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Abstract
Background/Aims: Adrenaline is the first-choice drug for the treatment of anaphylaxis. 
Previous studies have revealed its prophylactic effects on the release of chemical mediators 
from mast cells. However, adrenaline quickly reverses the symptoms and signs of anaphylaxis 
after injection, indicating its rapid effects on mast cells. Methods: We examined the effects of 
adrenaline on rat peritoneal mast cell degranulation using differential-interference contrast 
(DIC) microscopy. To examine the rapid effects of adrenaline and salbutamol, a selective 
β2-adrenergic receptor agonist, we treated mast cells with these drugs immediately after 
exocytosis induction. Results: Similar to mast cells pre-incubated with adrenaline, those 
immediately treated with adrenaline did not exhibit exocytosis. At concentrations equal to 
or higher than 0.2 mg/ml, adrenaline significantly reduced the numbers of degranulating 
mast cells in a dose-dependent manner, whereas salbutamol required higher doses to exert 
significant effects. At 1 mg/ml, adrenaline and salbutamol almost completely suppressed mast 
cell degranulation. Conclusion: This study provides novel in vitro evidence indicating for the 
first time that adrenaline rapidly exerts mast cell-stabilizing properties in a dose-dependent 
manner. Salbutamol also stabilizes mast cells at high doses, revealing its additive therapeutic 
efficacy in anaphylaxis management.

Introduction

Anaphylaxis is an intense allergic response that can be life-threatening and is 
characterized by an acute syndrome affecting multiple systems owing to the rapid release 
of mediators from mast cells [1]. In the treatment, adrenaline, a non-specific adrenergic 
receptor agonist, is the first-choice drug, as it rapidly improves systemic circulation by 
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inducing vasoconstriction and increasing blood pressure [2, 3]. In addition, adrenaline 
fundamentally prevents allergic reactions by suppressing the further release of chemical 
mediators from mast cells [2, 3]. Mechanistically, β2-adrenergic receptors are considered to 
play a key role, as activating these receptors significantly suppresses calcium mobilization 
in cells, which is dependent on high-affinity receptors for IgE (FceRI) [4]. Previous in vitro 
studies have revealed the prophylactic effects of adrenaline on mast cell degranulation by 
pre-incubating mast cells with adrenaline before inducing exocytosis [5-8]. However, in 
emergency situations, adrenaline quickly reverses the symptoms or signs of anaphylaxis 
after injection [2, 3]. This strongly indicates that adrenaline rapidly inhibits the release of 
chemical mediators from mast cells. In this study, to examine the rapid effects of adrenaline 
on stabilizing mast cells, we treated rat peritoneal mast cells with adrenaline immediately 
after exocytosis was induced. In addition, we analyzed the effects of salbutamol, a selective 
β2-adrenergic receptor agonist used to ameliorate bronchospasm caused by anaphylaxis 
[9]. For the first time, this study provides novel in vitro evidence showing that adrenaline 
rapidly exerts mast cell-stabilizing properties in a dose-dependent manner. Salbutamol also 
stabilizes mast cells at high doses, indicating its additive therapeutic efficacy in anaphylaxis 
management.

Materials and Methods

Cell Sources and Preparation
Male Wistar rats (aged a minimum of 25 weeks) were acquired from Jackson Laboratory Japan, Inc. 

