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A B S T R A C T

Several studies have shown that cationic liposomes exert immunomodulatory effects with low

immunogenicity and toxicity, and offer advantages such as easy preparation and targeting. Cationic

liposomes not only transport DNA to immune cells but also enhance the function of antigen presenting

cells such as dendritic cells and macrophages. Here, we investigated the effect of a particular cationic

liposome on mast cell function during allergic reaction. We found that the cationic liposomes bound to

the mast cell surface suppressed degranulation induced by cross-linking of high affinity immunoglobulin

E receptors in a time- and dose-dependent manner. The suppression of degranulation was mediated by

impairment of the sustained level of intracellular Ca2+ concentration ([Ca2+]i) derived from the inhibition

of store-operated Ca2+ entry. The decrease in sustained elevation of [Ca2+]i led to the suppression of

phosphorylation of soluble N-ethylmaleimide-sensitive factor attachment protein receptor proteins

such as SNAP-23, syntaxin-4, which are necessary for membrane fusion between secretory granules and

the plasma membrane during degranulation. Furthermore, the cationic liposomes suppressed vascular

permeability elevation induced by mast cell activation in mice. These results showed that cationic

liposomes possess the novel property of inhibiting mast cell activation, suggesting the possibility of

developing cationic liposomes as anti-allergic effectors.

� 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Cationic liposomes are used as a transfection reagent for nucleic
acids, peptides, and proteins in vitro and in vivo [1–7]. Liposomes
have recently attracted considerable attention as DNA vaccine
carriers [8]. During these developmental studies, it was shown that
cationic liposomes could enhance antigen uptake by antigen
presenting cells (APC) such as dendritic cells (DC), B lymphocytes,
and macrophages, and induce APC activation [8–14]. These
properties have prompted further investigation of cationic
liposomes as DNA vaccine carriers and APC activators. Further-
more, several reports have revealed that cationic liposomes
activated specific signaling cascades, such as Toll-like receptor
4-dependent pathways [15,16], mitogen-activated protein (MAP)
kinase cascades [17,18], and other signaling cascades in immuno-
competent cells [19]. It is essential to investigate the effect of
cationic liposomes on immunocompetent cell function for the
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development of DNA vaccine therapy and as potential therapeutic
tools.

Mast cells express high-affinity immunoglobulin E (IgE)
receptors (FceRI) on their surface [20]. Cross-linking of FceRI on
mast cells by a multivalent antigen induces the activation of
several protein tyrosine kinases and the phosphorylation of
phosphatidylinositol 3-kinase (PI3K). PI3K activates phospholipase
Cg (PLCg), which leads to the production of inositol 1,4,5-
triphosphate, thereby eliciting the elevation of intracellular Ca2+

concentration ([Ca2+]i) by releasing Ca2+ from the endoplasmic
reticulum (ER). The decrease in Ca2+ concentration in ER induces
the binding of stromal interaction molecule 1 on the ER to Orai1 on
the plasma membrane. This permits Ca2+ influx through the
plasma membrane and is known as store-operated Ca2+ entry
(SOCE). PLCg also catalyzes the release of diacylglycerol, which in
turn activates protein kinase C (PKC) [21]. The activation of
intracellular signaling cascades by FceRI ligation leads to the
exocytotic release of granular contents (degranulation), resulting
in allergic responses such as an increase in vascular permeability
and stimulation of smooth muscle cell contraction [22–24]. With
regard to exocytotic release, several recent reports have shown
that soluble N-ethylmaleimide-sensitive factor attachment protein
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receptor (SNARE) proteins are involved in membrane fusion
between the plasma membrane and secretory granules [25–29].

