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Abstract Kazinol B, a natural isoprenylated flavan,
stimulated the [Ca2+]i elevation in the presence or absence
of Ca2+ in the medium. Treatment with chymotrypsin or
phorbol 12-myristate 13-acetate to shedding of L-selectin
had no effect on subsequent kazinol B-induced Ca2+

response. Upon initial cyclopiazonic acid (CPA) treatment
in the absence of external Ca2+, the subsequent [Ca2+]i rise
followed by challenge with kazinol B was greatly
diminished. The ryanodine receptor blockers, 8-bromo-
cyclic ADP-ribose and ruthenium red did not affect
kazinol B-evoked Ca2+ release from internal stores.
However, the inhibitors of sphingosine kinase, dimethyl-
sphingosine, but not dihydrosphingosine, inhibited kazinol
B-induced Ca2+ release. Kazinol B-induced [Ca2+]i rise
was not affected by two nitric oxidase inhibitors, N-(3-
aminomethyl)benzylacetamidine (1400W) and 7-nitroin-
dazole, cytochalasin B and Na+-deprivation. This response
was slightly attenuated by 2-aminoethyldiphenyl borate
(2-APB), a D-myo-inositol 1,4,5-trisphosphate (IP3) recep-
tor blocker, and by genistein, a general tyrosine kinase

inhibitor. However, the Ca2+ response was greatly
diminished by two actin filament reorganizers, calyculin
A and jasplakinolide, 2-(4-morpholinyl)-8-phenyl-4H-1-
benzopyran-4-one (LY 294002), an inhibitor of phosphoi-
nositide 3-kinase, N-(3-aminomethyl)benzylacetamidine
(SB 203580), the p38 mitogen-activated protein kinase
inhibitor, 1-[6-[17β-3-methoxyestra-1,3,5(10)-trien-17-yl]
amino]hexyl]-1H-pyrrole-2,5-dione (U-73122), the inhib-
itor of phospholipase C-coupled processes, and by 0.3 mM
La3+ or Ni2+. Kazinol B did not evoke any appreciable
Ba2+ and Sr2+ entry into cells. The Ca2+ entry blockers, 1-
[β-[3-(4-methoxyphenyl)propoxy]-4-methoxyphenethyl]-
1H-imidazole (SKF-96365), but not cis-N-(2-phenylcy-
clopentyl)azacyclotridec-1-en-2-amine (MDL-12,330A),
inhibited a kazinol B-induced [Ca2+]i rise. Kazinol B
had no effect on the pharmacologically isolated plasma
membrane Ca2+-ATPase activity. In a Ca2+-free medium,
kazinol B inhibited the subsequent Ca2+ addition, resulting
in robust entry in CPA- and formyl peptide-activated cells.
Kazinol B produced a concentration-dependent reduction
in the mitochondrial membrane potential. These results
indicate that kazinol B stimulates Ca2+ release from
internal Ca2+ store, probably through the sphingosine 1-
phosphate and IP3 signaling, and activates external Ca2+

influx mainly through a non-store-operated Ca2+ entry
(non-SOCE) pathway. Inhibition of SOCE by kazinol B is
probably attributable to a break in the Ca2+ driven force of
mitochondria.
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Introduction

Neutrophils play a pivotal role in inflammatory reactions
and constitute the first line of host defense. The increase in
[Ca2+]i is one of the early characteristic cellular reactions
of neutrophil granulocytes and has been implicated in
many cellular functions of neutrophils. The induction of
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receptor-mediated cytosolic Ca2+ signals involves two
closely coupled events: a rapid and transient release of
Ca2+ stored, followed by slowly developing extracellular
Ca2+ entry. It is well established that the initial Ca2+ spike
is mediated by the activation of phosphoinositide-specific
phospholipase C (PLC) that hydrolyzes membrane phos-
phatidylinositol 4,5-bisphosphate to generate the second
messenger, D-myo-inositol 1,4,5-trisphosphate (IP3), which
interacts with IP3 receptor on the internal stores for the
release of Ca2+ (Berridge and Irvine 1989). However, the
mechanism regulating Ca2+ influx across the plasma
membrane, which accounts for the sustained increase in
[Ca2+]i, is still unclear. In non-excitable cells, including
neutrophils, depletion of the intracellular Ca2+ stores
induces entry of Ca2+ across the plasma membrane,
referred to as store-operated Ca2+ entry (SOCE or
capacitative Ca2+ entry; Putney 1990). It is far from
certain that this mechanism is the only one involved in the
increase in Ca2+ entry in non-excitable cells. A non-SOCE
mechanism that involves protein kinase C has been
reported in human platelet (Rosado and Sage 2000). The
phosphatidylinositol 3,4,5-trisphosphate-sensitive Ca2+

entry that is independent of the filling state of internal
Ca2+ stores was observed in FcɛRI-stimulated mast cells
(Ching et al. 2001). In addition, arachidonic acid (AA)
activates the non-SOCE in smooth muscle cells (Broad et
al. 1999). The thiol modification of a number of important
membrane proteins or channels induced Ca2+ entry in
neutrophils through a non-SOCE mechanism (Wang
2003a, 2003b).