(Yokohama, Japan). The rats were anesthetized using isoflurane and euthanized by cervical dislocation 
in accordance with the euthanasia guidelines for adult laboratory rodents [10]. The Animal Care and Use 
Committee of Miyagi University approved the animal protocol (No. 2026-02). As previously outlined [7, 
11-19], the rat peritoneum was rinsed with a standard external (bathing) solution, which included: NaCl, 
145 mM; KCl, 4.0 mM; CaCl2, 1.0 mM; MgCl2, 2.0 mM; HEPES, 5.0 mM; bovine serum albumin, 0.01 % (pH 7.2 
adjusted with NaOH); and mast cells were isolated from the peritoneal cavity. The isolated mast cells were 
stored in the external solution at room temperature (22-24°C) for approximately 8 h until use. The mast 
cell suspension (approximately 200/µL) was distributed in a chamber positioned at the head stage of an 
inverted microscope (Nikon, Tokyo, Japan). Mast cells were easily identifiable from other cell types because 
of their distinctive intracellular secretory granules [7, 11-20]. Mast cell viability was assessed based on their 
ability to release secretory granules in response to external stimuli and their morphological integrity using 
differential-interference contrast (DIC) microscopy, as previously described [19, 21, 22].

Quantification of Mast Cell Degranulation
Adrenaline was purchased from Daiichi Sankyo, Inc. (Tokyo, Japan). As previously described [7, 19], 

mast cells were pre-incubated with 1 mg/ml (original concentration) adrenaline for 10 min, and exocytosis 
was externally induced by compound 48/80 (Sigma-Aldrich Co., St. Louis, MO, USA; final concentration, 
10 µg/mL) (Fig. 1A top). To examine the rapid effects of adrenaline on mast cell degranulation and its 
therapeutic effects on degranulated cells, mast cells were treated with 1mg/ml adrenaline immediately (Fig. 
1A middle) or 2 min (Fig. 1A bottom) after exocytosis induction by compound 48/80. To compare the rapid 
effects of adrenaline with those of salbutamol, purchased from GlaxoSmithKline K.K. (Tokyo, Japan), the 
drugs were separately dissolved in the external solution at final concentrations of 0.1, 0.2, 0.5, and 1 mg/
ml (adrenaline, 0.55, 1.1, 2.7, and 5.5 mM; salbutamol, 0.17, 0.35, 0.87, and 1.7 mM). Mast cells were treated 
with these solutions or a solution without drugs immediately after exocytosis induction by compound 
48/80 (Fig. 1B). Bright-field images were captured from randomly selected 0.1-mm2 fields of view (six to 
eight views from each condition), as previously described [7, 11-20]. The number of degranulated mast cells 
(defined as cells surrounded by more than eight granules outside the cell membrane) were counted and 
their ratio to the total number of mast cells was calculated.
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Statistical Analysis
Data were analyzed using Microsoft Excel (Microsoft Corporation, Redmond, WA., USA) and reported 

as means ± standard error of the mean (SEM). Statistical significance was assessed using analysis of variance 
(ANOVA) and set at p < 0.05.

Results

Effects of adrenaline on mast cell degranulation
When mast cells were exposed to compound 48/80, their surfaces became heavily 

wrinkled and the secretory granules were discharged through exocytosis (Fig. 2Ab vs. a). 
Consistent with our previous findings [7], mast cells pre-incubated with 1mg/ml adrenaline 
did not exhibit any of these characteristics (Fig. 2Ac) and the number of degranulating 
cells was markedly suppressed (compound 48/80, 100 ± 0.00 % vs. adrenaline (10 min) + 
compound 48/80, 12.1 ± 5.45 %; n=6, P<0.05; Fig. 2B). These results confirmed our previous 
findings that pre-incubation with adrenaline strongly inhibits the degranulation of mast cells 
and thus exerts mast cell-stabilizing properties [7].

To examine the rapid effects of adrenaline on the stabilization of mast cells and its 
therapeutic effects on degranulated cells, mast cells were treated with 1mg/ml adrenaline 
immediately or 2 min after exocytosis induction by compound 48/80. In mast cells treated 
with adrenaline immediately after exocytosis induction (Fig. 2Ad), similar to those after 
pre-incubation (Fig. 2Ac), the findings of exocytosis were almost completely absent and the 
number of degranulating cells was almost entirely suppressed (5.89 ± 1.35 %; n=6, P<0.05; 
Fig. 2B). In contrast, in mast cells treated with adrenaline 2 min after exocytosis induction 
(Fig. 2Ad), the findings of exocytosis were maintained and the number of degranulating cells 
was comparable to those treated with compound 48/80 alone (98.6 ± 1.39 %; n=6; Fig. 2B). 