The aim of this study was to examine the effects of cationic
liposomes on allergic responses mediated by mast cell activation.
Although there are reports pertaining to the interaction between
mast cells and nanoparticles, such as gold, polymeric nanoparti-
cles, and fullerene [30,31], only a limited number of studies have
focused on the effects of cationic liposomes on mast cell function.
Cationic liposomes containing 1,2-dioleoyl-sn-glycero-3-phospha-
tidylethanolamine (DOPE) and cholesteryl-3b-carboxyamidoethy-
lene-N-hydroxyethylamine (OH-Chol) were used in this study
because they were found to show high transfection efficiency of
foreign genes to target cells as a result of excellent interaction with
the cells [32–35]. We found that the cationic liposomes could
suppress mast cell degranulation by impairing SOCE in vitro and
diminish the increase in vascular permeability induced by mast
cell activation in vivo. Our results reveal the potential of cationic
liposomes as a useful therapeutic tool for allergic disease mediated
by mast cell activation.

2. Materials and methods

2.1. Materials

The synthesis of the cationic cholesterol derivative OH-Chol
was described in our previous study [32] and DOPE was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Mouse anti-dinitrophenyl
(DNP)-IgE was provided by Prof. T. Kishimoto (Osaka University).
DNP-conjugated bovine serum albumin (DNP–BSA) was prepared
using previously described methods [36]. In the present experi-
ments, six DNP groups, on average, were conjugated with a single
BSA molecule. Thapsigargin, phorbol-12-myristoyl-13-acetate
(PMA), and Evans blue were purchased from Wako Pure Chemical
Industries (Osaka, Japan). FITC-conjugated goat anti-IgE antibody
was purchased from Bethyl laboratories Inc. (Montgomery, TX,
USA). MTT labeling reagent was purchased from Roche Diagnostics
(Mannheim, Germany).

2.2. Preparation of liposomes

The cationic liposomes were prepared by ultrasonication
methods according to our previously described procedures [33–
35]. In brief, DOPE (20 nmol) and OH-Chol (30 nmol) were mixed
and dried with N2 gas under reduced pressure to remove the
chloroform solvent. The lipid film was hydrated with 400 ml of
phosphate buffered saline (PBS) for 1 h. Samples were sonicated in
a bath-type sonicator (Branson model B 1200) to generate small
unilamellar vesicles.

2.3. Cell culture

The rat mast cell line RBL-2H3, which is the most widely used as
a model for mast cells [37], was cultured in minimum essential
medium (Nissui, Tokyo, Japan) supplemented with 10% fetal calf
serum (Gibco, Grand Island, NY, USA).

2.4. Cell viability assay

Cultured RBL-2H3 cells were seeded in 96-well plates at a density
of 5 � 103 cells/well 24 h before introduction of the cationic
liposomes. Cells were incubated with the different concentrations
of cationic liposomes for 3 h and washed in PBS. Cell viability was
determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay. The MTT assay is based on the cleavage
of the yellow tetrazolium salt to purple formazan crystals by viable
cells. After addition of the cationic liposomes, 10 ml of MTT labeling
reagent was added to each well and incubated for 4 h at 37 8C. After
addition of 100 ml of solubilization solution, cells were incubated
overnight at 37 8C. The absorbance at 570 nm was measured using a
plate reader (Model 680; BIO-RAD, Tokyo, Japan).

2.5. Confocal laser scanning microscopy (CLSM)

We observed the distribution of IgE on the surface of RBL-2H3
cells using FITC-conjugated goat anti-IgE antibody. RBL-2H3 cells
were incubated with 46.5 mg/ml cationic liposomes for 3 h and
washed in HEPES buffer containing 10 mM HEPES (pH 7.2),
140 mM NaCl, 5 mM KCl, 0.6 mM MgCl2, 1 mM CaCl2, 0.1% glucose,
0.1% BSA, and 0.01% sulfinpyrazone. After sensitizing the RBL-2H3
cells with anti-DNP IgE for 30 min at 37 8C, they were incubated
with FITC-conjugated goat anti-IgE antibody for 15 min at 4 8C. The
distribution of IgE was scrutinized in an observation chamber
(Elecon, Chiba, Japan) by CLSM (LSM 510; Zeiss, Oberkochen,
Germany). The FITC-conjugated goat anti-IgE antibody was excited
by an Ar ion laser (488 nm), and FITC fluorescence was detected
through a band-pass filter at 505–530 nm. Liposomes were
visualized by excitation of rhodamine-conjugated phosphatidyl-
ethanolamine (3% in lipids composed of liposomes) by a He–Ne
laser (543 nm), and rhodamine fluorescence was detected through
a band-pass filter at 560–580 nm.

