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Abstract

Store-operated calcium entry (SOCE) plays an important role in shaping the Ca* response of various tissues and cell types. In this
report, we show that thapsigargin (TG)-induced SOCE was inhibited by the histamine receptor agonist, histamine-trifluoromethyltoluide
(HTMT), in U937 and HL-60 human promyelocytes. Preincubation of HTMT resulted in a significant inhibition of subsequent TG-
induced Ca** elevation without affecting Ca** release from intracellular stores. HTMT also inhibited TG-induced Ca®* current and Ba>*/
Mn?* influx in a concentration-dependent manner. In contrast with HTMT, other H1 histamine receptor agonists, histamine, 2-
methylhistamine and 2-thiazolylethylamine, did not affect TG-induced SOCE. In addition, HTMT also attenuated TG-induced cytosolic
superoxide generation. Taken together, our data clearly suggest that the anti-inflammatory effect of HTMT may occur through direct

inhibition of SOCE.
2005 Elsevier Inc. All rights reserved.
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1. Introduction

Neutrophils are the main effectors of the innate immune
response through an array of microbicidal mechanisms,
including chemotaxis, phagocytosis, exocytosis and gen-
eration of reactive oxygen species, leading to inflammation
and host defense [1]. Increased [Ca>*]; is an early cellular
response during inflammation [2], and has been implicated
in superoxide generation [3]. This receptor-mediated
increase in cytosolic Ca®* has been shown to involve
two closely coupled pathways: a transient release of stored
Ca**, followed by the slow entry of extracellular Ca®*. The

Abbreviations: [Ca**);, cytosolic calcium ion concentration; Fura-2/
AM, fura-2 penta acetoxymethyl ester; H;R, histamine 1 receptor; HTMT,
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initial Ca”* spike is evoked by the activation of phosphoi-
nositide-specific phospholipase C (PLC). This enzyme
hydrolyzes membrane phosphatidylinositol 4,5-bispho-
sphate to generate the second messenger, D-myo-inositol
1,4,5-trisphosphate (IP3), which interacts with the IP;
receptor on internal Ca’* stores, releasing Ca** [4]. How-
ever, the mechanism regulating Ca®* entry across the
plasma membrane, which accounts for the sustained
increase in [Ca2+]i, is still unclear. In non-excitable cells,
for example, depletion of Ca®* stores has been found to
induce Ca* influx across the plasma membrane, referred
to as store-operated calcium entry (SOCE) [5].

SOCE is a critical mechanism involved in the regulation
of intracellular calcium concentration and has been found
to control a wide variety of cellular functions, including
cell differentiation [6], cell death [7], respiratory burst and
degranulation [8]. It has been hypothesized that the empty-



1614 D.-C. Kim et al./Biochemical Pharmacology 70 (2005) 1613—1622

ing of calcium stores may be linked to the opening of
calcium entry channels through several mechanisms [5].
Some evidence has pointed to a fusion mechanism, in
which the SOC channels reside in intracellular vesicles
and only become integrated into the plasma membrane
after the vesicles have fused with the plasma membrane.
Other proposals have suggested at the probability of a
direct coupling mechanism of store and plasma membrane
proteins, analogous to the model of excitation—contraction
coupling in skeletal muscle. Yet another scenario involves
the generation of a third messenger, calcium influx factor
(CIF) [9]. Regulation of SOCE has been observed in all
eukaryotes, indicating that it may be a means to ensure a
relatively constant concentration of Ca®* in the endoplas-
mic reticulum, where it is required for proper protein
synthesis and processing [10]. It has also been suggested
that SOCE might play a more direct role in generating or
modulating the Ca®* oscillations, by contributing Ca** to
the process of IP;-sensitized calcium-induced calcium
release [11]. The importance of SOCE is evident by the
close correlation of SOCE and gene expression [12].
Despite much research on SOCE, only a few compounds
have been reported to be potent SOCE inhibitors [13,14].
Histamine trifluoromethyltoluides (HTMT), a histamine
receptor agonist, has been reported as a novel immunosup-
pressive agent [15]. Furthermore, HTMT also related with
intestinal inflammation [16]. However, the effect of HTMT
on SOCE-induced inflammation has not been reported. We,
therefore, investigated the effect of HTMT on SOCE and
SOCE-induced superoxide production and found that
HTMT directly inhibits SOCE in U937 and HL-60 cells.

