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INTRODUCTION

Mast cells are found in several tissues throughout the body, 
primarily in blood vessels, nerves, and organ systems that interact 
with the external environment. Bone marrow-derived mast 
cells express a variety of phenotypic features and are crucial in 
numerous biological functions [1]. Various stimuli activate mast 
cells in order to proceed with degranulation, a process during 
which secretory vesicles release specific secondary metabolites. 
Mast cell activation can be mediated by pathways that are either 
dependent or independent on high-affinity IgE receptor (FcεRI). 

Multivalent antigen (allergen) may interact with its specific IgE 
antibody attached to the cell membrane via its FcRI [2]. Mast 
cells can also be activated by non-immunological substances such 
as neuropeptides, basic compounds, complement components, 
and certain drugs [3]. Mast cell degranulation induced by 
immunological and non-immunological stimuli appear 
morphologically similar. However, the biochemical processes 
that lead to mediator release may differ. In FcRI-dependent 
pathways, FcRI phosphorylation induces exocytosis, which 
increases cytosolic calcium and induces degranulation. The 
concurrent activation of Ca2+ signaling by inositol-1,4,5-P3 (IP3) 
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ABSTRACT Mast cells are primary mediators of allergic inflammation. Beta-1,3-
glucan (BG) protects against infection and shock by activating immune cells. 
Activation of the BG receptor induces an increase in intracellular Ca2+, which may 
induce exocytosis. However, little is known about the precise mechanisms underlying 
BG activation of immune cells and the possible role of mitochondria in this process. 
The present study examined whether BG induced mast cell degranulation, and 
evaluated the role of calcium transients during mast cell activation. Our investigation 
focused on the role of the mitochondrial calcium uniporter (MCU) in BG-induced 
degranulation. Black mouse (C57) bone marrow-derived mast cells were stimulated 
with 0.5 g/ml BG, 100 g/ml peptidoglycan (PGN), or 10 M A23187 (calcium 
ionophore), and dynamic changes in cytosolic and mitochondrial calcium and 
membrane potential were monitored. BG-induced mast cell degranulation occurred 
in a time-dependent manner, and was significantly reduced under calcium-free 
conditions. Ruthenium red, a mitochondrial Ca2+ uniporter blocker, significantly 
reduced mast cell degranulation induced by BG, PGN, and A23187. These results 
suggest that the mitochondrial Ca2+ uniporter has an important regulatory role in 
BG-induced mast cell degranulation.
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and protein kinase C (PKC) signaling by diacylglycerol (DAG) 
interact synergistically to elicit mast cell degranulation [4]. In 
FcRI-independent pathways, mast cells may be activated by 
numerous stimuli including basic compounds (compound 48/80, 
mastoparan, and polymyxin B), peptides (melittin, substance P, 
calcitonin gene-related peptide, somatostatin, and neurotensin), 
and cytokines (IL-1, IL-3, GM-CSF, platelet factor 4, and IL-8) [1].

Beta-1,3-glucan (BG), which is found in the cell wall of many 
fungi, has been reported to modulate immunity [5]. It was isolated 
from S. cerevisiae and was originally reported as zymosan, a kind 
of -1,3-glucan, in 1959 by Benacerraf, and demonstrated that 
it produced hyperplasia and hyper functionality in fixed tissue 
macrophages [6]. Many subsequent studies have shown that 
zymosans, particularly BG, increase the function of macrophages, 
neutrophils, basophils, mast cells, and other immunocytes [7]. 
Depending on the size and the origin, the molecular effects of 
BG are diverse. High molecular weight BGs appear to directly 
activate leukocytes and stimulate phagocytic, cytotoxic, and 
anti-microbial activities, leading to the production of many pro-
inflammatory mediators, cytokines, and chemokines (IL-8, IL-1b, 
IL-6, and TNF) [5]. Low molecular weight BGs are reported to 
induce the release of IL-8, IL-6, and nuclear transcription factors 
such as NF-kB and NF IL-6 [8]. BG stimulates and activates mast 
cells by binding with BG receptor on the surface of macrophages. 
Stimulation of 1,3-BG-receptors results in Ca2+ influx through 
receptor-operated channels. [9,10]. An increase in intracellular 
Ca2+ ([Ca2+]i) is necessary for BG-induced mast cell exocytosis, 
but whether this Ca2+ is derived from extracellular or intracellular 
pools is still controversial [11]. 