Fig. 1. Experimental protocols. A: Mast cells 
were pre-incubated with 1mg/ml adrenaline 
for 10 min and exocytosis was externally 
induced by compound 48/80 (top). To examine 
the rapid effects of adrenaline on mast cell 
degranulation and its therapeutic effects on 
degranulated cells, mast cells were treated with 
1 mg/ml adrenaline immediately (middle) or 
2 min after (bottom) exocytosis induction by 
compound 48/80. B: To compare the effects 
of adrenaline with those of salbutamol, mast 
cells were treated with adrenaline (top)- or 
salbutamol (bottom)-containing solutions 
(0.1, 0.2, 0.5, or 1 mg/ml) immediately after 
exocytosis induction by compound 48/80.
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These findings revealed that adrenaline rapidly exerts mast cell-stabilizing properties in 
the absence of pre-incubation. However, adrenaline did not exert any therapeutic effects on 
degranulated cells.

Rapid effects of adrenaline on mast cell degranulation
Based on our results, the original concentration of adrenaline (1 mg/ml) rapidly stabilized 

mast cells (Fig. 2Ad and B). Therefore, we further examined the rapid effects of adrenaline at 
lower concentrations (Fig. 3). Mast cells treated with the external solution alone or 0.1 mg/
ml (0.55 mM) adrenaline showed the typical findings of exocytosis with a lot of wrinkles on 
their surface and secretory granules outside (Fig. 3Ab, c vs. a). However, these findings were 
partially or almost entirely absent in mast cells treated with higher concentrations (0.2, 
0.5, and 1 mg/ml; 1.1, 2.7, and 5.5 mM) of adrenaline (Fig. 3Ad-f). Quantitatively, 0.1 mg/
ml adrenaline did not affect the number of degranulating mast cells (Fig. 3B). However, 0.2 
mg/ml adrenaline significantly decreased the number of degranulating mast cells (external 
solution, 100 ± 0.00 % vs. 0.2 mg/ml adrenaline, 73.4 ± 2.91 %; n=8, P<0.05) and 0.5 mg/ml 

Fig. 2. Effects of adrenaline 
on mast cell degranulation. A:  
Differential-interference contrast 
(DIC) microscopic images 
were captured before (a) and 
after exocytosis was externally 
induced by compound 48/80 
in mast cells (b-e). Mast cells 
were treated with compound 
48/80 alone (b) or incubated 
with 1 mg/ml adrenaline before 
exocytosis induction (c). Other 
mast cells were treated with 1 
mg/ml adrenaline immediately 
(d) or 2 min after (e) exocytosis 
induction. B: Mast cells were 
treated with compound 48/80 
alone or incubated with 1 mg/
ml adrenaline before exocytosis 
induction by compound 48/80. 
Other mast cells were treated 
with 1mg/ml adrenaline 
immediately or 2 min after 
exocytosis induction. Several 
samples of mast cell suspensions 
were obtained from the peritoneal 
cavity of a single rat. An aliquot of each sample was spread in a chamber placed at the head stage of an 
inverted microscope. Bright-field images were obtained from randomly selected 0.1-mm2 fields of view, 
in which 30-40 mast cells were evenly observed per field. Degranulating mast cells are expressed as the 
average percentage of total mast cells in the six bright fields. # p<0.05 vs. incubation in the external solution 
alone. Values were presented as the means ± standard error of the mean (SEM). Differences were analyzed 
using analysis of variance (ANOVA), followed by Dunnett’s t-test. The experiments were repeated at least 
thrice using three different rats to confirm the reproducibility of the data.
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showed more marked reduction (23.0 ± 3.08 %; n=7, P<0.05). One mg/ml adrenaline almost 
totally suppressed the number of degranulating mast cells (5.89 ± 1.35 %; n=6, P<0.05). 
These results indicate that, even in the absence of pre-incubation, adrenaline rapidly 
stabilized mast cells in a dose-dependent manner.