2. Materials and methods
2.1. Materials

Thapsigargin, cytochrome ¢, phorbol 12-myristate 13-
acetate (PMA) and sulfinpyrazone were purchased from
Sigma (St. Louis, MO). HTMT and mepyramine purchased
from Tocris (Bristol, UK). 2-Methylhistamine and 2-thia-
zolylethylamine were kindly provided by GlaxoSmithK-
line (Hertfordshire, UK) fura-2 penta-acetoxymethyl ester
(fura-2/AM), CM-H,DCFDA were obtained from Mole-
cular Probes (Eugene, OR). RPMI 1640, DMEM and
penicillin/streptomycin were obtained from Life Technol-
ogies (Grand Island, NY). Bovine calf serum was obtained
from HyClone (Logan, UT). Fetal bovine calf serum was
obtained from JBI (WelGENE Inc., South Korea).

2.2. Cell culture

HL-60 cells and U937 cells were grown in RPMI 1640
supplemented with 10% (v/v) heat-inactivated bovine calf
serum and 1% (v/v) penicillin/streptomycin. C6 mouse
glioma cells were grown in DMEM with 10% (v/v) fetal

calf serum and 1% (v/v) penicillin/streptomycin. The
culture medium was changed daily. All cells were cultured
in a humidified atmosphere of 95% air and 5% CO,. We
induced differentiation of the cells by incubating them in
1 uM all-trans-retinoic acid (trans-RA) for 5 days (HL-60
cells) [17] and in 1.25% DMSO (v/v) for 4 days or 1 pM
PMA for 3 h (U937 cells) [18,19]. We counted viable cells
by the trypan blue exclusion method [20].

2.3. Electrophysiology

Macroscopic currents in PMA-induced differentiated
U937 cells were recorded in the whole cell configuration
of the patch-clamp technique. The high Ca®* extracellular
solution used for store-operated Ca®* current recordings
containing (in mM) 130 NaCl, 20 tetraethylammonium-Cl,
10 CaCl,, 1 MgCl,, 5 glucose and 10 HEPES (pH adjusted
to 7.4 with NaOH). Recording pipettes were made from
filament borosilicate capillary glass (TW150F-6, 1.5 mm
o.d., World Precision Instruments Sarasota, FL), having
resistances of 2-3 M(). Pipette solution contained (in
mM): 100 Cs-methane sulfonate, 1 MgCl,, 10 HEPES
and 10 EGTA (pH adjusted to 7.3 with CsOH). Membrane
currents were recorded with an Axopatch 200A amplifier
(Axon Instruments, Foster City, CA). Signals were
obtained at sampling rates of 5kHz and filtered at
1 kHz. The WinWCP software (written by John Dempster
of Strathclyde Univ., UK) was used to control generation of
stimuli and to collect data. Capacitance subtraction was
done in all recordings. The series resistances were within
10 MQ. Experiments were conducted at room temperature
(20-23 °C).

2.4. Measurement of superoxide secretion

Superoxide generation was determined based on the
change in absorbance of cytochrome c¢ using a previously
published method with slight modification [21]. Briefly,
5 x 10° cells were washed, resuspended with Locke’s
solution (154 mM NaCl, 5.6 mM KCI, 1.2 mM MgCl,,
2.2mM CaCl,, 5 mM HEPES and 10 mM glucose, pH
7.3), and placed into a cuvette, and 40 uM cytochrome ¢
was added. After a 1-min incubation, stimulants were
added, and the change in absorbance at 550 nm was
monitored. Superoxide dismutase was used as the control,
setting the maximal value of the superoxide-mediated
absorbance change. Calibration of the change in absor-
bance in terms of superoxide production was performed
using the following equation: [superoxide] = AAv/t/K/l per
cells, where AA is the change in absorbance, v the reaction
volume, ¢ the time, K the extinction coefficient for the
difference between the light absorption of reduced cyto-
chrome ¢ and that of oxidized -cytochrome ¢
(21 x 10°cm "M ') and [ is the length of the cuvette.
Fluorescence of CM-H,DCFDA, an oxidation-sensitive
fluorescence probe, was also tested using a slight mod-
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ification of a previously published procedure [22]. Briefly,
the cell suspension was incubated in fresh serum-free
RPMI 1640 with 2 uM CM-H,DCFDA at 37 °C for
40 min under continuous stirring. The loaded cells were
then washed twice with Locke’s solution. Then 2 x 10°
cells were placed into a cuvette in a thermostatically
controlled cell holder at 37 °C and stirred continuously.
Fluorescence was excited at 488 nm, and emission was
recorded at 530 nm. The change in fluorescence intensity
was monitored.

