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Abstract—Grape-seed proanthocyanidins (GSPs) are catechin polymers that are predicted to form helices in their global minimum-
energy conformation and to have a mean degree of polymerization of seven (mDP = 7). The highly polymerized GSP-H fraction
(mDP = 10) was found to impair degranulation in RBL-2H3 cells after stimulation with an antigen (Ag) and treatment with the
Ca-ATPase inhibitor thapsigargin (Tg). In addition, GSP-H affected actin cytoskeleton and inhibited membrane ruffling in these
cells, resulting in the suppression of exocytosis. By contrast, monomeric epicatechin, the dimeric procyanidins PA-1, PA-2, and
PB-2, and the oligomerized GSP-L (mDP = 3) had no effect on membrane ruffling and degranulation. These findings indicate that
the molecular size and length of GSP-H are needed for the inhibition of membrane ruffling and degranulation in RBL-2H3 mast-cell

lines.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Proanthocyanidins are a mixture of monomers, oligo-
mers, and polymers of flavan-3-ols (known as catechins),
which are ubiquitous in plants. Proanthocyanidins act as
antioxidants scavenging free radicals' > and are thought
to prevent ischemia/reperfusion damage caused by reac-
tive oxygen species such as superoxides and peroxyni-
trites.* Green tea antioxidants have recently been shown
to block neutrophil-mediated angiogenesis in vivo and
to inhibit chemokine-induced neutrophil chemotaxis in vi-
tro. Dimeric procyanidins inhibit phorbol myristate ace-
tate-induced nuclear factor-kB activation in Jurkat T
cells, which regulates immune response.® They have also
been shown to suppress estrogen biosynthesis in vitro
and in vivo.® More recently, Nomoto et al. demonstrated
that grape-seed procyanidins prevent colorectal cancer
and increase apoptosis in cancer cells.” These findings
highlight the diverse biological activities of oligomeric
and polymeric procyanidins. In addition, studies on the
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absorption, metabolism, and excretion of dietary procy-
anidins in rats have shown that dimeric procyanidins
are present in the plasma.®® Fujimura et al. previously
reported inhibitory effects of (—)-epigallocatechin gallate
on high-affinity IgE receptor (FceRI) expression and his-
tamine release in human basophilic KU812 cells.'® Mae-
da-Yamamoto et al. recently report that O-methylated
catechins inhibit protein kinases in mast cells.!! Kanda
et al. reported that apple proanthocyanidins attenuate
the release of histamine release from mast cells.!? Howev-
er, to our knowledge, relationships between degrees of
polymerization of catechin polymers and suppression
of exocytosis in mast cells, and mechanisms by which
procyanidins inhibit degranulation in mast cells have
not been investigated. In addition, proanthocyanidin
exerts diverse biological activities such as anti-cancer
and anti-allergy activities. No target molecule of procy-
anidins has been discovered so far. Finding a target
molecule of procyanidins is a challenging study. There-
fore, we investigated the effects of grape-seed proantho-
cyanidins (GSPs) on mast-cell signaling and exocytosis
and on the actin cytoskeleton in RBL-2H3 cells.

FceRIs are composed of three subunits: an IgE-binding
o subunit, a four-transmembrane signal-amplifying (-
subunit, and a disulfide-bonded y-subunit.'*'> The
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cross-linking of FceRIs by antigen (Ag) activates the Src
protein tyrosine kinase Lyn, resulting in Syk phosphory-
lation. The activation of Syk in turn induces the phos-
phorylation of downstream signaling molecules such as
phospholipase C-y1 (PLC-y1) and PLC-y2 via Btk. This
leads to the release of two second messengers: inositol
1-, 4-, 5-triphosphate (IP3), and diacylglycerol (DAG).
IP3 mobilizes Ca’" from intracellular stores, resulting in
an influx of Ca®" through store-operated calcium chan-
nels (SOCCs). DAG activates protein kinase C (PKC).
Both Ca®* and PKC are required for mast-cell degranula-
tion.'*1® More recently, Paumet et al. and Martin-Ver-
deaux et al. demonstrated the role of soluble N-ethyl-
maleimide-sensitive fusion factor-attachment protein
receptors in mast cells.!”'® Cofilin/ADF binds to actin
and the dephosphorylation of cofilin at Ser” activates its
actin depolymerizing/severing activities.!*2! In response
to various stimuli such as epidermal growth factor
(EGF), cofilin is dephosphorylated and becomes active.??

