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Abstract

Anti-allergic effects of dietary polyphenols were extensively studied in numerous allergic disease 

models, but the molecular mechanisms of anti-allergic effects by polyphenols remain poorly 

understood. In the present study, we show that the release of granular cargo molecules, contained 

in distinct subsets of granules of mast cells, is specifically mediated by two sets of SNARE 

(soluble N-ethylmaleimide-sensitive factor attachment protein receptor) proteins, and that various 

polyphenols differentially inhibit the formation of those SNARE complexes. Expression analysis 

of RBL-2H3 cells for 11 SNARE genes and a lipid mixing assay of 24 possible combinations of 

reconstituted SNAREs indicated that the only two active SNARE complexes involved in mast cell 

degranulation are Syn (syntaxin) 4/SNAP (23 kDa synaptosome-associated protein)-23/VAMP 

(vesicle-associated membrane protein) 2 and Syn4/SNAP-23/VAMP8. Various polyphenols 

selectively or commonly interfered with ternary complex formation of these two SNARE 

complexes, thereby stopping membrane fusion between granules and plasma membrane. This led 

to the differential effect of polyphenols on degranulation of three distinct subsets of granules. 

2Correspondence may be addressed to either of these authors (dhkweon@skku.edu or colishin@iastate.edu).
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These results suggest the possibility that formation of a variety of SNARE complexes in numerous 

cell types is controlled by polyphenols which, in turn, might regulate corresponding membrane 

trafficking.
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INTRODUCTION

The incidence of allergic disorders has dramatically increased over the last few decades. A 

wide variety of factors, including those of the environment, genetics, hygiene and diet, are 

known to influence the development of related diseases such as atopy, asthma and rhinitis. 

Although several therapeutic options such as corticosteroids and antihistamines are available 

as an anti-allergic therapy, polyphenols are now gaining special interest because adverse 

effects associated with chronic use are relatively rare with the abundant evidence of their 

efficacy. Furthermore, polyphenols are found in abundance within our daily diet including 

vegetables, fruit, tea, cocoa and coffee. The efficacy of polyphenols was extensively 

investigated using numerous disease models, and the safety profile of the dietary 

polyphenols points to the potential of the polyphenols as anti-allergy agents [1–6]. In spite 

of those clear beneficial effects of polyphenols, the mechanism of their specific function as 

anti-allergic agents remains surprisingly an open question. Polyphenols are known to exhibit 

antiallergic activity by scavenging free radicals [4,7–9], or through binding to allergenic 

proteins [10–12], affinity receptors [13] and intracellular signalling enzymes [14–17].

Mast cells (specialized secretory cells) are recognized as the major effector cells of type 1 

hypersensitivity reactions owing to FcεRI (high-affinity receptor for IgE) [18]. They are 

known to play a pivotal role in host defence by discharging a variety of biologically active 

inflammatory mediators, including histamine, serotonin, heparin, serine proteases, 

chemotactic factors and specific immune-regulatory cytokines. They are also closely related 

to allergic diseases including atopic rhinitis, asthma and atopic dermatitis. Mast cells acutely 

respond to specific allergens or other stimuli by releasing various internal components [19]. 

Following stimulation, cross-linking of FcεRI on the cell surface by multivalent antigens 

activates intracellular signalling cascades, which leads to degranulation [18]. Three types of 

granules in mast cells have been reported [20,21]. Type I and type II granules were both 

labelled by MHC class II and lysosomal markers, such as β-hexosaminidase. Serotonin 

(amine) was localized to type II and III granules, of which the latter type did not contain 

MHC class II. It was suggested that types I (amine-free lysosome) and III (secretory 

granules) might form type II granules (lysosomal amine containing secretory granule) by a 

fusion event [20].

Exocytosis of these granular contents requires the fusion of the granular membrane and the 

plasma membrane. It is well established that the degranulation of mast cells is mediated by 

membrane-anchored SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein 

receptors) proteins [22,23]. SNARE proteins promote membrane fusion between the vesicle 
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and the plasma membrane, and open a fusion pore through which allergy mediators are 

secreted. On stimulation of FcεRI, IκB (inhibitor of nuclear factor κB) kinase 2 

phosphorylates SNAP-23 (23 kDa synaptosome-associated protein), and in turn, the 

phosphorylated SNAP-23 recruits Syn (syntaxin) 4 and VAMP (vesicle-associated 

membrane protein) 2 to form the ternary SNARE complex [24]. Several isoforms of SNARE 

proteins working in mast cells have been identified, which are different from neuronal 

SNAREs [23,25,26]. Previous studies have suggested Syn3, Syn4 and SNAP-23 as t-

SNAREs (target SNAREs) on mast cell plasma membrane. On the granule membrane, 

VAMP2, VAMP3, VAMP7 (TI-VAMP; tetanus toxin-insensitive VAMP) and VAMP8 have 

been reported as v-SNAREs (vesicle SNAREs) [26,27]. Although these SNARE proteins are 

thought to be involved in membrane fusion in mast cells, the functional ternary SNARE 

complex mediating mast cell degranulation has not been unequivocally characterized. 

Several studies through immunoprecipitation using recombinant SNARE proteins or 

antibodies by permeabilizing mast cells with streptolysin-O, or RNA interference 

technology aimed at characterizing the ternary SNARE complex in mast cells, have yielded 

the controversial results that suggest different SNARE complex models [23,28–32].

