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Abstract
Background/Aims: Lemons (Citrus limon) contain various nutrients and are among the most 
popular citrus fruit. Besides their antioxidant, anticancer, antibacterial, and anti-inflammatory 
properties, clinical studies have indicated their anti-allergic properties. Materials: Using the 
differential-interference contrast (DIC) microscopy, we examined the effects of lemon juice 
and peel constituents, such as citric acid, ascorbic acid, hesperetin and eriodictyol, on the 
degranulation from rat peritoneal mast cells. Using fluorescence imaging with a water-soluble 
dye, Lucifer Yellow, we also examined their effects on the deformation of the plasma membrane. 
Results: Lemon juice dose-dependently decreased the number of degranulated mast cells. 
At concentrations equal to or higher than 0.25 mM, citric acid, hesperetin, and eriodictyol 
significantly reduced the number of degranulating mast cells in a dose-dependent manner, 
while ascorbic acid required much higher doses to exert significant effects. At 1 mM, citric 
acid, hesperetin, and eriodictyol almost completely inhibited exocytosis and washed out the 
Lucifer Yellow trapped on the mast cell surface, while ascorbic acid did not. Conclusion: This 
study provides in vitro evidence for the first time that lemon constituents, such as citric acid, 
hesperetin, and eriodictyol, potently exert mast cell-stabilizing properties. These properties 
are attributable to their inhibitory effects on plasma membrane deformation in degranulating 
mast cells.

Introduction

Lemons (Citrus limon) are among the world’s most popular citrus fruit used in a variety 
of food preparations. Previous studies have revealed their health promoting functions, 
including anti-oxidant, anti-cancer, anti-bacterial, and anti-inflammatory properties [1-3]. In 
humans, lemon extracts have been reported to ameliorate the symptoms of allergic rhinitis 
[4-6], indicting the anti-allergic potential of lemons and identifying a new pharmacological 
avenue. Lemons are full of various nutrients, including flavonoids, vitamins, minerals, 
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soluble or insoluble dietary fiber, essential oils, organic acids, and carotenoids [7]. Among 
them, lemon juice most abundantly contains citric acid followed by ascorbic acid (vitamin C), 
while lemon peel contains various flavonoids, mainly hesperidin and eriocitrin [8]. The anti-
allergic properties of citric acid, hesperetin, and eriodictyol (active metabolites of hesperidin 
and eriocitrin, respectively) have been demonstrated in animal models of allergic diseases, 
such as atopic dermatitis and anaphylaxis [9-11]. However, little is known about the precise 
mechanisms underlying their anti-allergic properties.

In allergic reactions, mast cells release secretory granules, including chemical mediators, 
such as histamine, serotonin, leukotrienes and prostaglandins, in an exocytotic manner 
[12]. Most anti-allergic drugs exert their effects by antagonizing histamine H1 receptors in 
peripheral tissues [13]. However, several drugs or natural compounds exert stronger anti-
allergic properties by directly inhibiting the process of exocytosis and thus stabilizing mast 
cells [14]. In our previous studies, by continuously monitoring the process of exocytosis 
in mast cells, we have provided in vitro evidence that adrenaline, macrolide antibiotics, 
corticosteroids, anti-hypertensives, and anti-allergic drugs exert mast cell-stabilizing 
properties [15-20]. Recently, we have additionally shown that food constituents, such as 
caffeine, catechin, and vitamins also stabilize mast cells [21, 22]. In the present study, to 
determine the anti-allergic properties of lemon juice and peel constituents and elucidate the 
underlying physiological mechanisms, we directly examined their effects on rat peritoneal 
mast cell degranulation. Here, we provide in vitro evidence for the first time that the lemon 
constituents and their active metabolites, such as citric acid, hesperetin, and eriodictyol, 
potently exert mast cell-stabilizing properties. Such properties may be attributable to their 
inhibitory effects on plasma membrane deformation in degranulating mast cells.