Mitochondria are key subcellular organelles which regulate 
the life and death of cells via producing ATP and triggering 
apoptosis signals. Beside, mitochondria regulate intracellular Ca2+ 
homeostasis by uptake and release of intracellular Ca2+ responded 
to various biological processes. Because mast cell activation and 
degranulation are highly ATP and Ca2+ dependent process, many 
studies demonstrated the important role of mitochondria in mast 
cell degranulation [12-17]. However, those findings were mainly 
found in FcRI- mediated degranulation. The mechanisms 
underlying BG-induced degranulation and the mitochondrial 
role in this process are not well known yet. 

The present study aimed to investigate the role of cytosolic and 
mitochondrial calcium in BG-induced mast cell degranulation. 
Our results provide important evidence for the role of mi-
tochondrial Ca2+ uniporter in the BG mediated by mast cell 
degranulation.

METHODS

Preparation of bone marrow-derived mast cells

Eight-week-old C57BL mice were used for all experiments. 

Bone marrow-derived mast cells (BMBCs) were collected and 
cultured in Iscove’s modified Dulbecco’s medium (IMDM, 
Thermo Fisher, Waltham, USA ) supplemented with 15% fetal 
bovine serum (FBS, Thermo Fisher, Waltham, USA), 15 M 
thioglycerol, 2 mM L-glutamine, stem cell factor (SCF; 50 ng/ml), 
and IL-3 (30 ng/ml); cells were incubated at 37oC, 95% O2, and 5% 
CO2. Media were changed every week. After 4 weeks, cells were 
used for experiments. All animal studies were approved by the 
Inje Medical University Animal Care and Use Committee. 

Drugs and solutions

Normal Tyrode’s solution (NT) contained (in mM): 143.0 
mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.5 mM MgCl2, 5.5 
mM glucose, and 5.0 mM HEPES (pH 7.4). Fluorescent probes 
were supplied by Molecular Probes (Eugene, Oregon, USA). The 
tryptase release kit was purchased from Chemicon (CA, USA). 
FITC anti-mouse FcRI, PE anti-mouse CD117, and isotype 
controls were supplied by eBioscience (CA, USA). All other 
reagents were obtained from Sigma (St. Louis, MO, USA).

Mast cell confirmation

BMBCs were cultured as described above and collected every 
week to check the development of the mast cell population. Mast 
cells were confirmed by toluidine blue staining, flow cytometry 
analysis, and laser scanning confocal microscopy. For toluidine 
blue staining, cells were stained with toluidine blue for 10 min at 
room temperature, and then visualized under a light microscope 
connected to a camera. For flow cytometry analysis, cells were 
stained with phycoerythrin (PE) anti-mouse FcRIa and fluo-
rescein isothiocyanate (FITC) anti-mouse CD117 (c-Kit). Cells 
were then subjected to flow cytometry using the CellQuestPro 
with FL1 filter for FITC anti-mouse CD117 and FL2 filter for PE 
anti-mouse FcRI [18]. For laser scanning confocal microscopy, 
cells were stained with FITC anti-mouse CD117, PE anti-mouse 
FcRI, or both probes. Cells were then visualized using laser 
scanning confocal microscopy with excitation/emission filters for 
visualizing FITC anti-mouse CD117 (488/505 nm) and PE anti-
mouse FcRI (514/560 nm).

BMMC stimulation

BMMC degranulation was stimulated with different types 
of stimulators including beta-1,3-glucan (BG, 0.1 mg/ml), 
peptidoglycan from Staphylococcus aureus (PGN, 100 g/ml), or 
calcium ionophore A23187 (10 M) in normal Tyrode’s solution 
to compare the pathway specific degranulation responses in 
mast cell. BG, PGN or A23187 stimulates mast cell through 
BG-receptors [19], TLR-2 pathway [20] or direct increase 
of intracellular Ca2+ [21], respectively. To test the role of the 
mitochondrial calcium uniporter (MCU), we used ruthenium red 
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(RuR, 5 M) as a selective MCU inhibitor. Calcium-free solution 
was prepared by the addition of 1 mM EGTA.