Rapid effects of salbutamol on mast cell degranulation
Adrenaline is a non-selective agonist of adrenergic receptors such as α1, α2, β1, and β2 

[3]. Among these, the β2-adrenergic receptor transduces signals for adrenaline-induced 
inhibition of exocytosis in mast cells [4, 7]. Salbutamol is a selective, short-acting β2-agonist 
used to ameliorate bronchospasm caused by anaphylaxis [9]. Therefore, with the expectation 
of its β2-receptor mediated properties in mast cells, we also examined the rapid effects of 

Fig. 3. Rapid effects of 
adrenaline on mast cell 
degranulation. A: Differential-
interference contrast 
(DIC) microscopic images 
obtained before (a) and after 
exocytosis was externally 
induced by compound 48/80 
in mast cells (b-f). Mast cells 
were immediately treated 
with the external solutions 
containing no substance 
(b) or 0.1 mg/ml (0.55 mM) 
adrenaline (c), 0.2 mg/
ml (1.1 mM) adrenaline 
(d), 0.5 mg/ml (2.7 mM) 
adrenaline (e), or 1 mg/ml 
(5.5 mM) adrenaline (f). B: 
After exocytosis induction by 
compound 48/80, mast cells 
were immediately treated 
with the external solutions 
containing no substances or 
different concentrations of 
adrenaline. Several samples 
of mast cell suspensions were 
obtained from the peritoneal 
cavity of a single rat. An 
aliquot of each sample was 
spread in a chamber placed at the head stage of an inverted microscope. Bright-field images were obtained 
from randomly selected 0.1-mm2 fields of view, in which 30-40 mast cells were evenly observed per field. 
Degranulating mast cells are expressed as the average percentage of total mast cells in the six to eight bright 
fields. # p<0.05 vs. incubation in the external solution alone. Values were presented as the means ± SEM. 
Differences were analyzed using ANOVA followed by Dunnett’s t-test. The experiments were repeated at 
least thrice using three different rats to confirm the reproducibility of the data.
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salbutamol on the degranulation of the cells (Fig. 4). Relatively lower concentrations of 
salbutamol (0.1 and 0.2 mg/ml; 0.17 and 0.35 mM) did not affect the findings of exocytosis in 
mast cells (Fig. 4Ac, d vs. b) and the numbers of degranulating cells were almost comparable 
to those treated with the external solution alone (Fig. 4B). However, relatively higher 
concentrations of salbutamol (0.5 and 1 mg/ml; 0.87 and 1.7 mM) partially or entirely halted 
exocytosis (Fig. 4Ae and f). Quantitatively, 0.5 mg/ml salbutamol significantly reduced 
the number of degranulating mast cells (external solution, 99.7 ± 3.47 % vs. 0.5 mg/ml 
salbutamol, 79.0 ± 2.56 %; n=6, P<0.05; Fig. 4B). Notably, 1 mg/ml salbutamol almost totally 
suppressed the number of degranulating mast cells (8.14 ± 2.82 %; n=6, P<0.05). These 
results revealed that, similar to adrenaline (Fig. 3), salbutamol rapidly stabilized mast cells 
in a dose-dependent manner. From our results, the effects of salbutamol appeared to be less 
pronounced than those of adrenaline at all concentrations except for 1 mg/ml (Fig. 4B vs. 
3B). However, when compared on a molar basis, salbutamol required lower concentrations 
than adrenaline to produce comparable effects (Fig. 4B vs. 3B). These findings indicate that 
salbutamol may exert more potent mast cell-stabilizing properties than adrenaline.