Our previous study demonstrated that some polyphenols could stop neuronal SNARE 

zippering [33]. ‘SNARE zippering’ is a term applied to the process of directional SNARE 

complex formation, starting from the membrane-distal N-terminus to the membrane-

proximal C-terminus. Membrane fusion intermediates such as hemifusion and partially 

zipped SNARE complexes, which are otherwise transient, could be captured and dissected 

by the identified polyphenols [33]. The polyphenols did indeed impair neuroexocytosis by 

inhibiting SNARE complex formation in neuron and paralysed muscles [34].On the basis of 

these results, we hypothesized that some polyphenols interfere with SNARE complex 

formation in cells other than neuronal cells, although the functional SNARE complex-

containing proteins might be different. Mast cells were selected to demonstrate our 

hypothesis, as the secretory behaviours of mast cells have been relatively well characterized. 

The major challenge of this hypothesis was, however, to explain how polyphenols 

differentially regulate the degranulation of distinct subsets of secretory granules, of which 

exocytosis is controlled by different v-SNAREs. On the basis of our observations, it is 

suggested that SNARE complexes are common targets of many polyphenols.

MATERIALS AND METHODS

Materials

POPC (1-palmitoyl-2-dioleoyl-sn-glycero-3-phosphatidylcholine), DOPS (1,2-dioleoyl-sn-

glycero-3-phosphatidylserine), cholesterol, NBD-PS [1,2–dioleoyl-sn-glycero-3-

phosphoserine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)] and rhodamine–PE [1,2– dioleoyl-sn-

glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)] were obtained from 

Avanti Polar Lipids. All other chemicals were purchased from Sigma–Aldrich.

Yang et al. Page 3

Biochem J. Author manuscript; available in PMC 2016 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Antibodies

Anti-SNAP-23 (ab4114), anti-VAMP8 (ab6186) and anti-Syn4 (ab101879) polyclonal sera 

and anti-SNAP-23 monoclonal antibody (ab57961) were purchased from Abcam. Anti-

VAMP2 (V1389) and anti-β-actin (A1978) antibodies were purchased from Sigma.

Cell culture

The RBL-2H3 cells from the A.T.C.C. (CRL-2256) were cultured in DMEM (Dulbecco’s 

modified Eagle’s medium) with high glucose supplemented with 10% heat-inactivated fetal 

bovine serum and antibiotics, at 37°C in an atmosphere of 5% CO2.

Mast cell stimulation and degranulation assay—Degranulation assays, described in 

detail elsewhere [35,36], were performed by determining the amount of released β-

hexosaminidase or histamine into the supernatant. Briefly, RBL-2H3 mast cells were plated 

overnight in 500 µl of culture media in 24-well plates (2 × 105 cells/well). After cells were 

washed with the Hepes-buffered saline solution [140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 

0.6 mM MgCl2, 0.1% glucose, 0.1% BSA and 10 mM Hepes (pH 7.4)], they were sensitized 

by anti-DNP (dinitrophenyl)-IgE (100 ng/ml; Sigma) for 3 h, and then further incubated 

with or without polyphenols (10 µM) for 30 min. After incubation, cells were stimulated 

with DNP groups that had been conjugated with BSA (200 ng/ml, DNP-BSA) for antigen-

induced degranulation, or 10 µMA23187 for ionophore-induced degranulation. 

Degranulation was carried out in Hepesbuffered saline solution for 30 min at 37°C and was 

quantified by measurement of β-hexosaminidase or histamine activity via colorimetric 

biochemical assay. Aliquots of supernatant were transferred to a 96-well plate (50 µl/well) 

and incubated with 50 µl of substrate solution [(1 mM p-nitrophenyl-N-acetyl-β-D-

glucosaminide in 100 mM citrate buffer (pH 4.5)] for 3 h at 37°C. After the reaction was 

terminated with 100 µl NaCO3 and NaHCO3 buffer [1:1 mixture, 100 mM NaCO3/NaHCO3 

(pH 10.0)], absorbance at 405 nm was measured using a microplate reader. The release 

activity relative to the total β-hexosaminidase content of the cells was calculated. Total β-

hexosaminidase content (lysate) was determined by dissolving cells with 0.1% Triton X-100. 

The supernatant was also used to measure the release of histamine, by following 

themanufacturer’s protocol for the EIA (enzyme immunoassay) system (Oxford Biomedical 

Research). The percentage of β-hexosaminidase or histamine release was calculated using 

eqn (1) [37]:

T (test): DNP-BSA (+), polyphenol (+)/B (blank): DNPBSA (−), polyphenol (+)/C (control): 

DNP-BSA (+), polyphenol (−)/N (normal): DNP-BSA (−), polyphenol (−).

Co-immunoprecipitation and immunoblotting analysis

A total of (0.5–1) × 106 cells were lysed with 1 ml of lysis buffer [50 mM Tris/HCl, 150 mM 

NaCl, 1% (v/v) Triton X-100 and 1 mM EDTA (pH 7.5)] containing a protease inhibitor 

cocktail (Calbiochem). The lysates were centrifuged at 13000 g for 15 min at 4°C to remove 

cell debris, and pre-cleared with 100 µl of Protein G–Sepharose (GE Healthcare) for 2 h at 
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4°C. Antibodies against SNARE proteins (SNAP-23, Syn4, VAMP2 and VAMP8) were 

added to the pre-cleared lysates and allowed to bind for 2 h at 4°C. Antibody–antigen 

complexes were precipitated by the addition of Protein G slurry for overnight. After 

extensive washing with lysis buffer, the precipitates were subjected to immunoblotting 

analysis. Immunoprecipitated proteins and cell lysates were analysed by separation on 

SDS/12% PAGE gels, transferred on to nitrocellulose membranes (Whatman). After 

blocking with TBST [10 mMTris/HCl, 150 mMNaCl and 0.05% Tween 20 (pH 8.0)] 

containing 5%(w/v) non-fat dried skimmed milk powder and 0.5% BSA for 1 h at room 

temperature (25 °C), blots were probed with the primary antibody against SNAP-23 or Syn4 

(1:1000 dilution) overnight. After being washed with TBST, the membrane was treated with 

HRP (horseradish peroxidase)-conjugated secondary anti-(mouse IgG) antibody (A4416; 

Sigma), and developed using an ECL (enhanced chemiluminescence) solution.