2.5. RT-PCR analysis

Total RNA was extracted from U937 cells using acid
guanidinium  thiocyanate—phenol-chloroform  (Tri-
reagent, Cincinnati, OH). One microgram of total RNA
was added to 0.5 pg oligo(dT) in diethyl pyrocarbonate-
treated water, incubated at 70 °C for 5 min, and then
cooled at 4 °C for 5 min. A total of 1 mM concentrations
of each of the four dNTPs, 5 .l 5x reverse transcription
buffer, and 200 U superscript Il reverse transcriptase (Life
Technologies) were added, and the reactions were incu-
bated at 42 °C for 1 h and at 75 °C for 10 min and then
stored at 4 °C. For PCR amplification, an aliquot of the
cDNA synthesis reaction was added to a reaction buffer
containing | mM dNTPs, 1 mM oligonucleotide primers
and 2 U Tag DNA polymerase (Promega, Madison, WI).
Forty temperature cycles were conducted as follows:
denaturation at 95 °C for 1 min; annealing at temperatures
specific for each set of primers for 1 min; extension at
72 °C for 1 min in a Minicycler (MJ Research, Watertown,
MA). The resultant amplification products were analyzed
by agarose gel electrophoresis. The following oligonu-
cleotide primers were used for amplification of H;R: sense
primer, 5'-gccctcgagaccatgagcecttcecaatteete-3’ antisense
primer, 5’-cttaagacgtataagcgaggccacccgggeca-3’ (Gen-
Bank accession no. NM_000861). We used the primers
for TRPC, which is described in previous report [23].
Amplified PCR products were sequenced according to the
manufacturer’s instructions (Amersham Life Science,
Cleveland, OH).

2.6. Measurement of cytosolic Ca’* concentration
([Ca**];) and Ca** imaging

[Ca®*]; was determined using the fluorescent Ca** indi-
cator fura-2 as reported previously [13]. Briefly, the cell
suspension was incubated in fresh serum-free RPMI 1640
medium with 3 uM fura-2/AM at 37 °C for 60 min with
continuous stirring. The loaded cells were then washed
twice with Locke’s solution. Sulfinpyrazone (250 pM) was
added to all solutions to prevent dye leakage. For the
fluorometric measurement of [Ca®*];, 1 x 10° cells/ml
were placed into a quartz cuvette in a thermostatically
controlled cell holder at 37 °C and continuously stirred.
Fluorescence ratios were monitored, with dual excitation at

340 and 380 nm and emission at 500 nm. Calibration of
the fluorescent signal in terms of [Ca®*]; was performed
as described by Grynkiewicz et al. [24] using the fol-
lowing equation: [Ca®*]; = K4[R — Riminl/(Rmax — R)]
(S12/Sy»), where R is the ratio of fluorescence emitted
by excitation at 340 and 380 nm. Sy, and Sy, are the
proportionality coefficients at 380 nm excitation of Ca**-
free fura-2 and Ca®*-saturated fura-2, respectively. To
obtain R ,;,, the fluorescence ratios of the cell suspension
were measured successively at final concentrations of
4 mM EGTA, 30 mM Trizma base and 0.1% Triton X-
100. The cell suspension was then treated with CaCl, at
a final concentration of 4 mM Ca2+, and the fluorescence
ratios were measured to obtain the R,,x. For multiphoton
confocal microscopic calcium imaging, 100 nM PMA-
induced differentiated U937 cells plated on poly-p-
lysine-coated cover slips were pre-loaded with 5 pM
Fluo-4/AM dye. After incubation for 30 min at 37 °C,
the cells were washed two times with Locke’s solution to
remove excess dye and examined under the confocal
microscope. Groups of U937 cells were selected under
the microscope. Measurements of intracellular calcium
were performed with the Bio-Rad Radiance 2100 con-
focal microscope (Bio-Rad Inc.) equipped with a 40x
objective (0.75 numerical aperture). The calcium-sensi-
tive Fluo-4 dye was excited by the 488-nm line from an
argon laser and the emission fluorescence monitored at
515/30 nm was selected by a band-pass filter. During
fluorescence data collection, each scan of a 512 x 512
pixel image took 0.35 s, and the interval between each
image scan was ~2 s. Images were stored and processed
with laser pix software (Bio-Rad Inc.).