Kazinol B, a natural isoprenylated flavan isolated from
the root bark of the Moraceous plant, Broussonetia
papyrifera, has been shown to inhibit platelet aggregation
and cyclooxygenase activity (Lin et al. 1996), 5-lipoxy-
genase activity (Chi et al. 2001), nitric oxide (NO)
production in macrophages (Ryu et al. 2003), and to
stimulate a Ca2+-dependent superoxide anion generation in
neutrophils (Wang et al. 1998). The aims of this study
were to characterize the effect of kazinol B on Ca2+

signaling in rat neutrophils and to evaluate the underlying
mechanism.

Materials and methods

Preparation of rat neutrophils Rat (Sprague–Dawley)
blood was collected from the abdominal aorta and the
neutrophils were purified by dextran sedimentation, cen-
trifugation through Ficoll-Hypaque, and hypotonic lysis of
erythrocytes (Wang et al. 1998). Purified neutrophils
containing >95% viable cell were normally resuspended in
Hanks’ balanced salt solution (HBSS) containing 10 mM
HEPES, pH 7.4, and 4 mM NaHCO3, and kept in an ice-
bath before use. All experiments in the present study were
performed under the guideline of the Institutional Experi-
mental Laboratory Animal Committee and were in strict
accordance with the principles and guideline of the U.S.
National Institute of Health Guide for the Care and Use of
Laboratory Animals.

Measurement of intracellular-free Ca2+ Neutrophils
(5×107 cells/ml) were incubated with 5 μM fluo-3/AM
for 45 min at 37°C. After being washed, the cells were
resuspended in HBSS to 5×106 cells/ml. In some
experiments, cells were suspended in Na+-deprived
HEPES buffer (124 mM N-methyl-D-glucamine, 4 mM
KCl, 0.64 mM K2HPO4, 0.66 mM KH2PO4, 10 mM
HEPES, pH 7.4, 5.56 mM dextrose, and 15.2 mM
KHCO3). Fluorescence changes were monitored with a
fluorescence spectrophotometer at 535 nm with excitation
at 488 nm. [Ca2+]i was calibrated from the fluorescence
intensity as follows: [Ca2+]i=Kd[(F−Fmin)/(Fmax−F)],
where F is the observed fluorescence intensity. The values
Fmax and Fmin were obtained at the end of experiments by
the sequential addition of 0.33% Triton X-100 and 50 mM
EGTA. The Kd was taken as 400 nM. In some
experiments, neutrophils were loaded with 5 μM fura-2/
AM at 37°C for 45 min (Wang et al. 1998). Fluorescence
was monitored with a double-wavelength fluorescence
spectrophotometer (PTI, Deltascan 4000) at 510 nm with
excitation at 340 and 380 nm in the ratio mode, and
calibration of the excitation ratio in terms of [Ca2+]i was
performed. The superimposed [Ca2+]i response is obtained
from a same batch of neutrophil preparation.

Measurement of Sr2+ and Ba2+ influx Fura-2-loaded
neutrophils were activated in a Ca2+-free medium, which
were supplemented with 1 mM Sr2+ or Ba2+. Fluorescence
changes were monitored at 510 nm with excitation at 340
and 380 nm in a ratio mode.

Measurement of mitochondrial membrane potential Neu-
trophils (5×107 cells/ml) were incubated at room temper-
ature with 5 μM 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-
benzimidazolylcarbocyanine iodide (JC-1) for 10 min.
After being washed, the fluorescence changes were
monitored with a double-wavelength fluorescence spec-
trophotometer alternatively at 528 nm with excitation at
485, and at 633 nm with excitation at 575 in a ratio mode
(Thyagarajan et al. 2002). JC-1 fluorescence has two
emission peaks, with red fluorescence of J-aggregates
indicating hyperpolarized mitochondria and green fluores-
cence (JC-1 monomers) due to low mitochondria mem-
brane potential.