RNA isolation and reverse transcription–PCR

Total RNA was isolated from RBL-2H3 cells using the TRIzol® reagent (Qiagen) according 

to the manufacturer’s instructions. Briefly, 106 cells were homogenized by the addition of 1 

ml of TRIzol®. Chloroform (200 µl) was added to the TRIzol® lysate, which was then mixed 

and incubated for 3 min at room temperature. The solution was then centrifuged at 13000 g 
for 10 min at 4°C in a microcentrifuge. Following centrifugation, the upper aqueous phase 

was transferred to a new tube, and the same volume of propan-2-ol was added, after which 

RNA purification was performed as described in the manufacturer’s instructions. RNA was 

quantified using a spectrophotometer at 260 nm and the quality was determined by A260/

A280 ratios. Reverse transcription was performed using MMLV (Moloney murine leukaemia 

virus) reverse transcriptase (Promega) using 4 µg of total RNA. Semi-quantitative PCR of 

the expression of SNARE genes was performed under the conditions detailed in 

Supplementary Table S1 at http://www.biochemj.org/bj/450/bj4500537add.htm.

Cloning, expression and purification of recombinant protein preparation

Total RNA obtained from RBL-2H3 cells was reverse-transcribed into cDNA. The generated 

cDNAs were used to obtain genes for SNAP23, SYNTAXIN4, VAMP2, VAMP4, VAMP7 

and VAMP8. The PCR products were cloned into the pGEX-4T-1 vector in order to purify as 

GST (glutathione transferase)-tagged proteins. Protein expression and purification 

procedures for mast cell SNARE proteins have been described previously [33]. Briefly, 

transformed Escherichia coli BL21(DE3) Codon(+) cells were grown in LB (Luria–Bertani) 

medium to a D600 of 0.8, and protein expression was induced by 0.3 mM IPTG (isopropyl β-

D-thiogalactopyranoside) treatment. GST–SNAREs were purified with glutathione–agarose 

beads, and GST was cleaved by thrombin. The purified proteins were examined by SDS/

12.5% PAGE, and the purity was at least 90% for all proteins.

Reconstitution of SNARE proteins into membranes

A total of 100 nm LUVs (large unilamellar vesicles) were prepared by extrusion through 

polycarbonate filters (Avanti Polar Lipids). The lipid molar ratios for the FRET 

(fluorescence resonance energy transfer) reactions were 65:35 (v/v) POPC/DOPS for the t-

vesicles (vesicles that contain t-SNARE protein) and 62:35:1.5:1.5 (by vol.) POPC/
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DOPS/NBD/rhodamine B for the v-vesicles (vesicles that contain v-SNARE protein). Binary 

t-SNARE complex and VAMP2 or VAMP8 were reconstituted into t-vesicles and v-vesicles 

with a 50:1 lipid/protein ratio as described previously [33,38]. The final lipid concentration 

of each t- and v-vesicles was 1 mM.

FRET-based lipid mixing assay

To measure total lipid mixing, v-SNARE liposomes were mixed with t-SNARE liposomes at 

a ratio of 1:9. Fluorescence was measured at excitation and emission wavelengths of 465 and 

530 nm respectively. Changes in fluorescence were recorded with a SpectraMax M2 

(Molecular Devices) fluorescence spectrophotometer. The maximum fluorescence intensity 

was determined by adding 0.1% Triton X-100. All lipid mixing experiments were carried out 

at 37°C as described previously [39].

UV absorbance measurement

The UV absorption spectra of the polyphenols were recorded on a SpectraMax M2 

spectrophotometer at a concentration of 20 µM in buffer solution [50 mM Tris/HCl, 150 mM 

NaCl and 2.5 mM CaCl2 (pH 8.0)]. The absorption spectra of the SNARE complex/

polyphenol mixtures were measured from 250 to 700 nm at a polyphenol–SNARE complex 

molar ratio of 0.8 [40].

RESULTS

Differential effects of polyphenols on histamine and β-hexosaminidase release

Mast cells contain enzymes and inflammatory mediators including histamine and β-

hexosaminidase. β-Hexosaminidase, stored in the secretory granules of the mast cells, is 

released concomitantly with histamine when the mast cells are immunologically activated 

[41,42]. Many polyphenols are known to be anti-allergic because they inhibit β-

hexosaminidase and/or histamine release frommast cells [1]. Thus we tested whether all 

polyphenols concomitantly inhibit histamine and β-hexosaminidase release. A total of 32 

polyphenolic compounds representative of 11 subclasses of polyphenols (Supplementary 

Figure S1a at http://www.biochemj.org/bj/450/bj4500537add.htm) were used to treat 