2.7. Mn** quenching of fura-2 fluorescence

The Mn>* quenching assay was performed as
described by Choi et al. [13] to measure the influx of
Ca* from the extracellular space. Briefly, fura-2-loaded
cells (5 x 10° cells/ml; described above) were placed
into a quartz cuvette in a thermostatically controlled
cell holder at 37 °C under continuous stirring. Fluores-
cence was excited at 360 nm, i.e. the isosbestic wave-
length at which Ca** does not affect fura-2 fluorescence
and at which, therefore, changes are caused by Mn?*
quenching. Emission was recorded at 500 nm. The
potency and slope of the change in fluorescence intensity
were recorded after applying 2 mM MnCl, and the drugs
to be tested.

2.8. Analysis of data

All quantitative data are expressed as the mean
+ S.E.M. We calculated the ICs, with the Microcal Origin
for Windows program. Paired t-tests were performed for
statistical comparisons. Differences were considered sig-

nificant “'p < 0.01, “p < 0.001.
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3. Results

Because of the prominent role of SOCE in shaping the
Ca*t response in immune cells [25], we used U937, human
promyelocytic cell line. This cell line has served as a good
model for the study of Ca”* signaling during inflammatory
processes [26]. U937 cells express H1 histamine receptors
(H;Rs), which are important participants in the inflamma-
tory process [27]. This was confirmed by RT-PCR using
primers specific for both receptor cDNAs, which yielded
amplified products of the expected sizes for H;R (1.4 kbp)

increase (Fig. 1A and B) in U937 cells, but HTMT-induced
Ca* entry was not detected. Moreover, the peak levels of
[Ca®*] ; rise induced by HTMT were identical in the
absence and presence of 2.2 mM extracellular Ca®*. There-
fore, we conclude that HTMT-induced signaling does not
activate significant amount of extracellular calcium entry.

Since TG is a well-established stimulator of SOCE [28],
we next determined whether HTMT inhibits the TG-
induced stimulation of SOCE. We found that pretreatment
of HTMT significantly attenuated the TG-induced increase
in cytosolic Ca** (Fig. 1A and B) in a concentration-
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Fig. 1. Effect of HTMT on thapsigargin (TG)-induced SOCE. (A) Fura-2/AM loaded U937 cells were treated with (dotted trace) or without (continuous trace)
100 wM HTMT, then challenged with 1 wM TG. Inset: Expression of H;Rs in U937 cells. Total RNA was extracted from U937 promyelocytes and carried out
RT-PCR. (B) The same experiment was performed in the absence of extracellular calcium before the addition of 4 mM CaCl, (Ca®). (C) Fura-2/AM loaded HL-
60 cells were treated with 100 uM HTMT (dotted trace), 50 puM HTMT (dashed trace) or vehicle (continuous trace), then challenged with 1 uM TG. (D)
Concentration-dependent effect of HTMT on TG-induced SOCE in HL-60 cells. Each response stands for maximum value. Each point was obtained from
triplicate experiments and is the mean & S.E.M. (E) The intracellular [Ca*); rise induced by 1 uM TG was measured via multiphoton confocal microscope
using calcium sensitive dye Fluo-4/AM. One micromolar PMA induced differentiated U937 cells were stimulated with 1 pM TG in the absence (a and b) or
presence (¢ and d) of 300 uM HTMT. The basal intensity of unstimulated U937 cells are shown in picture (a) and (c). The increase in intensity after 1 uM TG
induction is shown in picture (b) (without preincubation of HTMT) and (d) (with preincubation of HTMT). Values represent average fluorescence intensity
(region of interest) &+ S.E.M. in selected, arrows. *~p < 0.001 by paired r-test.
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(Fig. 1D). HTMT blocked TG-induced Ca* increase not
only U937 cells but also HL-60 cells (Fig. 1C). HTMT,
however, did not affect TG-induced Ca”" release (Fig. 1B),
indicating that the target of HTMT is not the Ca* store but
the SOCE. We also monitored the calcium increase in
differentiated U937 cells induced by 100 nM PMA using
confocal microscopic calcium imaging (Fig. 1E). Pretreat-
ment of these cells for 5 min with HTMT markedly
reduced the fluorescence intensity after application of TG.