In the present study, we investigated in detail the effects
of GSPs on IgE-mediated signaling, exocytosis, and the
actin cytoskeleton in RBL-2H3 cells in addition to
the relationships between the molecular structures and
the activities of monomeric catechin, dimeric, and
polymeric procyanidins.

2. Results and discussion

2.1. Proanthocyanidins (GSP-H) impair mast-cell
degranulation

The structure of GSP is shown in Figure 1A. The GSP-
H and GSP-L fractions were separated using membrane
filters. The mean degree of polymerization numbers
(mDP) for GSP, GSP-L, and GSP-H were 7, 3, and
10, corresponding to molecular weights of 2170, 1018,
and 3034, respectively. The acid hydrolysis experiment
revealed that GSP is mostly comprised of catechin
and epicatechin, and not of gallocatechin or epigalloca-
techin (data not shown). The global minimum-energy
conformation of a nanomeric procyanidin built from
epicatechin as a model was optimized using the Macro-
Model (ver. 8.1; MonteCarlo; AMBER) program. The
predicted global minimum-energy conformation indi-
cated that the nanomeric procyanidin has a helical
structure and an externally oriented B-ring (Fig. 1B).
Each 360° turn of the helix requires four catechins.
Mass spectrometry analyses revealed that GSP contains
non- or galloylated oligomers and polymers (Fig. 1C).
Flamini has recently reported mass spectra analysis of
grapes and wine.>> Hayasaka et al. characterized the
proanthocyanidins in grape seeds through extensive
studies using electrospray ionization (ESI) mass spec-
trometry.>* Our results of the mass analysis for GSP
are in agreement with these reports. Epicatechin (EC),
and the dimeric procyanidins PA-1, PA-2, and PB-2
are shown in Figure 1D.

The effects of GSP on degranulation in rat basophilic
leukemia (RBL-2H3) cells were first examined using
DNP;p-HSA as a multivalent antigen (Ag stimulation)

and the Ca-ATPase inhibitor thapsigargin (Tg stimu-
lation) to activate the cells. The activity of B-hexosa-
minidase released from the secretory granules was
measured as an index of degranulation. Figure 2A
shows that after FceRI cross-linking, GSP inhibited
mast-cell degranulation in a dose-dependent manner.
GSP-L and GSP-H were fractionated from GSP to
clarify active compounds. Although exocytosis was
not inhibited by GSP-L, GSP-H markedly impaired
exocytosis by 64% at a concentration of 25 ug/ml
(equal to 8.7 uM) and 78% at a concentration of
50 pg/ml (17.4 pM) as shown in Figure 2B. Similar re-
sults were obtained in the presence of Ca*" (3 or
5mM) (data not shown). Based on this, the inhibito-
ry effect of GSP-H on exocytosis was not affected by
increasing the extracellular Ca®* concentration. This
strongly indicates that GSP-H alters mast-cell
function rather than trapping Ca®* ions. Similarly,
GSP-H impaired exocytosis after thapsigargin (Tg)
stimulation (Fig. 2C), suggesting that GSP-H affects
downstream signaling after Ca>" mobilization. Tg
can directly induce [Ca®*]i. Furthermore, histamine
released from the cells stimulated with Ag was mea-
sured, and a similar result was obtained as shown
in Figure 2D. The inhibition ratio of GSP-H in both
assay systems was almost the same. This indicates
that GSP-H indeed abolish mast-cell degranulation
rather than inhibiting the enzyme activity in the pB-
hexosaminidase assay.

The inhibitory effect of GSP-H (10 mg/mouse) was con-
firmed in an in vivo ear-thickness assay 1 h after hapten
administration to Balb/c mice, which had been trans-
planted with IGELa2 hybridoma cells that produce
TNP-IgE (Fig. 2E). Whether mechanisms of in vivo
and in vitro activities are the same or not remains un-
known. There has been no evidence for the absorption
of higher degrees of polymerization of procyanidins
due to the lack of a detection method for high molecular
weight procyanidins.