Tryptase release measurement

Tryptase is a tetrameric serine proteinase that has emerged as 
a major component of mast cell granules. Tryptase was measured 
using a kit according to the manufacturer’s instructions. Briefly, 
BMMCs were suspended in Tyrode’s solution and stimulated 
as described above. After the desired period of activation, the 
samples were centrifuged at 800 × g to separate supernatant 
and pellet. The pellet was then sonicated and centrifuged to 
collect lysate. Both supernatant and lysate were used to evaluate 
tryptase concentration. Tryptase concentration was determined 
spectrophotometrically (EL-800, BioTek Instruments) at 405 nm. 
Mast cell degranulation was calculated as percentage of released 
tryptase relative to the total tryptase using the following equation: 

Degranulation = Tryptasesup×100 / (Tryptasesup+Tryptaselysate).

Dynamic measurements of cytosolic and 
mitochondrial calcium and membrane potential

To evaluate [Ca2+]i , BMMCs were stained for 30 min with 5 M 
Fluo4-AM, a specific cell-permeant probe that binds to cytosolic 
Ca2+. To measure mitochondrial Ca2+, BMMCs were incubated 
with 5 M Rhod2-AM, a selective indicator for mitochondrial 
Ca2+, for 1 hour at 4oC, and then briefly incubated for 5 min at 
room temperature.

Mitochondrial membrane potential (Δm) was measured 
using tetramethylrhodamine ethyl ester perchlorate (TMRE). 
BMMCs were incubated with 2 M TMRE for 15 min at room 
temperature. After staining, BMMCs were washed twice with 
NT buffer, and fluorescence was imaged using a laser scanning 
confocal microscope.

Monitoring vesicle release during mast cell 
degranulation

To monitor vesicle degranulation, BMMCs were stained with 
LysoTracker Red DND99 (LTR) [22]. We measured the reduction 
in total cellular f luorescence intensity and monitored vesicle 
movement out of the cell membrane. We confirmed the decline of 
LTR during degranulation by comparing with tryptase release.

Fluorescence imaging by laser scanning confocal 
microscopy

BMMCs stained with fluorescent probes were placed on a poly-
L-lysine-coated cover glass that was placed inside a perfusion 
chamber, and subjected to experimental protocols. Fluorescence 
was acquired using a confocal laser scanning microscope (inverted 
Axiovert 200M, Zeiss, Jena, Germany) at 200× and 400× 

magnification. Data were analyzed with LSM5 10META software 
(Zeiss, Jena, Germany). Fluo4-AM, Rhod2-AM, and TMRE 
were visualized with suitable filter sets at excitation/emission 
wavelengths at 488 nm/520 nm, 550 nm/580 nm, 514/560 nm, 
respectively.

Statistical analysis

Data were analyzed using Microcal Origin v. 6.0 software. All 
data are presented as mean±SE. A p-value<0.05 was considered to 
be statistically significant.

Fig. 1. Characterization of mouse bone marrow-derived mast cells 

(BMMCs) cultured for 4 weeks. (A) Microscopic image of BMMCs 
(×400 magnification). (B) Toluidine blue-stained image of BMMCs (×400 
magnification). (C) Flow cytometry analysis of FcRI and c-Kit-positive 
populations in BMMCs. (D) Confocal microscopy images of cells with 
positive staining for c-Kit (green) and FcRI (red) (×200 magnification).
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RESULTS

Mast cell confirmation from 4-week-old bone 
marrow-derived cells

Bone marrow-derived cells cultured for 4 weeks showed a 
high percentage of mast cells. Toluidine blue staining confirmed 
that more than 98±1% of the total population were BMMCs 
(Fig. 1A, B). Flow cytometry analysis indicated that 97±0.6% 

and 98.3±0.4% of cells were bound with anti-FcRI and anti-c-
Kit probes, respectively (Fig. 1C). Images obtained from laser 
scanning confocal microscopy also indicated that the samples 
contained a high percentage of mast cells, with more than 98% 
cells co-localizing FcRI and c-Kit (Fig. 1D).