To confirm that the store-operated Ca®* current is
inhibited in response to application of HTMT, TG-induced
store-operated Ca®* current was measured before and after
application of HTMT. Fig. 2 shows that TG evoked store-
operated Ca”* current, which lasted for nearly 6.5 min
(Fig. 2A). Application of HTMT reduced the store-oper-
ated Ca>* current to 31.3 £5.1% (n=7) as compared to
that in the absence of HTMT (Fig. 2B and C). Therefore,
these results indicate that HTMT decreased TG-induced
[Ca®*]; by inhibiting store-operated Ca®* current.

To elucidate the inhibitory effect of HTMT on SOCE, we
also tested its effect on TG-induced influx of Ba** or Mn**
ions, which were added to the extracellular space to

monitor Ca®* influx separate from the store-mediated
release of intracellular Ca®* (Fig. 3). Ba** and Mn>* have
the additional advantage that they do not generally activate
Ca**-dependent processes, avoiding the possibility of sec-
ondarily recruiting Ca**-activated channels [29]. We found
that HTMT inhibited the fluorescence changes induced by
Ba>* influx (Fig. 3A) and decreased the rate of fluorescence
quenching caused by the binding of cytosolic fura-2 to
Mn?* (Fig. 3B and C). Thus, our findings consistently
indicate that HTMT targets Ca®* influx through store-
operated channels.

We wanted to check the effect of HTMT after the SOCE
is established. Besides, we used both HL-60 and U937
cells, two different representative promyelocytic cells, to
examine whether the effect of HTMT was general. Like
U937 cells, HL-60 cells have also been used as an immune
model system to study signaling mechanisms of inflam-
mation. HL-60 cells, TG-induced sustained Ca®* trace was
reached in earlier time point rather than U937 cells
(Fig. 4A). We found that HTMT inhibited TG-induced
sustained cytosolic Ca®* in a concentration-dependent
manner (Fig. 4A and B), but histamine (Fig. 4B) and
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Fig. 2. Effect of HTMT on store-operated Ca®* currentin 1 M PMA-induced differentiated U937 cells. (A) Averaged time courses (mean =+ S.E.) of the whole
cell currents activated during store depletion in response extracellular thapsigargin (TG, 1 wM) application; currents were measured at —100 mV; time “0”
corresponds to the establishment of the whole cell configuration in the event of the beginning of TG exposure. Each point marks applications of 200 ms voltage
ramp protocol from the —100 to +100 mV with a 20 s interval. Change in membrane current at —100 mV is plotted as a function of time (min). (B) After
application of TG to induce store-operated Ca>* current, HTMT was treated. Application of HTMT was indicated above the current recording. (C)
Quantification of the TG-induced store-operated Ca>* current and its inhibition by HTMT. Each current value obtained from panel B indicated by arrows before
and after application of HTMT. Experiments were performed four to seven times independently. Data are shown as mean value + S.E., “'p < 0.01.
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Fig. 3. Effect of HTMT on TG-induced Ba®>* and Mn?* influx. (A) Fura-2-
loaded U937 cells were stimulated with 1 wM TG with or without the
preincubation of cells with HTMT in Ca**-free medium, then 5 mM Ba>*
was added. Stimuli given are as follows: vehicle (a), 100 uM HTMT (b) and
300 wM HTMT (c). The results are depicted as fluorescence ratio of 340 nm
and 380 nm (F340/F330). The experiments were independently conducted
more than five times. The results were reproducible. Mn>*-induced fura-2
fluorescence quenching was recorded in fura-2/AM-preloaded cells (B: HL-
60 cells, C: U937 cells) incubated with 1 mM Mn>* (dark arrow head) and
drugs at the indicated point (open arrow head). Stimuli given are as follows:
vehicle (a), | M TG with 300 puM HTMT (b) and 1 uM TG (c). The influx
of Mn* was measured as described in Section 2. The results are depicted as
fluorescence intensities at 360 nm (F40). The data presented are represen-
tative of four independent experiments.

maleate salt (data not shown) did not. Strangely, 500 pM
histamine enhanced TG-induced sustained Ca®" trace
(Fig. 4B).