Materials Kazinol B was isolated and purified (>99%) as
described (Wang et al. 1998). Dextran T-500 was
purchased from Amersham Pharmacia Biotech (Piscat-
away, NJ, USA). Hanks’ balanced salt solution was
obtained from Invitrogen (Carlsbad, CA, USA). Fluo-3/
AM and fura-2/AM were purchased from Molecular
Probes (Invitrogen). 2-(4-Morpholinyl)-8-phenyl-4H-1-
benzopyran-4-one (LY 294002) and N,N-dimethylsphin-
gosine were obtained from Biomol Research Laboratories
(Plymouth Meeting, PA, USA). Cyclopiazonic acid (CPA),
2-piperazinyl-8-phenyl-4H-1-benzopyran-4-one (LY
303511), 1-[6-[17β-3-methoxyestra-1,3,5(10)-trien-17-yl]
amino]hexyl]-1H-pyrrole-2,5-dione (U-73122), 2-ami-
noethyldiphenyl borate (2-APB), ruthenium red, 1-[6-
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[17β-3-methoxyestra-1,3,5(10)-trien-17-yl]amino]hexyl]-
2,5-pyrrolidinedione (U-73343), N-(3-aminomethyl)ben-
zylacetamidine (1400W), 7-nitroindazole, 1-[β-[3-(4-
methoxyphenyl)propoxy]-4-methoxyphenethyl]-1H-imid-
azole (SKF-96365), 4-(4-fluorophenyl)-2-(4-methylsulfi-
nylphenyl)-5-(4-pyridyl)-1H-imidazole (SB 203580), JC-
1, calyculin A and oligomycin A were obtained from
Calbiochem-Novabiochem (San Diego, CA, USA). Jas-
plakinolide and cis-N-(2-phenylcyclopentyl)azacyclotri-
dec-1-en-2-amine (MDL-12,330A) were purchased from
Alexis (San Diego, CA, USA). All other reagents and
chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The final volume of dimethyl sulfoxide
(DMSO) in the reaction mixture was ≤0.5% (v/v).

Statistical analysis Statistical analyses were performed
using the Bonferroni t-test method after analysis of
variance. Analyses were considered significantly different
at P<0.05. Values are expressed as means ± SD.

Results and discussion

Kazinol B increases internal Ca2+ release and external
Ca2+ entry through a L-selectin-independent pathway

Kazinol B showed a concentration-dependent increase in
[Ca2+]i preceded by a lag, reached a maximal level at 1–
1.5 min then gradually declined in fluo-3-loaded neutro-
phils in a Ca2+-containing medium (about 441±29 nM of
maximal [Ca2+]i at 30 μM kazinol B) (Fig. 1a) as well as
in a Ca2+-free medium (about 154±21 nM of maximal
[Ca2+]i at 30 μM kazinol B; Fig. 1b). Neutrophil surface
adhesion molecular I-selectin plays a major role in
neutrophil adherence and transmigration through endothe-
lial cells. Activation of I-selectin induced significant
changes in [Ca2+]i (Crockett-Torabi and Fantone 1997)
with a small delay. The ligation of I-selectin may activate
PLC generating IP3 through mechanisms independent of
pertussis toxin-sensitive G protein (Laudanna et al. 1994).
Our previous report demonstrated that kazinol B also
activated IP3 generation and [Ca2+]i changes through a
pertussis toxin-resistant pathway (Wang et al. 1998).
Treatment of neutrophils with chymotrypsin and phorbol
12-myriatate 13-acetate (PMA) caused shedding of L-
selectin and blunted the capability of neutrophils [Ca2+]i
changes to respond to sulfatide (Laudanna et al. 1994),
which possess affinity towards L-selectin adhesion mole-
cule. In the present study, neutrophils exposed to chymo-
trypsin and PMA under the conditions which abolished the
sulfatide-induced [Ca2+]i changes in rat neutrophils (data
not shown) had no effect on kazinol B-induced response
(Fig. 1c). In addition, chymotrypsin-treated neutrophils
responded normally to formyl-Met-Leu-Phe (fMLP; data
not shown), thus obviating the requirement for L-selectin
in kazinol B-induced Ca2+ signal.

In the absence of external Ca2+, application of CPA, the
sarco/endoplasmic reticulum Ca2+-ATPase (SERCA)
blocker, and kazinol B induced the increase in [Ca2+]i as

a consequence of Ca2+ release from internal stores
(Fig. 2a, c). Besides endoplasmic reticulum and mito-
chondria, various distinct cellular organelles, including
Golgi apparatus, nucleus and lysosomes, can act as Ca2+

stores. Davies and Hallett (1996) have demonstrated the
existence of two distinct Ca2+ storage locations in
neutrophils, in which the Ca2+ storage site deep within
the neutrophil released by formyl peptide and SERCA
blocker. Pretreatment of cells with CPA depleted SERCA
blocker-sensitive Ca2+ stores as evidenced by the complete
abrogation of the subsequent [Ca2+]i changes caused by
CPA at the higher concentration (Fig. 2b). Under the same
conditions, the [Ca2+]i change which followed the addition
of kazinol B was fully inhibited (Fig. 2d). Therefore, the
emptying of SERCA blocker-sensitive Ca2+ stores may
account for the major storage site for the Ca2+ release in
response to kazinol B.