RBL-2H3 cells. We also tested LY (Ly294002), a PI3K (phosphoinositide 3-kinase) 

inhibitor, as a positive control. After stimulating degranulation with IgE and DNP-BSA, the 

released β-hexosaminidase and histamine were analysed (Supplementary Figures S1b and 

S1c). Surprisingly, the inhibitory activity of various polyphenols was quite selective to β-

hexosaminidase or histamine release. For example, CY (cyanidin) and GN (gosmisin N) did 

not inhibit β-hexosaminidase release, but markedly inhibited histamine release (in red 

circle). In sharp contrast, some polyphenols such as FA (ferulic acid), DL (delphinidin) and 

CA (caffeic acid) inhibited 40–60% histamine release, whereas they did not affect β-

hexosaminidase release (in blue circle). Other polyphenols such as MR (myricetin), LT 

(luteolin) and AP (apigenin) commonly and almost equally inhibited β-hexosaminidase and 

histamine release comparable with the effects by LY (in yellow circle). In general, flavonols 

(labelled in cyan) strongly inhibited β-hexosaminidase release, but their effect on histamine 

release varied with a wide range of 10–80%. Similarly, when the mast cell was degranulated 

by calcium ionophore A23187, the effect of polyphenols on β-hexosaminidase release was 
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almost the same as that induced by IgE + DNPBSA (Supplementary Figure S2 at http://

www.biochemj.org/bj/450/bj4500537add.htm). This result excludes the possibility that the 

differential effect of polyphenols on mast cell degranulation is dependent on the stimulation 

method. On the basis of our observation of the selective inhibition of histamine or β-

hexosaminidase release, we conclude that the inhibitory effect of polyphenols on mast cell 

degranulation is granule-specific.

Functional ternary complexes involved in mast cell degranulation

Previous studies have identified several isoforms of SNARE in mast cells [23,32]. However, 

our understanding of the functional SNARE complexes responsible for mast cell exocytosis 

is still far from complete, and the processes involved in the regulation of mast cell 

degranulation remain largely elusive. To resolve this issue, we employed a SNARE-driven 

lipid mixing assay, which was first developed in order to show that SNARE complex is 

minimal fusion machinery [39], and is now widely employed to elucidate various features of 

neuronal exocytosis [43]. Before performing the lipid mixing assay, we analysed expression 

of SNARE genes using reverse transcription–PCR (Figure 1a). Consistent with previous 

findings [23,32,44], Syn1a and neuron-specific SNAP-25 (25 kDa synaptosome-associated 

protein) were not expressed in RBL-2H3 cells, whereas Syn3, Syn4, Syn5, SNAP-23, 

VAMP2, VAMP4, VAMP7 and VAMP8 were expressed. We then reconstituted purified 

SNARE proteins into LUVs and measured the lipid mixing ability of various combinations 

(Figure 1b). Even though SNAP-25 was able to induce lipid mixing in combination with 

various SNARE proteins (Supplementary Figure S3 at http://www.biochemj.org/bj/450/

bj4500537add.htm), SNAP-25-containing ternary complexes cannot be the mediators of 

mast cell degranulation, as SNAP-25 is not expressed inmast cells [23,32] (Figure 1a). For 

the same reason, Syn1a-containing ternary complexes were excluded regardless of whether 

they were fusogenic or not. When the t-SNARE complex was composed of SNAP-23 and 

Syn3, it was not able to induce membrane fusion with any of the tested v-SNARE proteins. 

However, the t-SNARE complex composed of SNAP-23 and Syn4 was able to induce lipid 

mixing with VAMP2 and VAMP8, but not with VAMP4 and VAMP7. Although Syn5 was 

not tested because it could not be recovered in a soluble form, a previous study excluded the 

involvement of Syn5 for fusion in mast cells [23]. Therefore we concluded that SNAP- 23/

Syn4/VAMP2 and SNAP-23/Syn4/VAMP8 were the only two functional ternary SNARE 

complexes that are validated in mast cells (Figure 1c).

Differential inhibition of SNARE-driven membrane fusion by polyphenols

The lipid mixing assay was performed using the two validated combinations of SNARE 

proteins (SNAP-23/Syn4/VAMP2 and SNAP-23/Syn4/VAMP8) in the presence of 

polyphenols. Several fusion traces clearly indicated that polyphenols could differentially 

inhibit the lipid mixing driven by SNAP- 23/Syn4/VAMP2 or SNAP-23/Syn4/VAMP8 

(Figure 2). When DL was present, lipid mixing driven by the combination of SNAP-23/

Syn4/VAMP8 was strongly inhibited, but SNAP- 23/Syn4/VAMP2-driven lipid mixing was 

not affected. In contrast, RT (rutin) did not inhibit SNAP-23/Syn4/VAMP8- driven fusion, 

but did inhibit SNAP-23/Syn4/VAMP2-driven fusion. GA (gomisin A) affected fusion little 

regardless of SNARE complexes, whereas MR inhibited fusion by both SNARE complexes 

(Figure 2). These results suggest that the inhibitory effect of polyphenol on SNARE-driven 

Yang et al. Page 7

Biochem J. Author manuscript; available in PMC 2016 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.biochemj.org/bj/450/bj4500537add.htm
http://www.biochemj.org/bj/450/bj4500537add.htm
http://www.biochemj.org/bj/450/bj4500537add.htm
http://www.biochemj.org/bj/450/bj4500537add.htm


membrane fusion is dependent on the combination of SNARE proteins rather than on the 

individual SNARE protein, giving us a clear insight into the way polyphenols differentially 

regulate mast cell degranulation.