2.6. Measurement of degranulation

Mast cell degranulation (exocytotic release) was monitored by
measuring the activity of the granule-stored enzyme b-hexosa-
minidase, which is secreted into cell supernatants [38]. RBL-2H3
cells (5 � 104 cells/well) plated in a 24-well plate and cultured
overnight were sensitized with anti-DNP IgE for 30 min at 37 8C
and washed twice with HEPES buffer. Aliquots of mast cell
supernatant were transferred to a 96-well plate (20 ml/well) and
incubated with 20 ml of substrate solution (2 mM p-nitrophenyl-
N-acetyl-b-D-glucosaminide (Sigma–Aldrich) in 100 mM citrate
[pH 4.5]) for 1 h at 37 8C. After terminating the reaction with
160 ml of 167 mM Na2CO3–NaHCO3 buffer, the absorbance was
measured at 405 nm using a microplate reader. The release activity
relative to the total b-hexosaminidase content of cells was
determined by disrupting the cells with 0.1% Triton X-100.

2.7. Measurement of [Ca2+]i

RBL-2H3 cells (5 � 105 cells) were loaded with 1 mM Fura 2-
AM (Molecular Probes, Eugene, OR, USA.), sensitized with anti-
DNP IgE for 30 min at 37 8C, and then washed twice with HEPES
buffer. Fluorescence intensities at 500 nm using excitation
wavelengths of 340 and 360 nm were measured at 37 8C, and
the F340/F360 ratio was calculated using a spectrofluorometer
connected to a personal computer (RF-5300PC; Shimadzu, Kyoto,
Japan). Ratios were converted to Ca2+ concentrations by a
previously described procedure [39].

2.8. Phosphorylation assay of SNARE proteins

Enrichment and separation of phosphorylated SNARE proteins
from cell lysates was performed using a Phosphoprotein Purifica-
tion Kit (Qiagen, Hilden, Germany) according the manufacturer’s
instructions [40]. After pretreatment of RBL-2H3 cells with the
cationic liposomes for 3 h at 37 8C in a CO2 incubator, RBL-2H3 cells
(1 � 107 cells) were washed twice with HEPES buffer, and
stimulated for 15 min at 37 8C. The reaction was terminated with
ice-cold TBS (137 mM NaCl, 2.68 mM KCl, 25 mM Tris–HCl) and
cells were harvested. The collected cells were lysed for 30 min on
ice with lysis buffer containing 0.25% CHAPS. After centrifugation
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(10,000 � g, 30 min at 4 8C), cleared lysates were loaded onto
equilibrated phosphoprotein purification columns supplied with
the kit and washed with 6 ml of lysis buffer. The phosphorylated
proteins were eluted using elution buffer containing 0.25% CHAPS.
Samples were separated by SDS-PAGE and were subjected to
Western blotting analysis. Western blotting was performed using
primary antibodies: rabbit polyclonal anti-SNAP-23 (Göttingen,
Germany) (1:1000) and rabbit polyclonal anti-syntaxin-4 (Göttin-
gen, Germany) (1:2000). Immunoreactivities were detected with
horseradish peroxidase-conjugated anti-rabbit IgG (1:1000, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), and Super Signal West
Pico Chemiluminescent Substrate (Pierce, Rockford, IL, USA) using
an LAS-3000 mini image analyzer (Fuji Film, Tokyo, Japan).

