml) were treated with 100 wM EGCG in the presence or
absence of 10 U/ml SOD or 30 wM DPI, and monitored for their Fluo3 fluorescence
for up to 3 min using a microplate fluorometer with excitation and emission at 485
and 527 nm, respectively. The data shown as the calculated [Ca®']. are
representative of three independent experiments. (B and C) Cells were treated
with 100 wM EGCG in the presence or absence of 10 U/ml SOD or 10 U/ml catalase
(B) or DPI(C) at the indicated concentrations, and monitored for Fluo3 fluorescence.
AUC was measured and are expressed as percentages relative to the AUC in control
cells treated with EGCG alone (set at 100%), and represent the means =+ SE of three
independent experiments. *P < 0.05; **P < 0.01; NS, not significant.

production through Ca, 1.2 LTCCs. However, our data suggested that
the Ca?* influx occurred through pathways that are distinct from the
known pathways including Ca,1.2 LTCCs. In accordance with such
unique properties, the EGCG-induced Ca®* influx and cytokine
production appeared to be mainly regulated by extracellular 0,°,
because scavenging of the O,°~ release by exogenous SOD or
inhibition of the production specifically blocked them.

It should be noted that EGCG, but not EC, evoked ROS
generation. The most likely source of the ROS was mitochondria,
because the former, but not the latter, increased 0,°~ level within

EGCG stimulation

l

0O, " -generation
Intracellular O, *- T
Extracellular 0,"-1  |— sob

via Mitochondrial depolarization

via NADPH Oxidase activation I— DPI

1

Extracellular Ca?* influx I— 2-APB

1

IL-13 and TNF-a production

Fig. 8. A proposed model for EGCG-induced cytokine production in mast cells.
Stimulation of mast cells with EGCG results in increased intra- and extracellular
0,°" levels via mitochondrial depolarization and NADPH oxidase activation. The
extracellular O,°~ in turn stimulates Ca®* influx through a 2-APB, store-
independent Ca®* channel, thereby inducing IL-13 and TNF-a production.

mitochondria [13]. Previously, we reported that EGCG, but not EC,
also induces depolarization of A%, [13]. Taken together that AW~
depolarizing mitochondrial metabolic inhibitors, such as anti-
mycin A and FCCP, increase 0,°~ level within mitochondria [21], it
is possible that EGCG induces ROS generation by dissipating AY,,.
In addition, NADPH oxidase also appears to play a role, because its
specific inhibitor DPI strongly blocked the oxidative response.

In conclusion, the present findings suggest that EGCG can
stimulate extracellular O,*~-regulated Ca?* channels, which may
be selectively involved in the regulation of cytokine production but
have yet to be elucidated (Fig. 8). Further studies that attempt to
identify the molecular entities of such 0,° -regulated Ca®"
channels are underway.
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