Epicatechin (EC) and dimeric PA-1, PA-2, and PB-2 did
not show any inhibitory effect on degranulation, which
suggests a higher degree of polymerization is essential
for this activity (Figs. 2F and G). Epigallocatechin gal-
late also demonstrated a far weaker activity in this assay
(data not shown). Epicatechin (EC), and dimeric procy-
anidins PA-1, PA-2, and PB-1 also had no effect. Obvi-
ously a molecular size or length more than that of GSP
(heptamer) is needed to inhibit exocytosis in RBL-2H3
cells.

2.2. GSP-H does not activate mast cells without
stimulation

To investigate the mode of action of GSP-H against
RBL-2H3 mast-cell line, GSP-H alone was challenged
to the cells. GSP-H, the active fraction of GSP, did
not induce degranulation in RBL-2H3 cells without
Ag or Tg stimulation (Fig. 3A). By contrast, GSP-H
triggered a transient increase in [Ca®*]i as shown in
Figure 3B. Degranulation did not occur because a sus-
tained increase in [Ca®*]i is known to be required for
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Figure 1. Structure of GSP. (A) GSP was extracted from Vitis vinifera L. The mean degrees of polymerization for GSP, GSP-L, and GSP-H were
estimated as 7, 3, and 10, respectively. (B) The global minimum-energy conformation of a nanomeric procyanidin as a model was calculated using
MacroModel (MonteCarlo; AMBER). The nanomeric procyanidin formed a helical structure with its B-ring oriented externally. Red bonds indicate
the phenolic hydroxyl groups in the wire-frame image. The gallate moiety is excluded for simplicity. (C) Electrospray mass spectrum of GSP. These
proanthocyanidins include galloylated oligomers. (D) Structures of epicatechin (EC) and dimeric procyanidins PA-1, PA-2, and PB-2.

degranulation. However, this [Ca®*]i experiment shows
that GSP-H does induce some cell signaling. To exam-
ine the IgE-mediated signaling at the moment GSP-H
is added to RBL cells, a cell suspension was stimu-
lated with Ag followed by the addition of cold lysis
buffer. As shown in Figure 3C, GSP-H did not acti-
vate the Syk protein. FceRI-Syk-PLCy activation is
necessary for [Ca®']li. This transient increase in
[Ca®*li by GSP-H may be independent of FceRI
pathway.

Effect of GSP-H on cell adherence was next examined.
In a passage culture of RBL-2H3 cells in the presence
of GSP-H, the cells did not attach to the culture plate,
resulting in cell death in a dose-dependent manner

(Fig. 3D). These results suggest that GSP-H binds to a
specific molecule related to adhesion molecules such as
an integrin.

To investigate a target molecule of GSP-H, the cell
surface proteins were stained with biotin using sulfo-
NHS-biotin, and these biotin-labeled proteins were
analyzed on immunoblotting by visualizing with strep-
tavidin-alkaline phosphatase. These experiments were
repeated three times (exp 1-3). A protein(s) at
150 kDa from the GSP-H treated cells was not stained
with biotin (Fig. 3E). The disappearance of this band
by GSP-H was dose dependent and the results were
highly reproducible. These results strongly suggest that
GSP-H binds to a protein at 150 kDa. Tachibana
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Figure 2. Effects of GSP-H and GSP-L on degranulation. (A) The activity of f-hexosaminidase released into the culture media from RBL-2H3 cells
treated with GSP was measured when stimulated with DNP3,-HSA (Ag). (B) The activity of f-hexosaminidase from RBL-2H3 cells treated with
GSP-H and GSP-L was measured when stimulated with Ag. (C) B-Hexosaminidase assay was performed when stimulated with Tg instead of Ag. The
results are the percentage of the total B-hexosaminidase released in the supernatant after Ag stimulation and are means + SD of three or four
independent experiments. (n = 3 or 4; *, p <0.05; **, p <0.01). (D) Histamine release assay. The same experiment as in A and B was done using
DNP3(-HSA. Histamine released from RBL cells was measured to ensure that GSP-H, rather than the enzyme reaction (-hexosaminidase), inhibited
degranulation. The results are given as the inhibition rate (%) (n = 2). (E) The ear-swelling response was tested in Balb/c mice (SLC, Japan) in order
to determine the effects of GSP-H on the immediate-hypersensitivity reaction. Hybridoma cells (IGELa2) were injected subcutaneously into the back
of the neck of each animal. After 10 days, ear thickness was measured. The ear-swelling response was then initiated by picryl-chloride challenge to the
ventral side of the neck. Ear thickness was measured 1 h after the challenge. Ketotifen (0.2 mg/ml) was used as a positive control. GSP-H (10 mg/
mouse) was orally administered to the mice before antigen stimulation. (F) Effect of epicatechin (EC) on degranulation. (G) Effects of three dimeric
procyanidins (PA-1, PA-2, and PB-2) on degranulation.