Materials and Methods

Cell Sources and Preparation
Male Wistar rats, outbred albino rats currently the most widely used for laboratory research [23], no 

less than 25 weeks old were purchased from The Jackson Laboratory Japan, Inc. (Yokohama, Japan). Wistar 
rats have originally and frequently been used for the isolation of mast cells [24, 25]. Mast cells isolated from 
rats of this age range were viable enough to be easily induced exocytosis by the exogenous pharmacological 
stimuli [15-19, 22, 26]. Owing to the differences in sex hormones [27], mast cells in females tend to be more 
hypersensitive than those in males. Therefore, we used only male rats throughout the experiments. Rats were 
anaesthetized with isoflurane and euthanized via cervical dislocation as permitted by euthanasia guidelines 
for adult laboratory rodents [28]. Animal protocols were approved by the Animal Care and Use Committee 
of Miyagi University (No. 2024-02). As previously described [15-22, 29], rat peritoneum was washed with a 
standard external (bathing) solution, comprising: 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 isolated mast cells from 
the peritoneal cavity. The isolated mast cells were maintained in the external solution at room temperature 
(22-24℃) for approximately 8 h until use. The mast cell suspension, which was approximately 200/mL, 
was spread in a chamber placed at the head stage of an inverted microscope (Nikon, Tokyo, Japan). Mast 
cells were easily distinguished from other cell types by their characteristic intracellular secretory granules 
[15-22, 29]. The viability of mast cells was determined by their capacity to release secretory granules in 
response to external stimuli (Fig. 1Ab vs. a) and morphological intactness under differential-interference 
contrast (DIC) microscopy, as previously demonstrated [30, 31].

Quantification of Mast Cell Degranulation
Organic lemon juice (100% pure) was purchased from commercial sources (BIOCA, Nagano, Japan) 

and serially diluted with an external solution. Citric acid, hesperetin (Wako Pure Chemical Industries, Osaka, 
Japan), and eriodictyol (Extrasynthese, Lyon, France) were separately dissolved in an external solution to 
final concentrations of 0.1, 0.25, 0.5, and 1 mM. L(+)-ascorbic acid (Wako Pure Chem Ind.) was dissolved 
to final concentrations of 1, 2.5, 5, and 10 mM. In humans, the serum concentrations of citric acid, ascorbic 
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acid, hesperetin and eriodictyol reach around 100-150 μM, 50-70 μM, 2-5 μM, 10-15 μM, respectively, after 
oral administration of physiological doses [32-34]. However, concentrations up to 0.5-1 mM were required 
for citric acid, hesperetin, and eriodictyol to elicit their pharmacological properties in cultured cell lines 
in vitro [35-37]. In contrast, ascorbic acid required approximately 10 times higher doses than citric acid, 
hesperetin, and eriodictyol (up to 5-10 mM) [22, 38, 39]. Therefore, the present study employed doses of 
0.1-1 mM for citric acid, hesperetin, and eriodictyol, and 1-10 mM for ascorbic acid. After incubating mast 
cells with these solutions or the external solution alone, exocytosis was externally induced using compound 
48/80 (Sigma-Aldrich Co., St. Louis, MO, USA; final concentration, 10 mg/mL) [15-22, 29]. We used rat-
derived mast cells in our experiments as they are more responsive to compound 48/80 than those isolated 
from the mouse peritoneal cavity [40]. We obtained bright-field images from randomly chosen 0.1-mm2 
fields of view (10 views from each condition), as previously described [15-22, 29]. We counted the number 
of degranulated mast cells (defined as cells surrounded by over eight granules outside the cell membrane) 
and calculated their ratio to the total number of mast cells.

Lucifer Yellow Trapping on Cell Subsurface
After mast cells were incubated with external solutions containing no substances, 1 mM citric acid, 

ascorbic acid, hesperetin, or eriodictyol for 10 min, exocytosis was externally induced using compound 
48/80 (10 mg/mL). The cells were then incubated for 5 min at room temperature in an external solution 
containing the hydrophilic fluorescent, Lucifer Yellow dye [15, 16, 18, 20, 29, 41, 42] (Wako, Osaka, 
Japan; final concentration, 10 mM) and washed thoroughly three times with dye-free external solutions. 
Fluorescence images were captured using a TE 2000-E Nikon Eclipse fluorescence microscope (Nikon, 
Tokyo, Japan). Because Lucifer Yellow is a water-soluble fluorescent dye retained in the invaginated folds 
created in the plasma membranes [15, 18, 20, 41, 42], negative staining distinguishes substances that inhibit 
the membrane surface deformation of degranulating mast cells.