2.9. Effect of the cationic liposome on vascular permeability in mice

BALB/c mice were housed under standard conditions and in
compliance with Aichi Gakuin University guidelines for the use of
experimental animals. All animal experiments were performed
after approval by the Animal Care and Use Committee of Aichi
Gakuin University. Evans blue (40 mg/g body weight; Sigma-
Aldrich) was intravenously administered into BALB/c mice 1 h after
subcutaneous injection of 200 ml of cationic liposomes into the
abdomen. Thereafter, allergic reactions were induced by subcuta-
neous injection of 100 ml of compound 48/80 (0.06 mg/ml) into the
abdomen. Mice were sacrificed after 30 min and their skins were
harvested with 1N KOH for 24 h at 37 8C. Evans blue was extracted
in 5 ml of 0.2 M phosphoric acid and acetone mixture (5:13). After
centrifugation (3000 rpm, 10 min), the absorbance of the super-
natant at 620 nm was determined using a spectrophotometer (UV-
1800; Shimadzu) and normalized for protein amount determined
by bicinchoninic acid (BCA) assay.

2.10. Statistical analysis

Results are expressed as mean � standard error (S.E.). A one-way
analysis of variance (ANOVA) was used to compare differences
between groups. A p-value of <0.05 was considered significant.

3. Results

3.1. Effects of the cationic liposomes on mast cell viability

Although cationic liposomes were considered to be a promising
method of introducing a foreign gene or protein into target cells
Fig. 1. The distribution of IgE on the plasma membrane of RBL-2H3 cells. (A) Typical

confocal fluorescence images of IgE on the plasma membrane of cells in the absence

of liposomes before and after antigen (DNP-BSA; 50 ng/ml) addition (for 5 min)

(n = 6). (B) Typical confocal fluorescence images of IgE and cationic liposomes on the

plasma membrane of cells pretreated with cationic liposomes (46.5 mg/ml) for 3 h

before and after antigen (DNP-BSA; 50 ng/ml) addition (for 5 min) (n = 6).
with low toxicity, an excess of cationic liposomes has been shown
to induce cytotoxicity and apoptosis that is dependent on cell type,
liposome size, and cationic composition [11,12,41,42]. Therefore,
we first determined the non-toxic concentration of cationic
liposomes by liposome-pretreatment of mast cells followed by
the MTT assay to evaluate cell viability. Cell viability was
maintained above 80% 3 h after the addition of 11.6, 23.3, and
46.5 mg/ml cationic liposomes to RBL-2H3 cells. However, cell
viability fell below 80% when the concentration of cationic
liposomes added to RBL-2H3 cells was increased to 69.8 mg/ml
(data not shown). On the basis of these results, subsequent
exposure of RBL-2H3 cells to cationic liposomes was limited to
concentrations of less than 46.5 mg/ml.

Next, we observed the distribution of anti-DNP IgE on RBL-2H3
cell surface to investigate whether adhesion of cationic liposomes
to the plasma membrane influenced antigen (DNP–BSA)-induced
IgE aggregation, which is a trigger for mast cell activation. IgE was
distributed along the plasma membrane of RBL-2H3 cells
pretreated with or without cationic liposomes (46.5 mg/ml) for
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Fig. 2. Inhibition of b-hexosaminidase release from mast cells by the cationic

liposomes. (A) RBL-2H3 cells were sensitized with anti-DNP IgE for 30 min at 37 8C.

The quantity of b-hexosaminidase released from RBL-2H3 cells for 30 min after

antigen (DNP-BSA; 50 ng/ml) addition. Cells were pretreated with the indicated

concentration of cationic liposomes for 3 h. Values are expressed as the percent of

total enzyme activity, which was assessed by Triton X-100 treatment (n = 6).

**p < 0.01 compared with the absence of cationic liposomes (0 mg/ml). (B) The

quantity of b-hexosaminidase released from RBL-2H3 cells for 30 min after

costimulation with thapsigargin (20 nM) and PMA (50 ng/ml). Cells were pretreated

with cationic liposomes (46.5 mg/ml) for 3 h. Values are expressed as the percent of

total enzyme activity (n = 6) (**p < 0.01).
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3 h: the amount of IgE bound to FceRI on the cells was similar in
both treatments (Fig. 1 upper panels). A punctate distribution of
IgE was observed in antigen-stimulated cells as shown in Fig. 1A
lower panels. The change in antigen-induced IgE distribution in
cells pretreated with the cationic liposomes was similar to that
observed in the absence of liposomes, as shown in Fig. 1B. These
data suggested that the cationic liposomes affected neither the
binding of IgE to FceRI nor the distribution of IgE on the plasma
membrane induced by antigen addition.