Effect of Ca2+ signal blockers on kazinol B-induced
internal Ca2+ release

Kazinol B has been demonstrated to elevate [Ca2+]i
through IP3 generation in neutrophils (Wang et al. 1998).
This finding is consistent with the result that U-73122, the
inhibitor of PLC-coupled processes, blocked the kazinol
B-induced Ca2+ signal in a Ca2+-free medium (Fig. 3b),

Fig. 1 Kazinol B-stimulated [Ca2+]i elevation and the role of L-
selectin in kazinol B-induced [Ca2+]i changes. Fluo-3-loaded cells
were stimulated with the indicated concentrations (μM) of kazinol B
(KAZ, arrow) in a a medium containing 1 mM Ca2+ or b a Ca2+-free
medium. In some experiments, cells were pretreated with c 0.1 μM
phorbol 12-myriatate 13-acetate (PMA) or 10 U/ml of chymotrypsin
(CHY) for 20 min at 37°C before stimulation with 30 μM KAZ in a
medium containing 1 mM Ca2+. Similar results were obtained from
three to four independent experiments. DMSO dimethyl sulfoxide
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while the inactive analog U-73343 had no effect. How-
ever, tenfold higher concentration of U-73122 was
required to diminish kazinol B- and CPA-induced Ca2+

release than the fMLP-induced response (Wang 1996). At
present, we cannot explain the different potencies of the
U-73122 effect between the fMLP and CPA. Lipid
mediators derived from membrane sphingolipids, such as
sphingosine 1-phosphate (S1P), have been characterized
as important intracellular messengers. The Ca2+-mobiliz-
ing effect of S1P is often mediated through endothelial
differentiation gene receptor (edg), which couples G
proteins to PLC activation and IP3 formation (Ishii et al.
2001). Dimethylsphingosine and dihydrosphingosine have
been used to competitively inhibit the phosphorylation of
sphingosine to S1P via sphingosine kinase (Yatomi et al.
1996). However, both dimethylsphingosine and dihydro-
sphingosine cause a sustained Ca2+ influx through the
non-SOCE pathway in neutrophil-like HL60 cells (Shin et
al. 2000). In this study, these pharmacological tools were
used to determine the role of S1P in kazinol B-induced
Ca2+ signal in a Ca2+-free medium to minimize interfer-
ence with Ca2+ influx. At the same concentration,
dimethylsphingosine, but not dihydrosphingosine, inhib-
ited (53.2±6.3% inhibition of maximal [Ca2+]i; P<0.01)
the kazinol B-induced response (Fig. 3a). The discrepancy
may be because dimethylsphingosine is more effective
than dihydrosphingosine in the blockade of sphingosine
kinase (Yatomi et al. 1996). Furthermore, dihydrosphin-
gosine is likely converted to dihydro-S1P, which triggers
release of intracellular Ca2+, while dimethylsphingosine is
a poor substrate for sphingosine kinase (Shin et al. 2000).

Fig. 2 Effect of cyclopiazonic acid on kazinol B-induced internal
Ca2+ release. Fluo-3-loaded cells were incubated (first arrow) with
a, c DMSO or b, d 10 μM cyclopiazonic acid (CPA), followed by
the addition (second arrow) of 30 μM CPA or 30 μM kazinol B
(KAZ) in a Ca2+-free medium. Similar results were obtained from
three to four independent experiments.

Fig. 3 Effect of dimethylsphingosine, dihydrosphingosine, U-
73122, 8-Br-cADPR and ruthenium red on kazinol B-induced
[Ca2+]i changes. Fluo-3-loaded cells were incubated with vehicle (as
control), a 30 μM dimethylsphingosine (DMS) or 30 μM dihydro-
sphingosine (DHS) for 3 min, b 10 μM U-73122 or 10 μM U-73343
for 1 min, c 100 μM 8-Br-cADPR for 10 min at 37°C before

stimulation with 30 μM kazinol B (KAZ, arrow) in a Ca2+-free
medium. d Fura-2-loaded cells were incubated with 30 μM
ruthenium red (RUT) for 1 min before stimulation with KAZ in a
Ca2+-free medium. The fluorescence changes were monitored by
fura-2 ratio-fluorimetry. Similar results were obtained from three to
four independent experiments.
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Thus, it is plausible that the S1P signal is associated with
kazinol B-induced [Ca2+]i changes.

Besides the IP3, the other pathway for Ca
2+ release from

internal stores is operated by cyclic ADP-ribose (cADPR)
through the ryanodine receptor (Galione et al. 1991). The
transmembrane glycoprotein CD38 (ADP-ribosyl cyclase)
catalyzes the production of cADPR from its substrate
NAD+ (Howard et al. 1993). Pretreatment of cells with 8-
Br-cADPR, an inactive analog of cADPR that competi-
tively antagonizes cADPR binding to ryanodine receptor
(Guse 1999), had no appreciable effect on kazinol B-
induced Ca2+ response (Fig. 3c), suggesting that the
[Ca2+]i rise is not mediated by cADPR signaling. It has
been reported that ruthenium red inhibited the increase in
[Ca2+]i in ryanodine-stimulated neutrophils (Partida-Sán-
chez et al. 2001). Thus, the lack of inhibition by ruthenium
red (Fig. 3d) further obviates the requirement for the
activation of ryanodine receptor in kazinol B-induced Ca2+

release.