et al. recently reported that green tea polyphenols can bind to adherent molecules such as integrins and lam-
bind to the 67-kDa laminin receptor and inhibit carci- inin receptors.

nogenesis.>> Edelson et al. have demonstrated that

mast-cell-mediated inflammatory responses require The transient increase in [Ca®']i was not observed

the o2pB1 integrin.?® Therefore, GSP-H is expected to when RBL cells were treated with GSP-L, EC, PA-2,
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Figure 3. Effect of GSP-H on IgE-mediated signaling and cell
adherence. (A) B-Hexosaminidase assay was carried out using GSP-
H alone. GSP-H does not induce exocytosis without Ag stimulation.
(B) GSP-H triggers a transient increase in [Ca']i. [Ca®']i was
monitored using fluo-3 when Ag or GSP-H was challenged into cells.
(C) GSP-H does not induce Syk phosphorylation. Ag or GSP-H was
added to a cell suspension and followed immediately by the addition of
cold lysis buffer. Phosphorylated proteins were analyzed by immuno-
blotting using 4G10 mAb. (D) GSP-H inhibits the adherence of RBL-
2H3 cells to the culture plate. (E) GSP-H treated cells lack 150 kDa
band, which might be the band of a target protein of GSP-H. This
result was highly reproducible (n = 3, exp 1-3).

and PB-2 (data not shown). Again molecules with a
molecular size or length similar to that of GSP-H
may be required to induce this response.

2.3. FceRI-induced activation of Syk, PLCy1, and PLCy2
is not inhibited by GSP-H

The effects of GSP-H on the FceRI-mediated tyrosine
phosphorylation of several key molecules were investigat-
ed to clarify the influence of the proanthocyanidins on
mast-cell signaling. After RBL-2H3 cells were sensitized
with IgE (0.5 pg/ml) overnight, the cells were treated with
GSP-H and then stimulated with Ag for the indicated
time. The Syk proteins were phosphorylated, reaching
the maximal phosphorylation 5-15min after FceRI
aggregation. The level of phosphorylation of the Syk pro-
teins in GSP-H treated cells was similar (Fig. 4A).

We also examined the tyrosine phosphorylation of
PLCyl and PLCy2, which leads to the formatlon of
IP3 and DAG, resulting in an increase in [Ca>*]i and
the activation of PKC. Like Syk, PLCy2 reached the
maximal phosphorylation 5-15 min after Ag stimulation
as shown in Figure 4A. The antigen triggered (DNP3¢-
HSA, 0.2 pg/ml) PLCy2 phosphorylation was not affect-
ed by GSP-H. No detectable changes in PLCyl were
observed between the control and GSP-H-treated cells.
These findings indicate that GSP-H act on signaling
pathway downstream of PLCy.

2.4. Effect of GSP-H on Fak, paxillin, and cofilin

We next investigated the effects of GSP-H on cytoskeletal
related proteins. Fak is a non-receptor tyrosine kinase
that co-localizes with integrins that bind to extracellular
matrix proteins, such as fibronectin and laminin. Hama-
wy and co-workers reported that FceRI cross-linking re-
sults in the tyrosine phosphorylation of Fak.?”?% In the
present study, the phosphorylation of Fak was examined
in the presence and absence of GSP-H. Fak was partly
phosphorylated in adherent RBL-2H3 cells and the phos-
phorylation of Fak increased immediately after FceRI
aggregation. The difference in the level of Fak phosphor-
ylation between the control and GSP-H treated cells in-
creased only after 30-min Ag stimulation. GSP-H
inhibited by 40% Fak (Tyr*’) phosphorylation 30 min
after Ag stimulation (Fig. 4B).