To confirm that H;R activation is not involved in the
inhibition of SOCE, we stimulated H;Rs with their selec-
tive agonists, 2-methylhistamine and 2-thiazolylethyla-
mine [30]. Neither of these, however, reduced TG-
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Fig. 4. Effect of 2-APB on the HTMT action in the inhibition of TG-
induced SOCE. (A) Fura-2-loaded HL-60 cells were treated with 1 pM TG
and then challenged with indicated concentration of HTMT. (B) Fura-2-
loaded U937 cells were treated with 1 uM TG and then challenged with
indicated concentration of histamine (HA) and HTMT. The presented data
are representative of more than five independent experiments.

induced calcium influx (Fig. 5A and B). To further confirm
the response, we checked HTMT effect on TG-induced
Ca”* increase in C6 mouse glial cells. In C6 glioma cells,
however, there was no detectable [Ca®*]; rise in response to
HTMT, indicating that C6 cells do not express HTMT-
responsive receptors. We also tested HTMT’s effect in
bovine adrenal chromaffin cells, which express H1 recep-
tors responsive to histamine, but there was no Ca**
response by HTMT treatment (data not shown). These
results suggest that HTMT’s effect on Ca** rise might
be highly immune cell-selective. Mepyramine, a H1 recep-
tor antagonist, was pretreated then checked HTMT’s effect
on TG-induced Ca** entry. As shown in Fig. 6, we could
not find any significant recovery. These results indicating
that HTMT acts directly on SOCE rather than on H;R
activation and its downstream signaling cascade.

Since superoxide production is a marker for inflamm-
atory processes in leukocytes [31], we tested the effects of
HTMT on SOCE-induced superoxide production in HL-60
cells differentiated with all-trans retinoic acid (Fig. 7A). In
previous report [32], intracellular calcium concentration
and O, production is tightly linked. Since the HTMT
could increase small amount of intrecellular calcium con-
centration in HL-60 cells, HTMT itself may exert O,
production. For that reason, we induced cytosolic Ca®* by
TG treatment in the presence or absence of HTMT. First,
60 min incubation with TG only increased the large
amount of superoxide in the extracellular space
(Fig. 7A). Besides, HTMT only also induce O,  produc-
tion (Fig. 7A), indicating that HTMT-induced Ca**
response is related with O, production. Although HTMT
generated superoxide, HTMT’s attenuating effect on TG-
induced O,  formation was predominant in our experi-
mental conditions (Fig. 7A). CM-H,DCFDA loaded U937
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cells also showed TG-induced superoxide generation and
inhibited by HTMT pretreatment (Fig. 7B). Since, we
observed the inhibitory effect of HTMT on the SOCE in
both HL-60 cells and U937 cells, we designed to check its
effect and get results from both cell systems. In both
assays, similar results were obtained from both of the
cells, although the extent of inhibition was not exactly
the same. We thus decided to present more clear results.
Taken together, these results suggest that HTMT inhibits
superoxide production by blocking SOCE.

4. Discussion
Increases in the cytosolic free calcium concentration

([Ca**];) act as a powerful stimulus for various physiolo-
gical responses in virtually all cell types [33]. [Ca®*]; is
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involved in regulating the host defense activity of resident
cells such as macrophages and mast cells, as well as
eosinophils, lymphocytes and neutrophils, which migrate
to the lungs during inflammation and infection [34]. In
leucocytes, [Ca®*]; plays a critical role in determining
cellular responsiveness to inflammatory stimuli by regulat-
ing a variety of functional responses, including degranula-
tion, lipid mediator release, superoxide anion generation
and cell proliferation [6,7]. Ca®* influx through store-
operated calcium channels is also functionally important
in non-excitable cells [35], but the channels have not been
successfully exploited as the targets for anti-inflammatory
therapy. A new generation of store-operated calcium chan-
nel antagonists may find a role in the treatment of inflam-
matory responses. In recent years, much attention has
focused on the mechanism of SOCE [36]. SOCE is thought
to be a major regulator of immune responses, including
O, production in granulocytic differentiated HL-60 cells
[37] and neutrophils [38], IL-8 release in neutrophils [39],
histamine release in mast cells [40] and platelet aggrega-
tion [41]. It has been reported that the PAF-induced prim-
ing of neutrophils requires Ca** influx [42], which has been
found to be SOCE [43].