Characteristics of kazinol B-mediated cation
permeability

The effectiveness of specific Ca2+ channel blockers, La3+

and Ni2+, in blocking passage of Ca2+ has been widely
used as criteria for defining differences between putative
entry mechanisms. Varying concentrations of La3+ or Ni2+

were added with kazinol B. Application of 0.1 mM Ni2+

attenuated [Ca2+]i to 56.3±4.7% of kazinol B-induced
maximal response (P<0.01). Ni2+ up to 0.3 mM nearly
abolished the Ca2+ signal (Fig. 4a). La3+ significantly
reduced (42.6±5.2% inhibition at 0.1 mM La3+; P<0.01)
the kazinol B-induced maximal [Ca2+]i elevation and
eliminated the kazinol B-induced response at 0.3 mM La3+

(Fig. 4b). The inhibitory activities of La3+ and Ni2+ were
within the same range of potency as that in the CPA-
induced SOCE pathway (Wang 2003a), suggesting a
similarity exists between these two modes of Ca2+ entry.

In neutrophils, store emptying stimulated entry of Ca2+,
Ba2+ and Sr2+ has been reported (Wenzel-Seifert et al.
1996; Wang 2003a). Ba2+ is not pumped by Ca2+-ATPase
either into internal stores or out of the cell (Kwan and
Putney 1990) and hence can be used as a surrogate for
Ca2+ to trace channel activity. Entry of these divalent
cations in SOCE pathway was concentration-dependent
with permeability in the following order: Ca2+>Ba2+≥Sr2+.
Kazinol B induced Ca2+ entry, however, no appreciable
entry of Ba2+ and Sr2+ occurred by fura-2 ratio-fluorimetry
(Fig. 4c). The results with Ba2+ and Sr2+ revealed a
difference in the apparent selectivity for passage of cations
activated by SOCE as opposed to kazinol B-induced Ca2+

entry pathway in neutrophils.

Effects of Ca2+ signal blockers on kazinol B-mediated
[Ca2+]i changes

A useful tool in elucidating the coupling mechanism for
SOC channel activation has been the cell-permeant IP3
receptor blocker, 2-APB (Maruyama et al. 1997). 2-APB
abolished the CPA-induced [Ca2+]i changes (Wang
2003a), but only partially reduced the kazinol B-induced
response (34.9±6.2% inhibition of maximal [Ca2+]i;
P<0.05; Fig. 5a). It seems likely that IP3 receptor
activation in kazinol B-induced Ca2+ response plays a
minor role of. Recent evidence indicates that the principal
antagonistic effect of 2-APB is on Ca2+ entry rather than
Ca2+ release (Bootman et al. 2002) and that 2-APB has no
inhibitory effect on Ca2+ influx caused by activation of
non-SOCE channels (Wang 2003a, 2003b; Luo et al.
2001). It is likely that kazinol B-activates, probably, via
non-SOCE pathway in neutrophils. Genistein, the general
tyrosine kinase inhibitor, inhibited the SOCE in neutro-
phils (Waddell et al. 1995; Wang 2003a) and also affected
the kazinol B-induced response (38.3±5.4% inhibition of
maximal [Ca2+]i; P<0.05; Fig. 5a), thus protein tyrosine
phosphorylation might play a role in kazinol B-induced
[Ca2+]i elevation.

MDL-12,330A blocked the Ca2+ entry, independent of
adenylyl cyclase, following store emptying (van Rossum
et al. 2000). In addition, SKF-96365, the receptor-operated

Fig. 4 Effect of Ni2+ and La3+ on kazinol B-induced [Ca2+]i
changes and the Ba2+ and Sr2+ permeability in response to kazinol
B. Fluo-3-loaded cells were stimulated with 30 μM kazinol B (KAZ,
arrow) plus the indicated concentrations (mM) of a Ni2+ or b La3+ in
a medium containing 1 mM Ca2+. c Fura-2-loaded neutrophils were
stimulated with KAZ in a Ca2+-free medium supplemented with
1 mM Sr2+ or 1 mM Ba2+. Fluorescence changes were measured in a
ratio mode. Similar results were obtained from three to four
independent experiments.
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and voltage-gated Ca2+ channel inhibitor, blocked the
fMLP-activated Ca2+ entry in neutrophils (Wenzel-Seifert
et al. 1996; Wang et al. 2001). Our recent reports indicated
that MDL-12,330A and SKF-96365 greatly reduced the
[Ca2+]i elevation by CPA in neutrophils (Wang 2003a).
Under the same conditions, SKF-96365 nearly abolished
kazinol B-induced Ca2+ signal, while MDL-12,330A had
no significant inhibitory effect (Fig. 5b, c). Thus, the
notion that different mechanisms exist in the operations of
SOCE and kazinol B-induced Ca2+ entry is further
strengthened by comparison of the effects of these two
Ca2+ signal blockers. It has been reported that SKF-96365
causes the release of intracellular Ca2+ and in some cases
influx of Ca2+ (Harper and Daly 2000), which could
account for a significant rise in [Ca2+]i by SKF-96365
alone. Interestingly, pretreatment with MDL-12,330A also
increased the basal levels of [Ca2+]i.