Fig. 4. Rapid effects of salbutamol 
on mast cell degranulation. 
A: Differential-interference 
contrast (DIC) microscopy 
images obtained before (a) and 
after exocytosis was externally 
induced by compound 48/80 in 
mast cells (b-f). Mast cells were 
immediately treated with the 
external solutions containing 
no substance (b) or 0.1 mg/ml 
(0.17 mM) salbutamol (c), 0.2 
mg/ml (0.35 mM) salbutamol 
(d), 0.5 mg/ml (0.87 mM) 
salbutamol (e), and 1 mg/ml 
(1.7 mM) salbutamol (f). B: 
After exocytosis induction by 
compound 48/80, mast cells 
were immediately treated with 
the external solutions containing 
no substances or different 
concentrations of salbutamol. 
Several samples of mast cell 
suspensions were obtained from 
the peritoneal cavity of a single 
rat. An aliquot of each sample 
was spread in a chamber placed 
at the head stage of an inverted 
microscope. Bright-field images were obtained from randomly selected 0.1-mm2 fields of view, in which 
30-40 mast cells were evenly observed per field. Degranulating mast cells are expressed as the average 
percentage of total mast cells in the six to eight bright fields. # p<0.05 vs. incubation in the external solution 
alone. Values were presented as the means ± SEM. Differences were analyzed using ANOVA followed by 
Dunnett’s t-test. The experiments were repeated at least thrice using three different rats to confirm the 
reproducibility of the data.
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Discussion

Our studies have shown that adrenaline possesses properties that stabilize mast 
cells through the ongoing in vitro observation of exocytosis in these cells [7, 19]. In these 
studies, mast cells were pre-incubated with adrenaline before exocytosis induction. As 
antigen binding to IgE on mast cells triggers a rapid anaphylactic response, compound 
48/80 prompts mast cell degranulation within 10 s of being introduced [23]. In the present 
study, to examine the rapid effect of adrenaline on the degranulation of mast cells, the cells 
were treated with adrenaline immediately after exocytosis induction (Fig. 1A). As shown 
in Figures 2Ae and B, adrenaline did not exert therapeutic effects by reversing the ongoing 
degranulation of mast cells. However, despite the absence of pre-incubation, adrenaline 
rapidly exerted prophylactic effects by suppressing the further initiation of exocytosis (Fig. 
2Ac and B), and these effects were dose-dependent (Fig. 3). Adrenaline is the first-choice 
drug for anaphylaxis management because it rapidly improves systemic circulation by 
inducing vasoconstriction and increasing blood pressure [9]. The present study revealed the 
additive prophylactic effect of adrenaline on rapidly stabilizing mast cells immediately after 
administration (Fig. 5).

Our results showed that salbutamol, a selective β2-adrenergic receptor agonist, also 
rapidly exerted mast cell-stabilizing effects in a dose-dependent manner (Fig. 4). Notably, 
at 1 mg/ml, salbutamol stabilized mast cells as potently as adrenaline. Additionally, when 
compared on a molar basis, salbutamol required lower concentrations than adrenaline to 