3.2. Effects of the cationic liposomes on degranulation

The effects of the cationic liposomes on degranulation in RBL-
2H3 cells were examined. When RBL-2H3 cells were pretreated
with cationic liposomes at 23.3 or 46.5 mg/ml for 3 h, the
amount of b-hexosaminidase released for 30 min after antigen
addition was significantly decreased in a dose-dependent
manner, as shown in Fig. 2A. To study the inhibitory pathway
of degranulation by the cationic liposomes, we stimulated RBL-
2H3 cells with thapsigargin and PMA. Costimulation with
thapsigargin and PMA is often used to mimic antigen stimula-
tion without cross-linking of FceRI because thapsigargin and
PMA induce Ca2+ leakage from the ER by inhibition of the
sarcoplasmic/endoplasmic reticulum Ca2+-ATPases and activa-
tion of PKC, respectively. The cationic liposomes significantly
inhibited degranulation caused by costimulation of PMA and
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thapsigargin, as shown in Fig. 2B. When RBL-2H3 cells were
stimulated by thapsigargin or PMA individually, degranulation
did not increase with or without cationic liposomes pretreat-
ment (data not shown). This suggested that pretreatment with
cationic liposomes suppressed degranulation of antigen-acti-
vated RBL-2H3 cells by inhibiting the intracellular signaling
pathway after cross-linking of FceRI.

3.3. Effects of the cationic liposomes on [Ca2+]i

Mobilization of [Ca2+]i has a marked effect on degranulation;
therefore, [Ca2+]i in RBL-2H3 cells was measured after antigen
stimulation in order to elucidate step at which the cationic
liposomes inhibited the intracellular signaling pathway. The
increase in [Ca2+]i in RBL-2H3 cells was maintained at a high
concentration after antigen addition. When RBL-2H3 cells
pretreated for 3 h with cationic liposomes were stimulated
with antigen, the increase in [Ca2+]i diminished in a dose-
dependent manner, as shown in Fig. 3A and B. Furthermore, the
reduction of the antigen-induced maintained elevation of [Ca2+]i

was dependent on the duration of cationic liposome-pretreat-
ment as shown in Fig. 3C and D. Subsequently, we investigated
whether the cationic liposomes suppressed the increase in
[Ca2+]i after costimulation with thapsigargin and PMA. While
costimulation with thapsigargin and PMA led to a marked
increase in [Ca2+]i in untreated RBL-2H3 cells, pretreatment with
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cationic liposomes (46.5 mg/ml) for 3 h diminished the increase
in [Ca2+]i, as shown in Fig. 4A. Comparison of the average [Ca2+]i

elevations showed that pretreatment with cationic liposomes
significantly suppressed the increase in [Ca2+]i after costimula-
tion with thapsigargin and PMA, as shown in Fig. 4B. These
results suggested that the cationic liposomes inhibited Ca2+

release from the ER and/or Ca2+ entry through the plasma
membrane in activated RBL-2H3 cells.

3.4. Inhibition of SOCE by the cationic liposomes

To address the mechanism of diminished [Ca2+]i elevation
by cationic liposomes, RBL-2H3 cells were stimulated with
antigen in the absence of extracellular Ca2+. As shown in
Fig. 5A, there was no difference in [Ca2+]i elevation induced by
antigen in the absence of extracellular Ca2+ in RBL-2H3 cells
pretreated with or without cationic liposomes (46.5 mg/ml)
for 3 h. The same result is shown for the average [Ca2+]i

elevation in Fig. 5B (white bars). However, the subsequent
addition of Ca2+ (3 mM) to the extracellular buffer, which
induced SOCE through the plasma membrane, showed that
pretreatment with cationic liposomes significantly inhibited
SOCE (Fig. 5A and B; gray bars). This indicated that the cationic
liposomes inhibited SOCE but not Ca2+ release from ER in
activated mast cells.
3.5. Inhibition of SNARE phosphorylation by the cationic liposomes