In order to fully understand the inhibitory activity of polyphenols on SNARE-driven 

membrane fusion, all 32 compounds were subjected to the lipid mixing assay. For this assay, 

three SNARE complexes were prepared: two for mast cells complexes (SNAP-23/Syn4/

VAMP2 and SNAP-23/Syn4/VAMP8) and one for neuronal complex (SNAP-25/Syn1/

VAMP2). After reading all 96 fusion traces, the inhibition percentage of polyphenols relative 

to that of the control was calculated. Scatter plots of these values clearly show that each 

polyphenolic compound differentially affected the SNARE complexes (Supplementary 

Figure S4 at http://www.biochemj.org/bj/450/bj4500537add.htm). For example, DL 

inhibited ~90% SNAP-25/Syn1/ VAMP2-driven fusion, and ~60% SNAP-23/Syn4/VAMP8- 

driven fusion, but had little effect on SNAP-23/Syn4/VAMP2- driven fusion. AP inhibited 

little SNAP-25/Syn1/VAMP2-driven fusion, but inhibited ~90% SNAP-23/Syn4/VAMP8-

driven and ~40% SNAP-23/Syn4/VAMP2-driven fusion. MR commonly inhibited all three 

SNARE complex-driven fusion events with 75– 90% efficiency. GA, SC (schizandrin), FA 

and PH (phloridzin) did not affect any of the SNARE-driven fusions. In the absence of 

SNARE protein reconstitution, no polyphenol induced lipid mixing, excluding the 

possibility of SNARE-independent membrane fusion by polyphenols. Furthermore, there 

was little turbidity change at the tested polyphenol concentration, indicative of no liposome 

aggregation by polyphenols.

Next, we tested whether these differential inhibitions of membrane fusion occurred as a 

direct consequence of the differential binding of polyphenols to different SNARE 

complexes. Although the binding of several polyphenols to the inner layer of neuronal 

SNARE complex (Syn1/SNAP-25/VAMP2) could be visualized by Nitro Blue Tetrazolium 

staining [33], the same in-gel visualization method was inapplicable to mast cell SNAREs, 

as neither of the mast cell SNARE complexes are SDS-resistant. As an alternative approach, 

we therefore measured the bathochromic shift of the polyphenols, which occurs when a 

light-absorbing molecule binds to macromolecules. After preparing soluble SNARE motifs 

of the SNARE proteins, absorption spectra of the polyphenols were measured in the 

presence or absence of the SNARE proteins (Figure 3). Three equimolar SNARE proteins 

were added to each of the polyphenols at a polyphenol/each SNARE protein molar ratio of 

0.8. DL, QT (quercetin) and FS (fisetin) exhibited an apparent bathochromic shift only when 

they were mixed with Syn4S, SNAP-23 and VAMP8S, clearly indicating that these three 

polyphenols exclusively bind to the Syn4/SNAP-23/VAMP8 complex, and not to the Syn4/

SNAP-23/VAMP2 complex. In contrast, CY and RT did not bind to the Syn4/SNAP- 23/

VAMP8 complex, but bound to Syn4/SNAP-23/VAMP2. MR and LT showed a 

bathochromic shift with both SNARE complexes, whereas KP (kaempferol) did not exhibit 

such a shift with any complex. Free VAMP2S, VAMP8S or a Syn4/SNAP-23 binary 

complex induced much less bathochromic shift of polyphenols compared with 

corresponding ternary complexes (Supplementary Figure S5 at http://

www.biochemj.org/bj/450/bj4500537add.htm), suggesting that polyphenol binding to 

SNARE complex is specific to the ternary complex, but not to a single SNARE protein. The 

effect of polyphenols on bathochromic shift was perfectly consistent with the SNARE-driven 
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lipid mixing assay, indicating that polyphenols differentially inhibited SNARE-driven 

membrane fusion by specifically binding to different SNARE complexes.

Differential inhibition of SNARE-mediated exocytosis of distinct subsets of granules by 
polyphenols

In order to establish the relationship between mast cell degranulation and SNARE-driven 

membrane fusion, both of which are affected by polyphenols, the inhibition percentage of 

degranulation of Supplementary Figure S1 and percentage of inhibition of SNARE-driven 

fusion of Supplementary Figure S4 by each polyphenol were scattered on planes (Figure 4, 

and Supplementary Figure S6 at http://www.biochemj.org/bj/450/bj4500537add.htm). We 

plotted four planes for SNAP- 23/Syn4/VAMP8-driven fusion compared with inhibition of 

β-hexosaminidase release (Figure 4a); SNAP-23/Syn4/VAMP2- driven fusion compared 

with inhibition of β-hexosaminidase release (Figure 4b); SNAP-23/Syn4/VAMP8-driven 

fusion compared with inhibition of histamine release (Figure 4c); and SNAP-23/Syn4/

VAMP2-driven fusion compared with inhibition of histamine release (Figure 4d). None of 

the four plots exhibited a clear linear relationship between SNARE-driven fusion and 

degranulation when all of the polyphenols were taken into account (R2 =0.04–0.48). 

However, the inhibition of degranulation was linearly dependent on the inhibition of 

SNARE-driven fusion for some of the polyphenols (shaded area in Figures 4a, 4b and 4d). 