Statistical Analysis
Data were analyzed using Microsoft Excel (Microsoft Corporation, Redmond, WA., USA) and reported 

as means ± SEM. Statistical significance was assessed using ANOVA. Statistical significance was set at p < 
0.05.

Results

Effects of organic lemon juice on mast cell degranulation
Mast cells incubated with the external solution demonstrated numerous wrinkles on the 

cell surface and the release of secretory granules due to exocytosis (Fig. 1Ab vs. a). However, 
exocytosis was partially or almost completely absent in mast cells incubated with 100 % 
(undiluted) lemon juice or serial dilutions (Fig. 1Ad-h). Quantitatively, a 1:1,000 dilution 
did not affect the number of degranulating mast cells (Fig. 1B); however, a 1:500 dilution 
significantly decreased the number of degranulating mast cells (external solution, 98.9 ± 
0.59 % vs. 1:500 dilution, 57.7 ± 4.45 %; n=10, P<0.05), and the dilutions equal to or thicker 
than 1:250 almost totally suppressed degranulation (Fig. 1B). From these results, lemon 
juice was shown to inhibit exocytosis in a dose-dependent manner and thus exert mast cell-
stabilizing properties.

Effects of citric acid and ascorbic acid on mast cell degranulation
As citric and ascorbic acids are major components of lemon juice [7, 43], we directly 

examined their effects on mast cell degranulation (Fig. 2). A relatively low citric acid 
concentration (0.1 mM) did not affect mast cell degranulation (Fig. 2Ac vs. b); the number of 
degranulated cells was comparable to that of cells incubated with the external solution alone 
(Fig. 2B). However, concentrations equal to or higher than 0.25 mM partially or entirely 
halted the process of exocytosis (Fig. 2Ad-f). Quantitatively, 0.25 mM citric acid significantly 
reduced the number of degranulating mast cells (external solution, 95.4 ± 2.08 % vs. 0.25 
mM, 85.7 ± 1.58 %; n=10, P<0.05; Fig. 2B). Concentrations of 0.5 and 1 mM demonstrated a 
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marked reduction, almost totally suppressing degranulation (0.5 mM, 1.93 ± 0.85 %; 1 mM, 
0.45 ± 0.34 %; n=10, P<0.05; Fig. 2B). Consistent with our previous findings [22], relatively 
higher ascorbic acid concentrations (2.5, 5 and 10 mM) almost completely halted the process 
of exocytosis (Fig. 2Ah-j) and decreased the numbers of degranulating mast cells (external 
solution, 99.1 ± 0.43 % vs. 2.5 mM, 1.11 ± 0.74 %; 5 mM, 0.53 ± 0.53 %; 10 mM, 0.32 ± 0.24 
%; n=10, P<0.05; Fig. 2C). However, approximately 10 times higher doses than citric acid 
were required to obtain similar suppressive effects on mast cell degranulation (Fig. 2C vs. 
B). These results indicated that lemon juice constituents, such as citric and ascorbic acids, 
dose-dependently inhibited the process of exocytosis and thus exerted mast cell-stabilizing 
properties.