NO has been proposed to control Ca2+ transport via
cGMP-dependent and -independent pathways. Our recent
report demonstrated that the NO donors stimulated Ca2+

influx through the non-SOCE pathway independent of
cGMP (Wang 2003b). A functional neuronal nitric oxide
synthase (nNOS) system was found, while there was no
evidence for inducible nitric oxide synthase (iNOS) in
normal rat neutrophils (Greenberg et al. 1998). However,
iNOS expression is upregulated in neutrophils after
administration of endotoxin. The finding that 7-nitroinda-
zole, an inhibitor of nNOS, and 1400W, an inhibitor of
iNOS, failed to attenuate the kazinol B-induced Ca2+

response (Fig. 5d), obviates the involvement of NO.
Several hypotheses have been considered for the

mechanism of SOCE. Recently, a secretion-like coupling
model based on a physical and reversible trafficking of
portions of the endoplasmic reticulum toward the plasma
membrane has been proposed (Patterson et al. 1999),
which is supported by the dynamic cytoskeletal structure

(Rosado and Sage 2001). Calyculin A, an inhibitor of
protein serine/threonine phosphatases 1/2, redistributed
actin filaments to the cell peripheral, which prevents
SOCE activation by acting as a barrier to block the
coupling process. Calyculin A greatly attenuated the CPA-
and fMLP-induced Ca2+ entry in neutrophils (Wang et al.
2001; Wang 2003a), and also diminished the action of
kazinol B (65.2±7.2% inhibition of maximal [Ca2+]i;
P<0.01) in the present study (Fig. 5e). Jasplakinolide has
been used as a tool for inducing polymerization and
stabilization of actin filaments (Bubb et al. 1994), which
reorganized into a tight cortical layer adjacent to the
plasma membrane and prevented activation of SOCE
(Rosado et al. 2000). Like calyculin A, cells exposed to
jasplakinolide substantially reduced the kazinol B-induced
[Ca2+]i rise (Fig. 5f). In contrast, cytochalasin B, the
widely employed pharmacological tool to assess the role
of actin filament disruption in cell activation, failed to
exert any appreciable inhibitory effect on kazinol B-
induced response. The findings suggest that the stabiliza-
tion of the cortical F-actin network might also prevent
[Ca2+]i rise in the kazinol B-mediated process. So far, we
don’t know how the signaling pathways of tyrosine kinase
and actin filament implicated in the kazinol B-induced
[Ca2+]i changes. SOCE must have some characteristics
similar to non-SOCE because several Ca2+ signal
inhibitors suppress SOCE as well as non-SOCE. Our
previous report demonstrated that calyculin A, MDL-
12,330A and SKF-96365 reduced both SOCE and non-
SOCE caused by CPA and N-ethylmaleimide, respectively
(Wang 2003a).

Fig. 5 Effects of 2-APB, gen-
istein, SKF-96365, MDL-
12,330A, calyculin A, 1400W,
7-nitroindazole, cytochalasin B,
and jasplakinolide on kazinol B-
induced [Ca2+]i changes. Fluo-
3-loaded cells were incubated
with DMSO (as control), a
100 μM 2-APB, 100 μM gen-
istein (GEN), b 50 μM SKF-
96365 (SKF) for 1 min, or with
c 100 μM MDL-12,330A
(MDL), d 100 μM 1400 W or
150 μM 7-nitroindazole (7-NI),
e 0.1 μM calyculin A (CAL) for
10 min, or with f 5 μg/ml of
cytochalasin B (CB) or 10 μM
jasplakinolide (JP) for 30 min at
37°C before stimulation with
30 μM kazinol B (KAZ, arrow)
in a medium containing 1 mM
Ca2+. Similar results were ob-
tained from three to four inde-
pendent experiments.
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Effects of PI3K pathway blockers on kazinol B-
mediated [Ca2+]i changes