We then investigated paxillin, which associates with Fak
and links to actin filaments. Paxillin is a protein that asso-
ciates with Fak at focal adhesion sites and is phosphory-
lated after FceRI aggregation.?® Within 5Smin of
aggregation of FceRI, the highest level of phosphoryla-
tion was observed, after which the phosphorylation of
paxillin gradually decreased to baseline levels (Fig. 4B).
When RBL-2H3 cells were treated with GSP-H, the phos-
phorylation of paxillin was partially impaired from 5 to
30 min after Ag stimulation. The maximum phosphoryla-
tion of paxillin in the GSP-H treated cells was two-thirds
that of the control (band intensity, 15.4 vs 22.8).

To clarify functions of GSP-H, which shows a protec-
tive effect on degranulation, the activation of cofilin
was finally investigated. Cofilin regulates actin remodel-
ing, associated with IgE-induced mast-cell degranula—
tion. Cofilin was phosphorylated at the Ser® site in
resting cells, and the activation of FceRI resulted in
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Figure 4. Effect of GSP-H on IgE-mediated signaling. (A) FceRI-induced activation of Syk, PLCyl, and PLCy2 is not inhibited by GSP-H. RBL
cells were sensitized with IgE (0.5 pg/ml) overnight and then incubated with DNP3,-HSA (0.2 pg/ml) for the indicated time (0.5, 5, 15, or 30 min)
after GSP-H (50 pg/ml) or buffer treatment for 10 min. Cold lysis buffer was added to the cells in a 10-cm culture dish to prepared cell lysates. For Syk
phosphorylation, cell lysates were immunoprecipitated with anti-Syk (N-19), followed by protein A—agarose at 4 °C under gentle rotation. The
immunoblot was probed with anti-phosphotyrosine Ab (4G10). For the phosphorylation of PLCyl and PLCy2, immunoblots were prepared from
whole cell lysates and probed with polyclonal anti-PLCy1 (Tyr’®) and PLCy2 (Tyr'?'7). These results are representative of three experiments, all of
which yielded similar results. (B) Effects of GSP-H on Fak, paxillin, and cofilin. The inhibition of FceRI-induced activation of adherent-related
molecules by GSP-H was analyzed by immunoblotting using anti-phosphospecific Fak (Tyr*’), Paxillin (Tyr''®), and cofilin (Ser’). The same cell
lysates were probed with Abs against Fak, paxillin, and cofilin to show an equal amount of proteins in each lane. The experimental procedures were
the same as those described in A. These results are representative of three experiments. Fak and paxillin become active when phosphorylated. Cofilin

becomes active when dephosphorylated.

the dephosphorylation of cofilin within 5 min, which was
active. The phosphorylation of cofilin recovered rapidly.
GSP-H markedly inhibited the dephosphorylation of
cofilin induced by FceRI aggregation as shown in Figure
4B (third panel). The band intensity of phosphorylated
cofilin after 5 min-Ag stimulation changed from 8.9 in
the control cells to 18.7 in the GSP-H treated cells.
Dephosphorylated cofilin increases the turnover of actin
filaments?® and activates actin-depolymerizing/severing
abilities.”! Holst et al. demonstrated that the peak rate
of Ag-induced granule mediator release was 2.5 min.3°
Our result of cofilin activation is consistent with this re-
port. Active cofilin has actin-depolymerizing/severing
activity, and activated cofilin depolymerizes and severes
F-actin. In addition, cofilin promotes actin polymeriza-
tion.3! New polymerizing nuclei form after being severed
by active cofilin. The data presented here specifically sug-
gest that activated cofilin induces actin depolymeriza-
tion, severing, and polymerization, all of which result
in membrane ruffling. Mast-cell degranulation through
FceRI aggregation is associated with membrane ruffling,
which is the result of dynamic actin remodeling. Grape-
seed procyanidins (GSP-H) may inhibit membrane ruf-
fling by inactivating cofilin, resulting in the suppression
of degranulation.

2.5. Effects of GSP-H on FceRI-induced remodeling of
the actin cytoskeleton

To investigate the link between mast-cell degranulation,
actin remodeling, and the molecular structure of GSP,

RBL-2H3 cells were sensitized with IgE (0.5 pg/ml)
overnight and treated with either GSP-H or GSP-L be-
fore FceRI aggregation. F-actin of permeabilized RBL-
2H3 cells was stained with Texas red-labeled phalloidin
to visualize the actin cytoskeleton.