Effects of hesperetin and eriodictyol on mast cell degranulation
Hesperidin and eriocitrin are the main flavonoids in lemon peels [44]. Since they 

are metabolized into their aglycone forms by the gut microbiota, such as hesperetin and 
eriodictyol [45], we examined their direct effects on mast cell degranulation (Fig. 3). Similar 
to the effects of citric acid (Fig. 2A and B), a relatively low hesperetin concentration (0.1 
mM) did not affect mast cell degranulation (Fig. 3Ac vs. b), and the number of degranulating 
cells was comparable to that of cells incubated with the external solution alone (Fig. 3B). 
However, concentrations equal to or higher than 0.25 mM partially or entirely halted the 
process of exocytosis (Fig. 3Ad-f). Quantitatively, 0.25 mM hesperetin significantly reduced 
the number of degranulating mast cells (external solution, 99.6 ± 0.43 % vs. 0.25 mM, 55.6 ± 
4.89 %; n=10, P<0.05; Fig. 3B), with 0.5 and 1 mM showing even greater reductions, almost 

Fig. 1. Effects of organic lemon juice on 
mast cell degranulation. A: Differential-
interference contrast (DIC) microscopic 
images were taken before (a) and after 
exocytosis was externally induced by 
compound 48/80 in mast cells incubated 
in the external solutions containing no 
substance (b) or 1:1000 diluted lemon 
juice (c), 1:500 diluted (d), 1:250 diluted 
(e), 1:100 diluted (f), 1:10 diluted (g), 
and undiluted lemon juice (h). B: After 
the mast cells were incubated in the 
external solutions containing no lemon 
juice or different dilutions of lemon juice, 
exocytosis was induced by compound 
48/80. From a single rat, several samples 
of mast cell suspension were obtained 
from the peritoneal cavity. The aliquot 
of the sample was spread in a chamber 
placed at the head stage of an inverted 
microscope. Then bright-field images 
were obtained from randomly chosen 0.1-
mm2 fields of view, in which 30-40 mast 
cells were evenly observed per field. The 
degranulating mast cells were expressed 
as the average percentages of the total 
mast cells in the 10 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 three times using three different rats to confirm 
the reproducibility of the data.
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totally suppressing the numbers of degranulating mast cells (0.5 mM, 1.52 ± 0.67 %; 1 mM, 
0.93 ± 0.65 %; n=10, P<0.05; Fig. 3B). Similar to the effects of hesperetin (Fig. 3Ad-f and B), 
eriodictyol at concentrations equal to or higher than 0.25 mM partially or almost entirely 
halted the process of exocytosis (Fig. 3Ah-j) and significantly suppressed the numbers of 
degranulating mast cells dose-dependently (external solution, 98.4 ± 1.06 % vs. 0.25 mM, 
86.2 ± 2.34 %; 0.5 mM, 31.8 ± 2.82 %; 1 mM, 7.14 ± 1.51 %; n=10, P<0.05; Fig. 3C). These 
results indicated that hesperetin and eriodictyol, the active metabolites of lemon peel 
constituents, dose-dependently inhibited the process of exocytosis and thus exerted mast 
cell-stabilizing properties.

Comparison of mast cell-stabilizing properties among lemon constituents
Our results demonstrated that ascorbic acid required approximately 10 times higher 

doses than citric acid, hesperetin, and eriodictyol to exert a comparative mast cell-stabilizing 
effect (Fig. 2 and 3). To clarify the difference in potency, we compared the effects of these 
constituents at 1 mM (Fig. 4A and B). Similar to the findings for the external solution alone, 
1 mM ascorbic acid did not affect exocytosis (Fig. 4Ad vs. b) or the number of degranulating 
mast cells (Fig. 4B). In contrast, in mast cells incubated with 1 mM citric acid, hesperetin, 
or eriodictyol, exocytosis was almost completely absent (Fig. 4Ac, e, f) and the number of 
degranulated mast cells was almost entirely lost (Fig. 4B). These results indicated that citric 
acid, hesperetin, and eriodictyol are highly potent mast cell-stabilizers (Fig. 5A), and are 