For example, when only 11 polyphenols (in the shaded area in Figure 4a) were taken into 

account, inhibition of β-hexosaminidase release was found to be linearly dependent on the 

inhibition of SNAP-23/Syn4/VAMP8-driven fusion (R2 =0.85 and slope=0.90). Conversely, 

the release of β-hexosaminidase was found to occur independently of the inhibition of 

SNAP-23/Syn4/VAMP2-driven fusion, with no observable correlation between the two 

processes (R2 =0.04) (Figure 4b), consistent with several previous reports [29,32]. Thus it 

seems that many polyphenols, but not all, inhibit β-hexosaminidase release through the 

inhibition of SNAP-23/Syn4/VAMP8-driven fusion. It is further noted that some 

polyphenols such as KP and FA strongly inhibited β-hexosaminidase release, whereas they 

did not affect SNARE-driven fusion, perhaps through inhibiting signalling pathways [14–

17].

Although β-hexosaminidase release was found to be dependent only on the presence of 

VAMP8, histamine release was found to be dependent on both VAMP2 and VAMP8 (Figures 

4c and 4d). Some polyphenols (in the shaded areas) showed an apparent and direct 

relationship between SNAP-23/Syn4/VAMP2- or VAMP8-driven fusion and histamine 

release. However, there were also apparent outliers such as GN, RT and TC (trans-cinnamic 

acid), which did not inhibit SNAP-23/Syn4/VAMP8-driven fusion, but strongly inhibited 

histamine release (Figure 4c). Interestingly, these polyphenols robustly inhibited SNAP-23/

Syn4/VAMP2- driven fusion (Figure 4d), indicating how they reduced the release of 

histamine. Of the three types of granules in mast cells, type I granules are amine-free and 

contain the lysosomal marker β-hexosaminidase [20,21]. Type III granules are known to 

contain histamine, whereas type II granules contain both β-hexosaminidase and histamine. 

On the basis of this suggested classification, VAMP8 controls type I (containing β-

hexosaminidase) and type II (containing both β-hexosaminidase and histamine) granules, 

whereas VAMP2 controls type III (containing histamine) granules. If histamine release is 
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controlled by both VAMP2 and VAMP8, which are located on type III and type II granules 

respectively, inhibition of histamine release should be a simultaneous equation of the 

inhibitions of SNAP-23/Syn4/VAMP2- and SNAP-23/Syn4/VAMP8-driven fusion. We 

therefore applied the simple spontaneous equation H=ax + by, where H is the inhibition 

percentage of histamine release by a compound, × is the inhibition percentage of VAMP2-

driven fusion by the same compound, and y is the inhibition percentage of VAMP8-driven 

fusion by the same compound. The constants a and b determined from the regression process 

would be indicative of the leverage of each SNARE protein on histamine release (Figure 4e). 

After removing six polyphenols {CU (p-coumaric acid), EL (ellagic acid), HD (hesperedin), 

TX (taxifolin), EGCG (epigallocatechin gallate) and EP [(-)-epicatechin]}, which did not 

fall within any of the shaded areas and boxes (Figures 4c and 4d) from the dataset, 26 

polyphenols were fitted into the equation. The extrapolated plane resulted in 0.62 and 0.27 

for a and b respectively, with an R2 value of 0.72, suggesting that ~62% of histamine release 

is mediated by VAMP2, whereas VAMP8 is responsible for ~27% of histamine release. This 

result is consistent with the previous study that an siRNA (small interfering RNA) of 

VAMP8 decreased ~25% of antigen-induced histamine release [32]. On the basis of these 

findings, we expect that type III granules contain ~62% of total histamine and the remaining 

histamines are contained in type II granules, as VAMP2 is solely associated with type III 

granules.

We further investigated whether polyphenols selectively inhibit SNARE complex formation 

in mast cells using co-immunoprecipitation. Western blot analysis was performed using anti-

SNAP-23 antibody after immunoprecipitating SNARE proteins with anti-Syn4 antibody, 

anti-VAMP2 antibody or anti-VAMP8 antibody (Figure 5a). In addition, co-

immunoprecipitated Syn4 protein was evaluated after immunoprecipitating other SNARE 

proteins (Figure 5b). The first columns of Figures 5(a) and 5(b) clearly show that none of the 

polyphenols inhibited the binary t-SNARE complex formation of SNAP-23 and Syn4, with 

the exception of MR. Approximately 20% of t-SNARE complex was inhibited by MR. Also, 

the result shows that IgE stimulation induces t-SNARE complex formation, as well as 

ternary complex formationwithVAMP2 orVAMP8.As expected, polyphenols differentially 

inhibited SNARE complex formation. MR inhibited ternary complex formation of both 

Syn4/SNAP-23/VAMP2 and Syn4/SNAP-23/VAMP8 complex, whereas DL and QT reduced 

only Syn4/SNAP-23/VAMP8 complex formation. CY and GN reduced only Syn4/SNAP-23/

VAMP2 complex formation, whereas KP and GA did not inhibit the formation of any 

complex (Figures 5a and 5b). There was an apparent linear relationship between the 

complex formation in the cell (averaged from relative band intensities of Figures 5a and 5b) 

and in vitro fusion inhibitory activity (Supplementary Figure S4a), indicating that 

polyphenols differentially inhibited specific SNARE-driven fusion by inhibiting complex 

formation, which eventually leads to differential effects on distinct granules of mast cells 

(Figures 5c and 5d). None of the polyphenols repressed the expression of SNARE proteins 

(Figure 5e).