F-actin was located exclusively around the cell periphery
in resting cells (Fig. 5, blank). FceRI aggregation in-
duced membrane ruffling on the dorsal surface within
Smin (Fig. 5, Ag). By contrast, GSP-H treated cells
showed different morphological changes on the dorsal
surface of the cells after Ag stimulation (Fig. 5, GSP-
H + Ag); Although actin remodeling occurred, mem-
brane ruffling was markedly inhibited and large actin
plaques formed on the dorsal surfaces of the cells as
shown in Figure 5. Similar large actin plaque formation
(actin accumulation) in localized areas was observed
when cells were stimulated with GSP-H alone (Fig. 5,
GSP-H), which indicates that GSP-H itself induces this
actin remodeling different from that in the control cells.
GSP-L-treated cells (Fig. 5, GSP-L) and cells treated
with the dimeric procyanidins (PA-1, PA-2, and PB-2;
data not shown) did not show any morphological chang-
es. Given the results in Figure 3, the attachment of GSP-
H to the 150 kDa-protein on the surface of RBL-2H3
cells might trigger actin remodeling to form the large
plaques observed in these cells.

Apple proanthocyanidins are known not to have a gallate
moiety.3>33 By contrast, grape-seed proanthocyanidins
do have gallate moieties. Grape-seed proanthocyanidins
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Figure 5. The inhibition of IgE-induced membrane ruffling by GSP-H.
RBL-2H3 cells were sensitized with IgE (0.5 pg/ml) overnight. After
being treated with GSP-H (50 pg/ml) at 37 °C for 10 min, the cells were
stimulated with DNP3,-HSA (0.2 pg/ml) at 37 °C for 5 min. After Ag
stimulation, the cells were fixed, permeabilized, and stained with Texas
red-labeled phalloidin (F-actin). blank, no stimulation; Ag, DNP3(-
HSA stimulation alone; GSP-H + Ag, DNP3,-HSA stimulation after
GSP-H treatment; GSP-H alone, GSP-H treatment alone. The F-actin
was located around the cell periphery in resting cells (blank). FceRI
aggregation induced membrane ruffling and the actin remodeling was
observed (Ag). FceRI-induced membrane ruffling was impaired by
GSP-H (GSP-H + Ag). GSP-L resulted in no morphological changes
(GSP-L). The arrow indicates F-actin accumulation.

GSP-H+Ag

exhibited a similar effect on degranulation as apple pro-
anthocyanidins.'? This suggests that the gallate moiety
might not be involved in the inhibition of exocytosis in
mast cells. Furthermore, longer procyanidins such as
GSP and GSP-H may be required to induce this activity.

Because there is no evidence for GSP absorption in cir-
cular, potential of GSP to mast cells in vivo still remains
unclear. However, GSP binds to target molecules and
these molecules are most likely on the cell surface. Pro-
anthocyanidins would have a wide variety of three-
dimensional conformations because of their complexity.
However, only compounds that have a specific confor-
mation would exert a biological activity like that ob-
served here at a lower concentration.

There was no evidence to suggest that GSP-H has cyto-
toxicity in the in vitro study at any concentration
between 12.5 and 100 uM (data not shown). Safety stud-
ies have revealed that the GSP we used in the present
study has no acute or subchronic oral toxicities or any
mutagenicity.>* Thus, GSP-H could be a potential agent
against various diseases including allergy.

3. Conclusion

In conclusion, the present study demonstrated novel and
important findings. Polymeric proanthocyanidins are
predicted to form a helical structure with externally ori-
ented B-rings. Only polymeric GSP-H (ca. 38 A long)
inhibits mast-cell membrane ruffling and degranulation.

Monomeric epicatechin and the dimeric procyanidins
A-1, A-2, and B-1 have no effect on the ruffling and
exocytosis. The present study strongly indicates that
GSP-H may bind to a specific molecule (ca. 150 Da)
on the cell surface of RBL-2H3 cells.