Degranulation increased cytosolic and mitochondrial 
calcium

BG induced increases in both cytosolic and mitochondrial 
calcium ([Ca2+]c and [Ca2+]m, respectively) (Fig. 2A). After 30 
min of BG treatment, [Ca2+]m increased to 293±61.5% and then 
declined to 195.5±22.9% after washout (50 min). The [Ca2+]i 

Fig. 2. Beta-1,3-glucan stimulation increases cytosolic and mito-

chondrial Ca
2+

 levels in BMMCs. (A) Confocal microscopy images of 
BMMCs (green, 5 M Fluo4-AM; red, 5 M Rhod2-AM). (B) Fluorescence 
intensity trace of mitochondrial Ca2+, cytosolic Ca2+, and mitochondrial 
membrane potential (Δm) during BG stimulation of mast cell 
degranulation. (C) Normalized changes in mitochondrial Ca2+ levels 
monitored in BMMCs stained with Rhod2-AM. (D) Normalized changes 
in cytosolic Ca2+ levels monitored in BMMCs stained with Fluo4-AM. 
(E) Normalized changes in Δm monitored in TMRE-stained BMMCs. 
a, b, and c represent 5, 30, and 50 min, respectively. (F) Normalized 
comparison of mitochondrial Ca2+ ele vation induced by BG or PGN 
treatment. (C~E) *p<0.05 vs. time point a, †p<0.05 vs. time point b. (F) 
*p<0.05 vs. Control

Fig. 3. BG-induced mast cell degra nulation was inhibited by 

ruthenium red (RuR), a mitochondrial calcium uniporter (MCU) 

blocker. (A) Repre sentative fluorescence images of BMMCs stained with 
LysoTracker Red (LTR). BG treatment gradually reduced LTR intensity. (B) 
Normalized changes in LTR fluorescence mediated by BG or BG+RuR 
treatment. (C) Two-dimensional fluorescence intensity image (a, b, and 
c represent 5, 30, and 50 min, res pectively). (D) Left: Illustration of two 
phases of degranulation. ① membrane proximal vesicle degranulation 
(<20 min), ② cytoplasmic vesicle to be tran slocated to membrane for 
degranulation (>20  min). Right: Cytoplasmic LTR- stained vesicle after 
BG-induced early phase degranulation of membrane proximal vesicles 
(>20 min). (E) Changes in the time course of LTR intensity during mast 
cell degranulation.
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values for the same intervals were 147.1±11.2% and 134.5±8.9%, 
respectively. Analysis of TMRE-associated mitochondrial 
membrane potential (Δm) showed that BG treatment increased 
TMRE intensity to 155.7±9.7% (at 30 min), which then declined 
to 58.4±11.1% (at 50 min washout) (Fig. 2B~E). PGN also 
significantly increased [Ca2+]m to 159.9±12.8% of that in control 
cells (Fig. 2F).

BG induced BMMC degranulation

BMMC degranulation was evaluated by both tryptase release 
measurement and LysoTracker Red DND99 (LTR) probe 
methods. We visualized cells with confocal microscopy to observe 
vesicle release after incubating BMMC with BG (Fig. 3A). We 
observed two phases of exocytosis within the time frame of our 
experiments. The total LTR levels in mast cells decreased after a 
few minutes (<20 min), and again declined after 30 min since the 
start of BG treatment (Fig. 3B, C). We selected narrow areas at the 
cell periphery near the cell membrane to detect vesicle movement. 
Two phases of degranulation was illustrated in left panel of Fig. 
3D. Fluorescence images showed that LTR-stained vesicles in the 
cytoplasm were still present after the BG-induced early phase of 
exocytosis of membrane proximal vesicles (Fig. 3D right).

Inhibition of the mitochondrial calcium uniporter 
attenuated degranulation

BG treatment of BMMCs in the absence of extracellular Ca2+ (by 
adding 1 mM EGTA to the medium) resulted in less reduction 
of LTR fluorescence compared with that in normal Tyrode’s 
medium (1.8 mM CaCl2) (Fig. 3E). The second degranulation 
phase (after 30 min) was blocked by the presence of 5 M RuR (Fig. 
3B and E).