Finally, half-maximal inhibitory concentrations of selected polyphenols on histamine and β-

hexosaminidase were determined (Table 1, and Supplementary Figure S7 at http://

www.biochemj.org/bj/450/bj4500537add.htm). IC50 values of CY and GN against histamine 

release were 8.1 and 14.1 µM respectively, whereas those polyphenols inhibited little β-
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hexosaminidase release even at much higher concentrations. IC50 values of DL and QT 

against histamine release were >50 µM, whereas those against β-hexosaminidase release 

were 13.6 and 5.9 µM respectively. This result confirms SNARE complex-specific inhibition 

of polyphenols, which eventually leads to the inhibition of corresponding exocytosis.

DISCUSSION

In spite of the abundance of polyphenols in our diet, the general belief that diet is closely 

related to allergic responses and the well-documented efficacies of polyphenols on various 

allergic models, the mechanism of how they function as antiallergic agents surprisingly 

remains an open question. One most popular hypothesis is that the endogenous antioxidant 

ability of polyphenols limits the extent of cellular injury from free radicals during the 

allergic insult [4,7–9]. A second hypothesis is that each polyphenolic compound has its 

cognate binding partner. For example, QT, a flavonol, has been postulated to inhibit 

allergen– IgE complex formation, or hinder the binding of the complex to its receptor FcεRI 

[42,45,46]. Also, EGCG is known to have an affinity for CD4 [13]. One of best-known 

examples of a polyphenol binding target is oestrogen receptors, which have been shown to 

interact with isoflavones [47]. In addition to receptors, enzymes involved in various 

signalling pathways seem to be affected by some polyphenols [14–17]. A third possibility is 

that the reduced allergenicity of common food allergens is mediated by polyphenol–protein 

interactions. Proteins complexed with polyphenols may be rendered less allergenic either by 

changing the structure of the allergenic protein or by becoming less bioavailable [10–12]. 

However, even with these plausible postulations, there seems to be an unknown common 

pathway through which various polyphenols reduce allergic responses. First, only small 

numbers of polyphenols have been known to have their own binding partner, whereas most 

polyphenols more or less inhibit the release of allergy mediators from mast cells, 

macrophages, etc. Secondly, FcεRI stimulation of mast cells induces the release of 

lysosomal hydrolases, such as β-hexosaminidase and cathepsin D, in addition to the well-

known cargo molecules of serotonin and histamine [19]. However, none of the above 

hypotheses explain clearly the reason some polyphenols inhibit histamine release, but do not 

inhibit β-hexosaminidase release, and vice versa. Thirdly, even with complexity of multiple 

interactions of various signalling cascades, a simple question remains unanswered: how do 

the signalling cascades differentially affect the release of allergy mediators. In general, little 

is known about the target of polyphenols, and their specific mode of action is still elusive, 

whereas information relating to the effectiveness of various polyphenols on numerous 

allergic disease models is plentiful.

In a previous study, we observed that some polyphenols intercalated into the inner layer of 

neuronal SNARE complex leading to the inhibition of neurotransmitter release from 

neuronal cells [33]. On the basis of these observations, we postulated that SNARE 

complexes in the cells related to allergy responses might be regulated by polyphenols. In 

fact, polyphenols regulated SNARE complex formation in mast cells (Figure 5), resulting in 

degranulation inhibition (Supplementary Figure S1). Some polyphenols specifically bound 

to Syn4/SNAP-23/VAMP2 or Syn4/SNAP-23/VAMP8 ternary complexes, whereas some 

polyphenols concomitantly bound to both complexes (Figure 3 and Supplementary Figure 

S5). This SNARE complex-specific binding of polyphenols coincides very well with the 
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inhibitory effect of the polyphenol on in vitro SNARE-driven membrane fusion results 

(Figure 2 and Supplementary Figure S4). As a result of this selective or common binding of 

polyphenols to two different SNARE complexes (Figure 3), membrane fusion of the 

corresponding granules with plasma membrane was selectively or commonly inhibited 

(Figure 2 and Supplementary Figure S4), leading to polyphenol-mediated differential 

inhibition of degranulation of distinct subsets of granules (Figures 4 and 5). Nevertheless, 

our results do not exclude the possibility that polyphenols’ anti-allergic effects are also 

attributed to the well-known function as antioxidants or as regulators of many signalling 

pathways. Binding of polyphenols to SNARE complexes and to other proteins are not 

necessarily mutually exclusive. Thus we conclude that polyphenols regulate allergenic 

responses by inhibiting SNARE complex formation in mast cells.

The present study also suggests the possibility that SNARE complexes found in other types 

of cells are controlled by polyphenols. All intracellular membrane fusion events are 

mediated by SNARE family members. SNARE proteins are distributed on nearly every 

membrane of all eukaryotic cells, and are implicated at each step of membrane fusion in 

intracellular trafficking pathways. In the cells of the immune system, SNARE-driven 

membrane fusion mediates the delivery of receptors to and from the cell surface, as well as 

the constitutive secretion of immune mediators, phagocytosis and endocytosis, and the 

release of stored inflammatory mediators and products from secretory granules. Neutrophils, 

eosinophils, platelets and mast cells utilize SNARE-driven membrane fusion in order to 

release stored inflammatory granular contents on stimulation [12]. In macrophages, 

SNAREs transport cytokines between intracellular compartments and, eventually, to the cell 

surface for release [48]. Each cell type expresses different combinations of SNARE proteins, 

for which currently 38 SNARE family members are known to be distributed within 

organelles. Thus it is highly probable that polyphenols directly control intracellular 

trafficking pathways by interfering with the formation of various SNARE complexes in 

various cell types.