4. Experimental
4.1. Characteristics of GSPs

Proanthocyanidins were extracted from grape (Vitis
vinifera L.) seeds with water and ethanol, and highly
purified (GSP, >99% polyphenols, >94% procyanidins,
and 5% monomers; brown powder) as described else-
where.3* The purity of GSP was determined by the van-
illin-HCI method of Broadhurst and Jones.*> The mean
degree of polymerization was estimated as seven
(mDP = 7) using thiolysis and the '*C NMR (Brucker
digital NMR AVANCE 500, 125 MHz) method de-
scribed by Porter and Newman.® The acid hydrolysis
of GSP (40 mg) was done using 5% HCI in n-BuOH at
100 °C for 2 h (data not shown). Electrospray ionization
mass analysis revealed that GSP contained gallate moi-
ety. MALDI-TOF mass analysis showed that the degree
of polymerization ranged up to 15 was observed (data
not shown). The proanthocyanidins were separated into
two fractions, GSP-H (N =10) and GSP-L (N = 3),
using a membrane filter (Millipore, Billerica, MA).
The three procyanidins used in the present study were
from the same batch.

4.2. Calculation

The structure of a nanomeric procyanidin was optimized
by a conformational search in aqueous conditions
(MacroModel ver. 8.1, Schrodinger Inc., Jersy City,
NIJ; MonteCarlo; AMBER force field). The global min-
imum-energy conformation of the nanomeric procyani-
din was calculated from 10,000 initial conformations.

4.3. Reagents

Fluo-3 AM was purchased from Dojindo Laboratories
(Kumamoto, Japan). Calcium calibration buffer was ob-
tained from Molecular Probes, Inc. (Eugene, OR).
Thapsigargin (Tg), human dinitrophenyl human serum
albumin (DNP3,-HSA), anti-DNP monoclonal IgE anti-
body (clone SPE-7), and protease-inhibitor cocktail
were obtained from Sigma (St. Louis, MO). Fetal bo-
vine serum (FBS) was obtained from Invitrogen (Carls-
bad, CA). All of the chemicals used in these experiments
were of the highest grade. The PIPES buffer consisted of
140 mM NaCl, 5SmM KCIl, 0.6 mM MgCl,, 1 mM
CaCl,, 5.5 mM glucose, 0.1% (w/v) BSA, and 10 mM
PIPES (pH 7.2).

4.4. Antibodies

The monoclonal anti-phosphotyrosine (4G10), anti-Fak
(clone 4.47), and anti-phospho-Fak (Tyr*?) used in the
immunoblotting analysis were purchased from Upstate
Biotechnology (Lake Placid, NY). Anti-Syk (N-19),
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anti-PLCyl (1269), and anti-PLCy2 (Q-20) were ob-
tained from Santa Cruz Biotechnology (Santa Cruz,
CA). Antibodies for phospho-ERK, phospho-JNK,
phospho-p38, phospho-PLCyl (Tyr’ 32, phospho-
PLCY2 (Tyr'?'7), phospho-paxillin (Tyr''®), and phos-
pho-cofilin (Ser®) were obtained from Cell Signaling
(Beverly, MA).

4.5. Cell culture

RBL-2H3 cells were maintained in culture in Dulbecco’s
Modified Eagle’s medium supplemented with 10% (v/v)
heat-inactivated FBS, 10 mM HEPES buffer, and peni-
cillin-streptomycin—glutamine at 37 °C in a humidified
5% CO, incubator.

4.6. Hexosaminidase assay

The activity of B-hexosaminidase was measured using
the method described by Akasaka et al.’’ Briefly,
RBL-2H3 cells were preincubated overnight at 37 °C
in a 24-well tissue-culture plate (3 x 10° cells/well). The
supernatant was discarded after sensitization with anti-
DNP3-IgE for 1 h at 37 °C. The cells were then washed
three times with PIPES buffer. Next, 400 pl of the sam-
ple solution was added to the cells, which were incubat-
ed for 10 min at 37 °C. Finally, 100 pl of DNP3;-HSA
(0.2 pg/ml) was challenged, and the cells were incubated
for 40 min at 37 °C. A 200-ul sample of citrate buffer
containing p-nitrophenyl-2-acetamide-2-deoxy-f-gluco-
pyranoside was added to 50 pl of the supernatant, and
the mixture was then incubated at 37 °C for 60 min.
The reaction was terminated by the addition of 500 pl
of cold glycine (pH 10.0) followed by measurement of
absorbance at 405 nm. To quantify the enzyme activity
in the cells, 100 ul of 0.2% (v/v) Triton X-100 was added,
and the extract was analyzed as described above.