Fig. 2. Effects of citric acid and ascorbic 
acid on mast cell degranulation. A: 
Differential-interference contrast (DIC) 
microscopic images were taken before 
(a) and after exocytosis was externally 
induced by compound 48/80 in mast 
cells incubated in the external solutions 
containing no substances (b), 0.1 mM 
citric acid (c), 0.25 mM citric acid (d), 
0.5 mM citric acid (e), 1 mM citric acid 
(f), 1 mM ascorbic acid (g), 2.5 mM 
ascorbic acid (h), 5 mM ascorbic acid 
(i), and 10 mM ascorbic acid (j). Effects 
of different concentrations of citric 
acid (0.1, 0.25, 0.5, and 1 mM) (B) and 
ascorbic acid (1, 2.5, 5, and 10 mM) 
(C). After the mast cells were incubated 
in the external solutions containing 
no substances or either substance, 
exocytosis was induced by compound 
48/80. From a single rat, several 
samples of mast cell suspension were 
obtained from the peritoneal cavity. The 
aliquot of the sample was spread in a 
chamber placed at the head stage of an 
inverted microscope. Then bright-field 
images were obtained from randomly 
chosen 0.1-mm2 fields of view, in which 
30-40 mast cells were evenly observed per field. The degranulating mast cells were expressed as the 
average percentages of the total mast cells in the 10 bright fields. # p<0.05 vs. incubation in the external 
solution alone. Values were presented as the means ± SEM. Differences were analyzed by ANOVA followed 
by Dunnett’s t-test. The experiments were repeated at least three times using three different rats to confirm 
the reproducibility of the data.
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much more potent than ascorbic acid. Among these constituents, citric acid is by far the 
most abundant in lemon juice [43] and is considered to be primarily responsible for the anti-
allergic properties of lemon [4-6].

Effects of lemon constituents on exocytosis-induced membrane surface deformation
According to our previous studies, lipophilic or amphiphilic drugs modulated the process 

of exocytosis by changing the curvature of the plasma membrane in rat peritoneal mast cells 
[15, 16, 18, 20, 29]. In the present study, as 1 mM citric acid, hesperetin, and eriodictyol 
almost completely inhibited the degranulation of mast cells (Fig. 4A and B), these substance-
induced changes in membrane architecture would greatly influence the exocytotic process. 
To examine whether the wrinkles generated in the degranulating mast cells reflected the 
membrane surface deformation due to exocytosis, we used Lucifer Yellow (Fig. 4C), a water-
soluble fluorescent dye retained in the invaginated folds created in the plasma membranes 
[15, 18, 20, 41, 42]. In mast cells incubated with the external solution alone or with 1 mM 
ascorbic acid, Lucifer Yellow was trapped almost entirely on the cell surface (Fig. 4Cb, d). 
Because this membrane-impermeable dye [46] was barely observed in the cells before 
exocytosis was induced (Fig. 4Ca), positive staining suggested retention of the dye in the 

Fig. 3. Effects of hesperetin 
and eriodictyol on mast cell 
degranulation. A: Differential-
interference contrast (DIC) 
microscopic images were taken 
before (a) and after exocytosis was 
externally induced by compound 
48/80 in mast cells incubated in 
the external solutions containing 
no substances (b), 0.1 mM 
hesperetin (c), 0.25 mM hesperetin 
(d), 0.5 mM hesperetin (e), 1 mM 
hesperetin (f), 0.1 mM eriodictyol 
(g), 0.25 mM eriodictyol (h), 0.5 
mM eriodictyol (i) and 1 mM 
eriodictyol (j). Effects of different 
concentrations (0.1, 0.25, 0.5, 
and 1 mM) of hesperetin (B) and 
eriodictyol (C). After the mast cells 
were incubated in the external 
solutions containing no substances 
or either substance, exocytosis 
was induced by compound 48/80. 
From a single rat, several samples 
of mast cell suspension were 
obtained from the peritoneal 
cavity. The aliquot of the sample 
was spread in a chamber placed 
at the head stage of an inverted 
microscope. Then bright-field 
images were obtained from 
randomly chosen 0.1-mm2 fields of view, in which 30-40 mast cells were evenly observed per field. The 
degranulating mast cells were expressed as the average percentages of the total mast cells in the 10 bright 
fields. # p<0.05 vs. incubation in the external solution alone. Values were presented as the means ± SEM. 
Differences were analyzed by ANOVA followed by Dunnett’s t-test. The experiments were repeated at least 
three times using three different rats to confirm the reproducibility of the data.
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opened pores formed by exocytosis [15, 16, 18, 20, 29, 47]. However, after incubating the 
mast cells with 1mM citric acid, hesperetin, or eriodictyol (Fig. 4Cc, e, and f), the dye was 
almost completely washed out. Based on these results, citric acid, hesperetin, and eriodictyol 
inhibited the formation of invaginated folds, counteracting membrane surface deformation 
due to exocytosis.