The addition of 5 M RuR inhibited tryptase release induced 
by A23187, PGC, and BG in the presence of normal extracellular 

Ca2+. RuR had a weaker effect on A23187-induced degranulation 
than on PGN- and BG-induced degranulation. The percentage 
of degranulation induced by A23187, PGN, and BG were 70.6, 
59.5, and 64.3%, respectively, in the absence of RuR and 51.5, 
35.5, and 29.3%, respectively, in the presence of RuR (Fig. 4). 
A23187-, PGN-, and BG-induced degranulation was significantly 
suppressed in the absence of extracellular Ca2+ (Fig. 4).

DISCUSSION

This study demonstrated that the mitochondrial calcium 
uniporter is an important regulator of Ca2+-dependent BG-
induced mast cell degranulation. BGs are natural polysaccharides 
which are contained in the cell wall of yeast, fungi and 
seaweed. Various BGs can be classified according to molecular 
characteristics such as molecular mass, solubility, viscosity, and 
three-dimensional configuration. BG is widely used in various 
clinical applications including in DNA damage protection 
[23], antioxidative therapy [24], anti-cancer [25] and immune 
stimulation [19]. Among these clinical applications, the role of BG 
in mast cell stimulation and degranulation has been extensively 
studied due to its importance in cytokine-mediated immune 
response [26-30]. Several mechanisms and components involved 
in mast cell degranulation have been identified, including the 
molecular receptor, signaling pathways, localization modulator, 
candidate ligands, and Ca2+ regulation [4,10,31-34]. Cellular 
recognition of BG is suggested by the characterization of four 
types of BG receptors: scavenger receptor, CR3, lactosyl ceramide, 
and dectin-1 [19]. A recent study reported that dectin-1 was 
almost exclusively responsible for the BG-dependent nonopsonic 
recognition of zymosan by primary macrophages [34].

Intracellular and/or extracellular Ca2+ pools are determining 
factors of mast cell degranulation [12,15,21]. During BG-mediated 
activation of a macrophage cell line, stimulation of 1,3-BG 
receptors via zymosan enhanced Ca2+ influx through PKC delta 
and receptor-operated Ca2+ channels without an increase in IP3 
production [9,10]. Consistent with the findings of a previous study 
regarding macrophages, our results showed that BG treatment 
gradually increased [Ca2+]i in BMMCs (Fig. 2B and D).

Mitochondria are important regulators of mast cell functions 
including energy production [35], apoptosis [36-38], Ca2+ 
mobility [39], and degranulation [40-42]. Cross talk between 
mitochondria and cytosolic Ca2+ regulation has been suggested 
as an important mechanism regulating degranulation [12-17]. 
Suzuki et al. suggested that the mitochondrial permeability 
transition pore (mPTP) is the fast-releasing Ca2+ channel [13] 
and MCU as a Ca2+ uptake channel. At low Ca2+ concentrations 
(0.1 M), IP3-sensitive storage primarily uptake Ca2+, but at 
higher Ca2+ concentrations (>1 M), Ca2+ uptake is primarily 
into mitochondria via MCU [15,43]. Inhibition of mitochondrial 
metabolism [13,39] or targeted knockdown of MCU [17] 

Fig. 4. Degranulation analysis by tryptase release measurement. 
The tryptase release ratio was monitored in the presence or absence 
of extracellular Ca2+ (1.8 mM) and/or ruthenium red (5 M). The Ca2+ 
ionophore A23187 served as positive control. *p<0.05 vs CT, †p<0.05 vs 
indicated comparisons.
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significantly reduced FcRI-mediated mast cell degranulation. 
Mitochondrial membrane potential is an important factor 
regulating FcRI-mediated mast cell degranulation [13]. Under 
normal extracellular Ca2+ levels, a mitochondrial inhibitor and a 
mitochondrial uncoupler inhibit IgE-induced degranulation. In 
contrast, antimycin A and FCCP enhance degranulation in the 
absence of extracellular Ca2+. IgE-mediated stimulation did not 
induce Δm depolarization during degranulation [13].