SNAREs are widely accepted to play a major role in the
exocytotic activity of mast cells [25–29]. Here, we detected the
phosphorylation of SNAP-23 and syntaxin-4 SNARE proteins,
which are reported to have major roles in the exocytic pathway in
RBL-2H3 cells. Both SNAP-23 and syntaxin-4 were phosphorylated
after antigen stimulation, whereas pretreatment with cationic
liposomes for 3 h significantly inhibited their phosphorylation, as
shown in Fig. 6A and B. This suggested that the cationic liposome-
mediated decrease in sustained [Ca2+]i after antigen addition led to
the inhibition of SNAP-23 and syntaxin-4 phosphorylation.

3.6. Inhibition of vascular permeability by cationic liposomes in mice

The effect of cationic liposomes was investigated on immedi-
ate-type allergic reaction in mice because the cationic liposomes
were found to suppress degranulation in mast cells by inhibiting
SOCE and SNARE phosphorylation in vitro. The specific mast cell
activator compound 48/80 was subcutaneously injected into the
abdomen of mice that had received an intravenous injection of
Evans blue. Leakage of the dye from blood vessels to skin tissue
was observed. The amount of leakage was lesser in mice that had
been subcutaneously injected with the cationic liposomes than in
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non-treated mice, as shown in Fig. 7. This suggested that the
cationic liposomes suppressed the elevation in vascular perme-
ability induced by mast cell activation, which is an important
symptom of immediate-type allergic reaction in mice.

4. Discussion

Cationic liposomes are used as vectors for effective means of
introducing foreign genes to target cells; a function that is aided by
their low immunogenicity and toxicity, and the advantages offered
by easy preparation and targeting [1–7]. Because cationic
liposomes are known to affect immunocompetent cell function
[11–14], we investigated their influence on mast cell activation in

vitro and allergic reaction in vivo. On the basis of our previously
obtained data [32–35], the cationic liposomes used in this study
consisted of DOPE and a cholesterol derivative containing a
hydrophilic amino head group, OH-Chol. The cationic liposomes
attached to the plasma membrane of mast cells (Fig. 1) as
previously observed during gene transfection experiments using
the same liposomes and target cells such as NIH-3T3 cells. The
attached liposomes affected neither the binding of IgE and FceRI
nor antigen-induced cross-linking of FceRI, suggesting that the
events on the plasma membrane involved in activation of mast
cells occurred in liposome-attached cells in a similar manner to
non-treated cells.

Despite antigen-induced cross-linking of FceRI, degranulation
was significantly inhibited in mast cells pretreated with cationic
liposomes in a dose-dependent manner (Fig. 2A). The cationic
liposomes also suppressed degranulation induced by costimula-
tion with thapsigargin and PMA, which led to mast cell activation
without cross-linking of FceRI by directly increasing [Ca2+]i and
activating PKC, respectively (Fig. 2B). From these results, we
hypothesized that suppression of degranulation by the cationic
liposomes was not attributable to inhibition of a signaling process
prior to [Ca2+]i elevation and PKC activation. To address the step in
the degranulation process that was inhibited by the cationic
liposomes, we investigated the effect on [Ca2+]i mobilization.
Measurement of Ca2+ release from ER and subsequent SOCE (Ca2+

entry through the plasma membrane in response to the decrease in
Ca2+ concentration in the ER) revealed that the cationic liposomes
inhibited Ca2+ release from SOCE but not from ER. SOCE is known to
play an essential role in degranulation of antigen-stimulated mast
cells because degranulation is attenuated in mast cells stimulated
in the absence of extracellular Ca2+ [43–46]. These results
suggested that the cationic liposomes suppressed degranulation
by inhibiting SOCE in activated mast cells.