The inhibitory effects of polyphenols on degranulation of mast cells can be extrapolated into 

human diet and health. Studies on the bioavailability of polyphenols in humans [48,49] 

indicate that plasma concentrations of some polyphenols could reach up to 

severalmicromolar in 1–2 h after ingestion. For example, ingested EGCG as a form of green 

tea extract was as high as 4.4 µM in human plasma. Ingestion of derivatives of QT and 

naringin led to 6.0–7.6 µMplasma concentration. On the basis of current studies of IC50 

values of polyphenol compared with β-hexosaminidase and histamine release, these plasma 

concentrations of polyphenols derived from human diets seem to be high enough to regulate 

human physiology including mast cell degranulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

AP apigenin

CY cyanidin

DL delphinidin

DNP dinitrophenyl

DOPS 1, 2-dioleoyl-sn-glycero-3-phosphatidylserine

EGCG epigallocatechin gallate

FA ferulic acid

FcεRI high-affinity receptor for IgE

FRET fluorescence resonance energy transfer

FS fisetin

GA gomisin A

GN gosmisin N

GST glutathione transferase

KP kaempferol

LT luteolin

LUV large unilamellar vesicle

LY Ly294002

MR myricetin

NBD 1, 2-dioleoyl-sn-glycero-3-phosphoserine-N-(7-nitro-2-1, 3-benzoxadiazol-4-

yl)

POPC 1-palmitoyl-2-dioleoyl-sn-glycero-3-phosphatidylcholine

QT quercetin

RT rutin

SC schizandrin

SNAP-23 23 kDa synaptosome-associated protein

SNAP-25 25 kDa synaptosome-associated protein

SNARE soluble N-ethylmaleimide-sensitive factor attachment protein receptor

Syn syntaxin

t-SNARE target SNARE
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VAMP vesicle-associated membrane protein

v-SNARE vesicle SNARE
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Figure 1. Identification of active SNARE complexes in the mast cells
(a) mRNA expression of various SNAREs was analysed by reverse transcription–PCR. 

VAMP8 was repeatedly analysed with another primer set covering only the soluble SNARE 

motif (denoted by VAMP8S). (b) The lipid mixing ability of various SNARE complexes. 

Fusion traces for SNAP-25-containg complexes are shown in Supplementary Figure S3 at 

http://www.biochemj.org/bj/450/bj4500537add.htm. (c) Summary of SNARE protein 

expression in mast cell and lipid mixing ability of SNARE complexes.
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Figure 2. Differential inhibitory effects of polyphenols DL, RT, GA and MR on the membrane 
fusion driven by different SNARE complexes
Percentage of maximal fusion was plotted as a function of time in the presence or absence of 

polyphenols. Polyphenols were treated at 10 µM concentration. The maximum fluorescence 

intensity was obtained by adding 0.1% Triton X-100.
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Figure 3. Differential binding of polyphenols to different SNARE complexes observed by 
bathochromic shift
UV absorption spectra of polyphenols before and after mixing with soluble SNARE proteins 

were overlapped. (a–c) Bathochromic shifts of DL, QT and FS are induced only by Syn4/

SNAP-23/VAMP8 complex, but not by Syn4/SNAP-23/VAMP2 complex; (d–e) 

bathochromic shifts of CY and RT are induced by only Syn4/SNAP-23/VAMP2 complex; (f) 
KP does not show any bathochromic shift with SNARE proteins; (g and h) bathochromic 

shifts of MR and LT by both complexes; (i) scheme of panel array.
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Figure 4. Correlation between mast cell degranulation and SNARE-driven membrane fusion 
affected by polyphenols
(a–d) Scatter plots for inhibition of Syn4/SNAP-23/VAMP2-or Syn4/SNAP-23/VAMP8-

driven fusion compared with β-hexosaminidase or histamine release. Dense areas are shown 

enlarged in Supplementary Figure S6 at http://www.biochemj.org/bj/450/bj4500537add.htm 

for better resolution between polyphenolic compounds. R2 and slope (S) shown in the inset 

are the values considering all polyphenols. A linear relationship between the inhibition of 

SNARE-driven fusion and inhibition of degranulation by some polyphenols is highlighted in 

the shaded area. Polyphenols with relatively small inhibitory effect (<30%) are included in 
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the box. (e) Inhibition of histamine release by polyphenols was extrapolated by using the 

simultaneous equation H=ax + by, where H is the inhibition percentage of histamine release 

by a polyphenol, × is the inhibition percentage of VAMP2-driven fusion by the polyphenol, 

y is the inhibition percentage of VAMP8-driven fusion by the polyphenol, and a and b are 

extrapolated constants.
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Figure 5. Co-immunoprecipitation assay of different SNARE complexes in mast cells
Western blot analysis was performed using anti-SNAP-23 antibody after 

immunoprecipitating with several SNARE-specific antibodies. (b) Western blot analysis was 

performed using anti-Syn4 antibody after immunoprecipitating with several SNARE-specific 

antibodies. (c and d) Correlation between SNARE-mediated membrane fusion (lipid mixing 

assay) and SNARE complex formation in RBL-2H3 cells (co-immunoprecipitation). (e) 

Effect of polyphenols on the mRNA expression of SNARE genes in RBL-2H3 cells.
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Table 1

IC50 values of some polyphenols against β-hexosaminidase and histamine release

Compound
IC50 against β-hexosaminidase

release (µM)
IC50 against histamine

release (µM)

LY 6.5 5.1

CY >50 8.1

GN >50 14.1

DL 13.6 >50

QT 5.9 >50

MR 4.9 3.5

KP 4.6 11.4
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