Phosphatoinositide 3-kinase (PI3 K) and its product
phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3) are
involved in the recruitment and activation of PLC-γ in
many different cell types including neutrophils (Vossebeld
et al. 1997). In addition, PI(3,4,5)P3 directly stimulates a
Ca2+ transport system in plasma membrane independent of
PLC activity in RBL-2H3 mast cells (Ching et al. 2001).
We used two distinct inhibitors of PI3 K, wortmannin and
LY 294002, to examine the implication of PI3 K pathway
in kazinol B-induced [Ca2+]i rise. These inhibitors blocked
PLC-γ activation and/or Ca2+ signals in neutrophils
(Vossebeld et al. 1997). LY 294002 produced a concen-
tration-dependent reduction in kazinol B-induced [Ca2+]i
elevation in the presence or absence of Ca2+ in medium
(nearly abolished the Ca2+ response at 30 μM LY 294002;
Fig. 6a, c), while the inactive analog LY 303511 had no
effect. However, wortmannin failed to inhibit the kazinol
B-induced response (data not shown). The reason for this
apparent discrepancy is not clear, which makes it difficult
to interpret the role of PI3 K in kazinol B-mediated
process in the absence of additional experiments, although
LY 294002 has been reported to be a more selective PI3K
inhibitor (Vlahos et al. 1994). The activation of Akt, the
downstream protein kinase of PI3 K, requires phosphor-
ylation by p38 mitogen-activated protein kinase (MAPK)
in neutrophils (Rane et al. 2001). Interestingly, the p38
MAPK inhibitor SB 203580 alone produced a rapid and
transient [Ca2+]i rise, while reducing the subsequent
[Ca2+]i elevation following the stimulation with kazinol
B in a concentration-dependent manner (59.2±7.5%
inhibition of maximal [Ca2+]i at 20 μM SB 203580;
P<0.01) in a Ca2+-containing medium (Fig. 6b). Because
SB 203580 at 10 μM nearly abolished the kazinol B-
induced Ca2+ release from internal stores in a Ca2+-free

medium (Fig. 6d), the further inhibition of [Ca2+]i at
concentrations >10 μM may arise from the blockade of
external Ca2+ entry in a Ca2+-containing medium. SB
203580 has also been reported to block the phosphoryla-
tion and activation of Akt by inhibiting the 3-phosphoi-
nositide-dependent kinase-1 (Lali et al. 2000). It is unclear
at present whether or not the PI3 K/Akt and/or p38 MAPK
pathways are attributable to the kazinol-induced Ca2+

signal. Nevertheless, the substantial inhibition by LY
294002 of kazinol B-induced Ca2+ response is inconsistent
with the finding in our recent report that the inhibition of
CPA-induced [Ca2+]i rise was slight (about 25% inhibi-
tion) by 50 μM LY 294002 (Wang 2003a), which clearly
confirms the hypothesis that the kazinol B-mediated
process utilizes different mechanisms.

Effect of kazinol B on membrane Ca2+-ATPase
activity

After cell activation, removal of Ca2+ from the cytosol
occurs via extrusion by the plasma membrane Ca2+-
ATPase (PMCA) and the plasmalemmal Na+/Ca2+ ex-
changer as well as sequestration into intracellular stores by
the SERCA. It is unlikely that kazinol B stimulation of
[Ca2+]i rise occurs through the blockade of SERCA,
because this resulted in activation of the SOCE pathway.
To address the effect of kazinol B on PMCA, we attempted
to isolate the PMCA activity pharmacologically. Neutro-
phils were stimulated with fMLP/CPA to maximally
empty the internal Ca2+ store, inhibit SERCA, and to
induce Ca2+ entry in a Na+-deprived medium containing
1 μM carbonyl cyanide m-chlorophenylhydrazone
(CCCP), an uncoupler of mitochondria function, to
prevent mitochondrial Ca2+ uptake, and 1 μM oligomycin
A to inhibit the mitochondrial ATP synthase and prevent
ATP consumption. This treatment caused a large increase

Fig. 6 Effects of LY 294002
and SB 203580 on kazinol B-
induced [Ca2+]i changes. Fluo-
3-loaded cells were incubated
with DMSO (as control), the
indicated concentrations (μM)
of a LY 294002 (LY) or b SB
203580 (SB) for 1 min at 37°C
in a medium containing 1 mM
Ca2+, or incubated with c 30 μM
LY, 30 μM LY 303511 or d
10 μM SB for 1 min at 37°C in
a Ca2+-free medium before
stimulation with 30 μM kazinol
B (KAZ, arrow). Similar results
were obtained from three to four
independent experiments.
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in [Ca2+]i. Subsequent removal of external Ca2+ with
1 mM EDTA evoked a decline in [Ca2+]i possibly due to
Ca2+ clearance by PMCA. Under these conditions, the
Ca2+ clearance rate was inhibited by La3+ and calmida-
zolium (data not shown) but was not inhibited by kazinol
B (Fig. 7a), suggesting that PMCA is not the site of action
of kazinol B. In addition, there was no indication that
kazinol B affected Na+–Ca2+ exchange activity on the
plasma membrane because similar responses of kazinol B-
activated Ca2+ signals were obtained in normal as well as
in Na+-deprived HEPES buffer (Fig. 7b).