4.7. Ear-swelling response in Balb/c mice

The ear-swelling response was tested in Balb/c mice
(SLC, Japan) in order to determine the effects of GSP-
H on the immediate-hypersensitivity reaction. Briefly,
hybridoma cells (IGELa2 from ATCC TIB142) were
injected subcutaneously into the back of the neck of
each animal. After 10 days, the ear thickness was mea-
sured using an upright thickness gauge (Ozaki MFG,
Japan). The ear-swelling response was then initiated by
picryl-chloride challenge to the ventral side of the neck.
Ear thickness was measured 1h after the addition.
Ketotifen (0.2 mg/mouse) was used as a positive control.
GSP-H (10 mg/mouse) was orally administered to the
mice before antigen stimulation.

4.8. Measurement of intracellular calcium concentration

RBL-2H3 cells were suspended at a concentration of
2% 10° cells/ml and sensitized with IgE (1 pg/ml) for
30 min at 37 °C. The cells were then loaded with fluo-3
(5 uM) for 15 min at room temperature. After washing
three times with PIPES bulffer, the cells were resuspend-
ed (1 x 10° cells/ml) and treated with GSP-H. The intra-
cellular calcium concentration ([Ca**]i) was measured in

a cuvette with stirring at 37 °C using a Hitachi F-2500
spectrofluorophotometer. [Ca>']i was estimated using
the method described by Grynkiewicz et al.®

4.9. Immunoblotting and immunoprecipitation

The IgE-sensitized RBL-2H3 cells cultured on 10-cm
dishes were washed with PBS and incubated for
10 min in PIPES buffer in the presence or absence of
GSP-H and GSP-L. After DNP3,-HSA challenge, the
RBL cells were incubated for 0.5, 5, 15, or 30 min at
37 °C. The cells were then washed with cold PBS three
times, followed by the addition of ice-cold lysis buffer
containing 1% Triton-X100, 150 mM NaCl, 1 mM sodi-
um orthovanadate, 100 mM NaF, 1 mM EDTA, and
protease-inhibitor cocktail. The cell lysates were either
analyzed directly using SDS-PAGE or immunoprecipi-
tated prior to analysis. Isolated proteins were trans-
ferred to PVDF membranes (ATTO, Japan), which
were visualized using colorimetric-blotting substrates
(Bio-Rad, Carlsbad, CA). Immunoprecipitation was
carried out on the lysates. The cell lysates were incubat-
ed with 3-6 pg of a specific primary antibody at 4 °C
overnight under gentle rotation and then with protein
A-agarose (Santa Cruz, CA) or protein G-Sepharose
(Amersham Biosciences, Piscataway, NJ) at 4 °C for
1 h under gentle rotation. For biotin staining, after
treatment with GSP samples for 10 min at room temper-
ature, 0.2 pg/ml DNP-HSA was added to RBL-2H3 cells
seeded in a 10 cm-dish and incubated for appropriate
time of 30 min. After washing the cells three times with
cold DPBS to remove any contaminating proteins, 5 mg
of sulfo-NHS-LC-biotin/10 ml DPBS (pH 8.0) was add-
ed to the cells in each dish, which were then allowed to
stand at room temperature for 30 min. The cells were
washed three times with cold DPBS to remove any
remaining biotiylation reagent and cell lysates were pre-
pared. The band intensities on immunomembranes were
measured using Scion Image software ver. 4.02 (Scion
Corp, Frederick, Maryland).

4.10. Cell adherent test

A cell suspension (5 x 10° cells/ml) was seeded on a 75-
ml plate and cultured for 18 h in the absence and
presence of GSP-H. Live and dead cells were counted
to determine adherent cells.

4.11. Immunofluorescence staining of the actin
cytoskeleton

RBL cells treated with or without GSP-H were fixed in
3.7% formaldehyde for 10 min and then permeabilized
with 0.2% Triton X-100 for 5 min. After blocking with
5% bovine serum albumin (BSA), the cells were stained
with Texas red-labeled phalloidin for F-actin staining
and Hoechst 33342 for nuclear staining. Finally, the
cells were washed with PBS three times and MilliQ water
two times, and then mounted onto coverslips using
mounting media (ProLong Antifade Kit; Molecular
Probes Inc.). The cells were observed using a fluores-
cence microscope (Olympus IX-71, Japan) equipped



K. Kondo et al. | Bioorg. Med. Chem. 14 (2006) 641-649 649

with oil immersion 60x objective lenses, coupled with a
cooled CCD camera (Olympus, DP70, Japan).
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