In present study, we have shown that TG-induced SOCE
is inhibited by HTMT. This finding was clearly supported
by our results: (1) HTMT did not inhibit TG-induced Ca**
release from internal stores in the absence of external Ca**
(Fig. 1B), (2) HTMT also inhibited TG-induced sustained
Ca** elevation not only in U937 and HL-60 cells (Fig. 4A
and B) but also in C6 glial cells (Fig. 5C) which are not
responsive to HTMT pretreatment. (3) HTMT inhibited
TG-induced Ba** influx (Fig. 3A) and fluorescence
quenching with Mn** influx (Fig. 3B and C) and (4) HTMT
act on SOCE similar with 2-APB (Fig. 4C and D).

Interestingly, HTMT acts to attenuate the inflammatory
responses of immune cells [15], in addition to its effect on
histamine receptors. Our findings suggest that the HTMT
effect is of the non-H;Rs-mediated pathway because of its
high effective concentration needed for the -effect
(Fig. 1D). Since neither 2-methylhistamine nor 2-thiazo-
lylethylamine, potent and selective H;R agonists, inhibited
SOCE (Fig. 5A and B), the effects of HTMT may occur
through its direct interaction with membrane proteins or
channels. In addition, we tested the effect of HTMT-
induced H;R signaling on SOCE by using U73122
(PLC inhibitor) and mepyramine (H1 receptor antagonist),
but we could not find any significant recovery. Further-
more, histamine (Fig. 4B) and maleate salt (data not
shown) had no effect on the TG-induced calcium influx,
demonstrating that H;R-mediated intracellular signaling is
not involved in the HTMT’s effect on the SOCE. As shown
in Fig. 4B, histamine enhanced TG-induced SOCE sustain
Ca”* trace. Usually, histamine activates not only H1
receptors, but H2 receptors. For this reason, H2 recep-
tor-mediated signaling may activate its effector enzyme,
adenylyl cyclase and cAMP generated from the effector

enzyme activates protein kinase A (PKA). According to
previous report [46], activated PKA induced by H2 signal-
ing may enhanced thapsigargin-induced Ca** entry, indi-
cating that histamine is capable to induce a further increase
in [Ca®*];. We, therefore, postulate that the trifluoromethyl-
phenyl heptanecarboxamide group of HTMT may be the
critical functional moiety in its effect on SOCE. This
clarifies that we have identified a new chemical class of
SOCE blockers.

Increasing evidence suggests a pivotal role of reactive
oxygen species (ROS) in human pathophysiology [44].
Although oxidative stress and intracellular free Ca®* are
involved in various diseases, the regulatory mechanism of
Ca**-induced ROS generation has not yet been well
defined. We could find TRPC2, TRPC5 and TRPC6 in
U937 cells by RT-PCR analysis (data not shown) [23]. In
previous report, experiments with TRPC species overex-
pressed in HEK293 cells confirmed that TRPC3 and
TRPC4 are able to form redox sensitive cation channels
[45]. In addition, oxidative stress-induced disruption of
caveolin 1-rich lipid raft domains, which interfere with
functional TRPC channels, is likely to contribute to redox
modulation of TRP proteins and to oxidative stress-
induced changes in cellular Ca®* signaling [45]. According
to our data, negative regulation of TRPC by HTMT (Fig. 6)
also could be another important aspect in the alleviation of
ROS and inflammation in immune system. Thus, modula-
tion of these cellular redox pathway by HTMT may offer
unique opportunities for therapeutic interventions. Impor-
tantly, our results indicate that this novel function of
HTMT may also be a useful tool for investigating SOCE
and its effects on the inflammation and autoimmune dis-
eases. The ability of HTMT to inhibit SOCE suggests its
potential use as a lead compound for the design of anti-
inflammatory drugs.
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