Effect of kazinol B on SOCE pathway and
mitochondrial membrane potential

Our recent report revealed that N-ethylmaleimide, a thiol-
alkylating agent, stimulated the non-SOCE and augmented
the CPA-induced Ca2+ response in neutrophils (Wang
2003a). In contrast, AA stimulated the non-SOCE, but
inhibited the SOCE in A7r5 vascular smooth muscle cells
(Moneer et al. 2003). We were interested in the influence
of Ca2+ signals by kazinol B-induced non-SOCE process
on the store emptying operation in neutrophils. In a Ca2+-
free medium, CPA selectively inhibits the Ca2+ pump of
internal stores, allowing the stores to be emptied

independently of receptor activation and thereby activating
the SOCE mechanism, in which robust Ca2+ entry
commences immediately upon addition of Ca2+ into the
medium. Application of 10 μM kazinol B, which alone
was ineffective in Ca2+ signal, with CPA augmented the
internal Ca2+ release in a Ca2+-free medium, however,
inhibited the subsequent Ca2+ entry upon supplementing
with Ca2+ (51.6±5.7% inhibition of maximal [Ca2+]i;
P<0.01; Fig. 8a). A similar level of inhibition of Ca2+

entry was also observed by addition of kazinol B with
fMLP, which emptied internal stores via receptor activa-
tion (Fig. 8b).

Mitochondria are well known participants in the
regulation of [Ca2+]i homeostasis, capable of modulating
cytosolic Ca2+ signals. Functional mitochondria appear to
maintain SOCE by effective sequestration of subplasma-
lemmal Ca2+ and by the consequent attenuation of Ca2+-
induced inactivation of SOC channels (Hoth et al. 1997).
Mitochondrial Ca2+ uptake is driven by the membrane
potential that is maintained by extrusion of H+. Thus,
hyperpolarization increases the driving force for mito-
chondrial Ca2+ uptake. CCCP dissipates mitochondrial H+

gradients and inactivates SOC channels (Makowska et al.
2000). JC-1 fluorescence was reduced by 1 μM CCCP and
by kazinol B in a concentration-dependent manner (vehi-
cle control value vs. ≥10 μM kazinol B, P<0.05; Fig. 9). It
is plausible that kazinol B can mimic the CCCP effect to
suppression of mitochondrial function and thus the
inhibition of SOCE.

Fig. 7 Effects of kazinol B on plasma membrane Ca2+-ATPase
activity and the effect of Na+ deprivation on kazinol B-induced
[Ca2+]i changes. Fluo-3-loaded cells were a stimulated with 0.3 μM
fMLP plus 10 μM cyclopiazonic acid (CPA) followed by the
addition of DMSO or 30 μM kazinol B (KAZ) together with 1 mM
EDTA (downward arrow) in an Na+-deprived medium containing
0.3 mM Ca2+ supplemented with 1 μM oligomycin A and 1 μM
carbonyl cyanide m-chlorophenylhydrazone (CCCP), or were b
stimulated with KAZ in a normal HEPES medium or a Na+-deprived
medium (NMDG). Similar results were obtained from three to four
independent experiments.

Fig. 8 Effect of kazinol B on fMLP- and cyclopiazonic acid-
induced Ca2+ entry. Fluo-3-loaded cells were a exposed (first arrow)
to 10 μM cyclopiazonic acid (CPA), 10 μM kazinol B (KAZ) or CPA
plus KAZ in a Ca2+-free medium followed by the addition (second
arrow) of 1 mM Ca2+ into the medium, or were b exposed (first
arrow) to 0.3 μM fMLP, KAZ or fMLP plus KAZ in a Ca2+-free
medium followed by the addition of Ca2+ into the medium. Similar
results were obtained from three to four independent experiments.
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In conclusion, kazinol B, a natural plant product,
stimulates [Ca2+]i rise in rat neutrophils through the
release of internal store Ca2+ and the activation of Ca2+

entry. It is unlikely that kazinol B evokes Ca2+ signal via
L-selectin ligation, or by influence on PMCA, SERCA and
plasmalemmal Na+/Ca2+ exchanger. Analysis of the cation
permeability and the actions of Ca2+ signal blockers
suggests a fundamental difference between the function of
SOCE and the kazinol B-mediated mechanism. It is
plausible that kazinol B induced Ca2+ release through IP3
and S1P signaling, and Ca2+ entry mainly via non-SOCE
pathway. In addition, kazinol B probably inhibits SOCE
by breaking the Ca2+ driving force of mitochondria.
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