There was limited evidence for the role of mitochondria in 
BG-dependent mast cell activation. We demonstrated that 
BG increased both cytosolic and mitochondrial Ca2+ levels 
(Fig. 2). In addition, we observed that BG rapidly induced an 
approximately two-fold increase in Δm (hyperpolarization), 
before gradually declining (depolarization). These results suggest 
that mitochondrial Δm and [Ca2+]m are involved in BG-induced 
BMMC degranulation.

To understand the functional role of mitochondrial Ca2+ during 
BMMC degranulation, we used RuR to block MCU activity 
and observed an alteration in degranulation rate. BG treatment 
induces vesicle release in two phases. The first degranulation 
phase occurred within seconds after treatment and continued 
until 20 min after the start of degranulation. During this period, 
approximately 20~30% of all vesicles were released. The second 
degranulation phase occurred within 20~40 min after the start 
of degranulation, when approximately 70% of all vesicles were 
released. Both degranulation phases were inhibited in the absence 
of extracellular Ca2+, whereas pharmacological inhibition of 
MCU only attenuated the second degranulation phase (Fig. 3). 
Our result is in agreement with an earlier study by Dvorak et al., 
which reported that anaphylactic degranulation of guinea pig 
basophilic leukocytes progressed through two phases [44]. 

The tryptase release assay successfully detected that MCU 
inhibition suppressed BMMC degranulation can be induced by 
three different stimuli: (1) Ca2+ elevation induced by the Ca2+ 
ionophore A23187, (2) BG-mediated BG receptor activation, and 
(3) Toll-like receptor 2 (TLR2, PGN)-mediated stimulation. PGN 
is a TLR2-dependent mast cell stimulator that increases [Ca2+]i and 
induces release of TNF- and ILs [20]. Although, BG and PGN 
have different target receptors in the plasma membrane, both BG 
and PGN increased mitochondrial Ca2+ (Fig. 2F) and tryptase 
release in a similar pattern (Fig. 4). Furthermore, removal of 
extracellular Ca2+ commonly attenuated the tryptase release in 
both treatment (Fig. 4), suggesting that intracellular Ca2+ level 
and MCU activity are major factors in elevating mitochondrial 
Ca2+. A similar BG and PGN mechanism is also responsible in 
regulating mitochondrial Ca2+ by enhancing [Ca2+]i.

RuR suppressed degranulation in BG- and PGN-treated cells to 
levels similar to Ca2+-depleted conditions, but the inhibitory effect 
was weaker in the presence of A23187. A23187 directly elevates the 
[Ca2+]i level to the extracellular level (1.8 mM), which is sufficient 
to induce continuous degranulation. Although we observed that 
MCU inhibition restricted the second degranulation phase of 

BMMCs, the underlying mechanism has yet to be elucidated. 
Recent studies suggested a novel role of mitochondria in 

immunologic response, in which mitochondrial translocation 
to exocytosis sites is required for human mast cell degranulation 
and preformed TNF secretion [45], and wherein mitochondrial 
components are secreted from mast cell during degranulation 
inducing inflammatory response [46]. Ca2+ dependent mito-
chondrial transportation has been actively studied in the neu-
ronal cells. It was demonstrated that mitochondrial matrix Ca2+ 
is an important signal that actively regulates mitochondrial 
transportation. And MCU or MCU-related miro1 proteins are 
potential regulators of mitochondrial translocation [47-49]. Based 
on these studies, we suggest that MCU inhibition might block 
mitochondrial translocation to exocytosis sites, which inhibits the 
2nd phase of degranulation. However, this hypothesis should be 
further confirmed by extensive experimental evidences. 

In a clinical setting, the optimal regulation of immune response 
is crucial for patients afflicted with immunological diseases. 
Although BGs are relatively safe since these are considered as 
natural immunomodulators which do not overstimulate the 
immune system [50], the identification of regulatory mechanism 
or component is still very important for the fine tuning of mast 
cell immune systems. 

In conclusion, the present study identifies the crucial role of 
MCU during Ca2+-dependent mast cell degranulation. This result 
suggests that the mitochondria are essential regulators of mast 
cell activation and immunomodulation. This knowledge will be 
relevant for the optimization of BG- induced clinical immune 
modulation. 
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