Furthermore, we investigated the effect of the cationic
liposomes on the phosphorylation of SNARE proteins that are
essential for exocytotic release in non-neuronal secretory cells
[47,48]. In mast cells, phosphorylation of SNARE proteins, such as
SNAP-23 and syntaxin-4, also played significant roles in membrane
fusion between secretory granules and the plasma membrane
[26,49–51]. We found that the antigen-induced phosphorylation of
SNAP-23 and syntaxin-4 was inhibited by cationic liposomes
(Fig. 6). We previously showed that the exocytotic release involved
in SNARE proteins required a sustained increase in [Ca2+]i for
membrane fusion between secretory granules and the plasma
membrane [52]. The inhibition of SNARE phosphorylation by the
cationic liposomes was considered to result from the decrease in
the sustained level of [Ca2+]i by inhibition of SOCE. As shown in
Fig. 6, phosphorylation of SNAP-23 and syntaxin-4 were detected
in RBL-2H3 stimulated by antigen with or without cationic
liposome pretreatment. Previous study also showed that phos-
phorylation of SNAP-23 and syntaxin-4 in RBL-2H3 or mast cells
were detected when cells were not stimulated [50,53]. Thus we
thought that there might be components in cell culture medium to
phosphorylate the SNAP-23 and syntaxin-4 without stimulation.

Adherence of the cationic liposomes to the plasma membrane
appeared to diminish the function of store-operated Ca2+ channels
(SOC) on the plasma membrane. However, the mechanism of SOC
inhibition by the cationic liposomes remains to be elucidated. The
cationic liposomes, which are positively charged on the surface, are
able to attach to negatively charged cell surfaces. Several studies
have shown that cationic liposomes could bind to membrane
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protein components, such as proteoglycans and glypican, and to
negatively charged extracellular matrix cell components [54,55].
Although more detailed studies are required, the cationic
liposomes may inhibit SOC function by physically masking channel
components or by distorting channel structure. For example,
plasma membrane lipid raft domains, which contains the caveolin
involved in the generation of caveolae lipid raft, anchors STIM1
(stromal interaction molecule 1) at specific ER-plasma membrane
junction, regulating the SOCE [56]. Meanwhile, several studies
showed that some cationic liposomes could enter cells via
caveolae-mediated pathways [57–59]. Therefore cationic lipo-
somes have the possibility to inhibit the SOCE by adhesion of
cationic liposomes to the plasma membrane lipid raft domain.

Finally, we investigated whether the cationic liposomes could
inhibit allergic reaction mediated by mast cell activation in vivo.
Some inflammatory mediators released by degranulation, such as
histamine, enhance blood vessel permeability [60]. We measured
vascular protein leakage using Evans blue, which can bind to
albumin leaked from blood vessels when vascular permeability is
increased by mast cell activation [61]. The cationic liposomes
showed suppression of vascular protein leakage to the skin in
response to mast cell activation (Fig. 7). This suggested that the
cationic liposomes are able to inhibit at least the vascular leakage
component of the allergic reaction mediated by mast cells in vivo.

In this study, we showed that cationic liposomes composed of
DOPE and OH-Chol had the ability to inhibit activation of mast cells
in vitro and to diminish induced vascular permeability. The cationic
liposomes suppressed SOCE, leading to a decrease in the sustained
level of [Ca2+]i and inhibition of SNARE phosphorylation conse-
quently leading to suppression of mast cell degranulation. To our
knowledge, the inhibitory effect on allergic reaction demonstrates
a novel property of cationic liposomes. The potential of cationic
liposomes as anti-allergic drug carriers possessing anti-allergic
action is a novel feature of cationic liposomes demonstrated in this
study, which may lead to the development of innovative
treatments for allergic diseases.

In conclusion, these findings suggest that the cationic
liposomes used in this study exert an anti-inflammatory effect
by inhibiting mast cell degranulation in vitro and in vivo. These data
reveal novel properties of cationic liposomes and have the
potential for development into efficient liposome-based thera-
peutic approaches to allergy diseases.
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