Fig. 4. Effects of lemon 
constituents on mast 
cell degranulation and 
membrane surface 
deformation due to 
exocytosis. A: Differential-
interference contrast (DIC) 
microscopic images were 
taken before (a) and after 
exocytosis was externally 
induced by compound 
48/80 in mast cells 
incubated in the external 
solutions containing no 
substances (b), 1 mM citric 
acid (c), ascorbic acid 
(d), hesperetin (e) and 
eriodictyol. B: After the 
mast cells were incubated 
with the external solutions 
containing no substances 
or 1mM citric acid, ascorbic 
acid, hesperetin and 
eriodictyol, exocytosis was 
induced by compound 
48/80. From a single rat, 
several samples of mast cell 
suspension were obtained 
from the peritoneal cavity. 
The aliquot of the sample 
was spread in a chamber 
placed at the head stage of an 
inverted microscope. Then 
bright-field images were 
obtained from randomly 
chosen 0.1-mm2 fields of view, in which 30-40 mast cells were evenly observed per field. The degranulating 
mast cells were expressed as the average percentages of the total mast cells in the 10 bright fields. *p<0.05 
vs. incubation with the external solution containing 1 mM ascorbic acid. Values were presented as the means 
± SEM. Differences were analyzed by ANOVA followed by Dunnett’s t-test. The experiments were repeated 
at least three times using three different rats to confirm the reproducibility of the data. C: The trapping of 
the fluorescent dye (lucifer yellow) on the cell surface was detected before (a) and after exocytosis was 
externally induced in mast cells incubated in the external solutions containing no substances (b), 1 mM 
citric acid (c), ascorbic acid (d), hesperetin (e) and eriodictyol (f).
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Discussion

Besides chemical mediators, such as histamine, serotonin, leukotrienes and 
prostaglandins, mast cells exocytotically release several cytokines and growth factors [12]. 
Accordingly, to precisely define the mast cell-stabilizing properties of drugs or substances, 
exocytosis should be monitored directly rather than indirectly by measuring the amounts of 
chemical mediators released [15, 16, 18, 48]. Two types of mast cells exist throughout the 
body [49]. One is the connective tissue type, which primarily exists in loose connective tissues, 
such as the peritoneal cavity or skin. The other is the mucosal type, which primarily exists 
in airway or gastrointestinal mucosa. Connective tissue mast cells produce various chemical 
mediators, such as tryptase, chymase and carboxypeptidases, whereas mucosa type mast 
cells only produce tryptase [50]. Because the present study focused on the release of whole 
chemical mediators, we used mast cells isolated from rat peritonei. Additionally, we carefully 
monitored the entire process of exocytosis under a microscope and defined it as the ratio of 
degranulating mast cells [15-20]. Using this approach, we have provided in vitro evidence 
that adrenaline, macrolide antibiotics (clarithromycin), corticosteroids (dexamethasone and 
hydrocortisone), anti-hypertensives (prazosin), and anti-allergic drugs (tranilast, ketotifen, 
olopatadine, and cetirizine) exert mast cell-stabilizing properties [15-20]. Additionally, 
we recently demonstrated that food constituents such as caffeine, catechins, and vitamins, 
stabilize mast cells and that they exert synergistic effects when combined [21, 22]. In this 
study, using the same approach, we provided direct evidence that lemon juice and peel 
constituents or their active metabolites, such as citric acid, hesperetin and eriodictyol, dose-
dependently inhibited exocytosis, and thus exerted mast cell-stabilizing properties (Fig. 5A).