Fig. 5. Mast cell-stabilizing properties of adrenaline and salbutamol. Adrenaline is the first-choice drug for 
anaphylaxis management because it quickly ameliorates systemic circulation by causing vasoconstriction 
and elevating blood pressure. The present study revealed an additional property of adrenaline in 
rapidly stabilizing mast cells immediately after administration. However, the use of salbutamol is also 
recommended in anaphylaxis management because it ameliorates bronchospasm through β2- adrenergic 
receptor stimulation. Our findings present the additive therapeutic efficacy of salbutamol as a rapid and 
potent mast cell stabilizer for the anaphylaxis management.
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produce comparable effects (Fig. 4 vs. 3). Previous studies using mast cells isolated from 
human lung tissue have shown that β2-agonists, including salbutamol, terbutaline, and 
isoprenaline, effectively inhibited the IgE-dependent release of histamine [24, 25]. In addition 
to chemical mediators such as histamine, serotonin, leukotrienes, and prostaglandins, mast 
cells release various cytokines and growth factors through exocytosis [26]. Therefore, to 
accurately assess the mast cell-stabilizing effects of drugs or substances, it is more effective 
to directly observe exocytosis instead of indirectly measuring the levels of released chemical 
mediators [12, 13, 15, 27]. In this study, we microscopically examined the entire exocytosis 
process using mast cells extracted from rat peritoneal cavities and quantified the process 
by determining the proportion of degranulating mast cells. In anaphylaxis management, 
the use of salbutamol is recommended because it ameliorates bronchospasm through β2- 
adrenergic receptor stimulation [9]. Our current findings revealed the additive therapeutic 
efficacy of salbutamol as a rapid and potent mast cell stabilizer for anaphylaxis management 
(Fig. 5). However, the concentrations of adrenaline and salbutamol used in the present study 
are substantially higher than standard physiological levels [28, 29]. In clinical settings, the 
actual concentrations reaching the systemic circulation and tissues to interact with mast 
cells are significantly lower [28, 29]. Therefore, our findings should be interpreted with 
caution when considering their clinical application.

Earlier research utilizing human lung mast cells demonstrated that the primary 
mechanism for the inhibition of exocytosis by β2-agonists involves the activation of β2-
adrenergic receptors. This process is associated with calcium mobilization dependent on 
cyclic AMP, facilitated through the coupling of G-proteins [4, 30]. In our previous study, 
pre-incubation with adrenaline inhibited the induction of exocytosis in rat peritoneal mast 
cells [7], which was almost completely restored in the presence of butoxamine, a specific 
β2-adrenergic receptor antagonist [7]. This indicated the involvement of β2-adrenergic 
receptors in the adrenaline-induced inhibition of exocytosis. In the present study, to 
reveal the mechanisms underlying the mast cells-stabilizing properties of adrenaline and 
salbutamol, the use of ICI 118, 551, a highly selective β2-adrenergic receptor antagonist 
[31], or assessing intracellular signaling molecules such as cyclic AMP and calcium dynamics 
would be beneficial. However, the lack of such mechanistic data is a limitation of this study.

In our previous study, we showed through continuous observation of exocytosis 
in mast cells that macrolide antibiotics such as clarithromycin, corticosteroids such as 
dexamethasone and hydrocortisone, anti-hypertensive drugs such as prazosin, and anti-
allergic medications including tranilast, ketotifen, olopatadine, and cetirizine possess 
properties that stabilize mast cells [7, 12-15, 18]. Moreover, we showed that certain food 
components, such as caffeine, catechins, and vitamins, along with compounds present in 
lemon juice or peel like citric acid, hesperetin, and eriodictyol, stabilize mast cells and have 
synergistic effects when used together [16, 17, 20]. Recently, using the same approach, we 
showed that essential trace elements, specifically magnesium and zinc, inhibit exocytosis in 
a dose-dependent manner, thus exhibiting mast cell-stabilizing effects [19]. From our results, 
both adrenaline and salbutamol rapidly exerted mast cell-stabilizing properties in a dose-
dependent manner (Fig. 3 and 4). However, these effects were not enough at lower doses. In 
our recent study, we revealed that high levels of magnesium and zinc chloride amplified the 
stabilizing effects of adrenaline on mast cells [19]. Therefore, the administration of drugs 
or food constituents that stabilize mast cells may additively or synergistically enhance the 
rapid effects of adrenaline or salbutamol in anaphylaxis management.

Conclusion

For the first time, this study provides novel in vitro evidence showing that adrenaline 
rapidly exerts mast cell-stabilizing properties in a dose-dependent manner. Salbutamol, a 
selective β2-adrenergic receptor agonist, also stabilizes mast cells at high doses, indicating 
its additive therapeutic efficacy in anaphylaxis management. However, the concentrations of 
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adrenaline and salbutamol used in the present study are substantially higher than standard 
physiological levels. Therefore, our findings should be interpreted with caution when 
considering their clinical application.
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