Fig. 5. Mast cell-stabilizing properties of 
lemon constituents and their proposed 
mechanisms. A: Citric acid, ascorbic 
acid, hesperetin, and eriodictyol 
(active metabolites of hesperidin and 
eriocitrin) exert mast cell-stabilizing 
effects. Notably, citric acid, hesperetin, 
and eriodictyol were more potent than 
ascorbic acid. B: Citric acid, hesperetin, 
and eriodictyol directly disturb the 
plasma membrane of mast cells or 
interact with lipid bilayers. Thus, 
they may generate inward membrane 
bending, thereby counteracting 
exocytosis in mast cells.
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Besides allergic reactions, mast cells contribute to the progression of fibrosis in the lungs, 
liver, kidneys, and skin [51-53]. Under pathological conditions such as chronic inflammation, 
mast cells produce fibroblast-activating factors, thus exacerbating organ fibrosis [12]. In 
this regard, the therapeutic efficacy of mast cell-stabilizers or chemokine inhibitors, which 
directly suppress mast cell activity, has been demonstrated against organ fibrosis [54-57]. 
We have previously demonstrated that tranilast, a potent mast cell-stabilizer, reduces the 
progression of peritoneal fibrosis in a rat model of chronic uremia [16]. In the present study, 
citric acid, hesperetin, and eriodictyol were found to be highly potent mast cell-stabilizers 
(Fig. 5A) and may thus be useful in organ fibrosis treatment or prevention. Several recent 
animal studies have shown that the administration of hesperetin, eriodictyol, and lemon 
extracts ameliorate organ fibrosis progression, including liver cirrhosis and renal fibrosis 
[58-61].

In this study, citric acid, hesperetin, and eriodictyol inhibited the formation of invaginated 
folds and counteracted membrane surface deformation due to exocytosis (Fig. 4C). Because 
hesperetin and eriodictyol are lipophilic [62], they tend to accumulate inside the plasma 
membrane and directly interact with its phospholipid bilayers [63, 64] (Fig. 5B). In contrast, 
at high concentrations, citric acid directly disturbs the plasma membrane structure by 
changing its integrity and fluidity [65]. In our previous studies, chlorpromazine, which 
preferentially partitions into the inner leaflet of lipid bilayers, generated inward membrane 
bending and counteracted exocytosis in mast cells and megakaryocytes [29, 42]. Similarly, 
in this study, the counteracting effects of these lemon constituents on membrane surface 
deformation may be attributed to their mast cell-stabilizing properties (Fig. 5B).

In our previous patch-clamp study, the internal application of ethylene glycol tetra-acetic 
acid (EGTA), which chelates calcium ions and thus inhibits their intracellular transport, 
completely halted the process of exocytosis [16]. Therefore, consistent with previous findings 
[66, 67], a rise in intracellular Ca2+ concentrations was considered the primary trigger of 
mast cell exocytosis. In the present study, we did not examine the dynamics of intracellular 
Ca2+ concentration after stimulation with the lemon-derived constituents. However, since 
the constituents, such as eriodictyol, hesperidin, and ascorbic acid, directly suppress the 
Ca2+ influx in various types of cells [68-70], they would also inhibit Ca2+ signaling in mast 
cells, thereby exerting additional mast cell-stabilizing effects. Along with transient receptor 
potential canonical (TRPC) channels that are stimulated by the depletion of Ca2+ stores in 
the endoplasmic reticulum [71], mast cells express transient potential vanilloid 1 receptor 
(TRPV1) on the plasma membrane [72]. As TRPV1 is calcium-permeable and allows Ca2+ 
entry into cells, it contributes to intracellular Ca2+ accumulation in mast cells [73]. In previous 
study, eriodictyol was shown to antagonize TRPV1 and inhibit Ca2+ influx in spinal cord 
synaptosomes [72]. Therefore, by antagonizing TRPV1 expressed in mast cells, eriodictyol 
may exert additional mast cell-stabilizing properties.

Conclusions

This study provides novel in vitro evidence for the first time that lemon juice and peel 
constituents or their active metabolites, such as citric acid, hesperetin, and eriodictyol, 
potently exert mast cell-stabilizing properties. These properties are attributable to their 
inhibitory effects on plasma membrane deformation in degranulating mast cells.
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