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Summary 
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It is well known that mast cells produce and release biologically active substances such as histamine, 
heparin, proteases, leukotrienes, cytokines, chemokines and growth factors. According to the avail-
able scientific literature on that topic this is the first time when gallbladder mast cells were found to 
have a capacity to produce insulin and glucagon. We aimed to perform an immunohistochemical 
study to determine glucagon- and insulin-positive mast cell existence and distribution in the wall of 
porcine gallbladder. The collocalisation of glucagon and insulin immunopositivity with metachro-
masy allowed us to detect the presence of glucagon and insulin immunoreactive mast cells in the bot-
tom, body and neck of gallbladder. In addition, an immunohistochemical detection of tryptase as a 
better marker for mast cells than toluidine blue dye was used to compare the number of mast cells to 
glucagon and insulin immunoreactive cells. The ability of mast cells to produce hormones was con-
firmed by the chromogranin A immunopositivity of the same cells. The highest mast cell density was 
registered in in all layers of gallbladder’s neck, followed by the body and bottom of gallbladder. In 
conclusion, we established histochemically and immunohistochemically the localisation and density 
of two new types of mast cells: glucagon and insulin positive mast cells.  
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INTRODUCTION 

Domestic swine is considered as one of 
the most suitable animal models in mor-
phological, physiological, biochemical, 
and genetic investigations as well as in 
xenotransplantation because pigs and hu-
mans share many similarities such as size, 
physiology, anatomy, metabolic profile, 

genome and chromosomal structure (Rib-
itsch et al., 2020).  

Several morphological studies estab-
lished that mast cells (MCs) are localised 
predominantly in skin as well as at muco-
sal sides of gastrointestinal tract and respi-
ratory system where they contact a variety 
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of antigens. These cells were observed in 
the connective tissue surrounding blood 
vessels, between smooth muscle bundles, 
near the epithelial cells and hair follicles 
(da Silva et al., 2014). The role of MCs in 
maintaining homeostasis of the gut bacte-
ria can be explained by the ability of the 
antigen to permeate through the epithelial 
layer of the gut mucosa by binding to IgE 
on mucosal type MCs (Cheng et al., 
2021). Then IgE antibody-antigen interac-
tion causes activation of the MCs trigger-
ing an immune response. The activation of 
MCs stimulates their degranulation and 
release of inflammatory mediators leading 
to increase of vascular permeability, oe-
dema of the gut epithelium and smooth 
muscle contraction accompanied by vo-
miting and diarrhoea.  

Morphological and histochemical fea-
tures of MCs in rodents and men were 
described in detail by Xu et al. (1993). 
Two mast cell types: mucosal-type 
(MMCs) and connective tissue type 
(CTMCs) were established in mice (Bie-
nenstock et al., 1982; Galli, 1990). In 
humans, on the basis of MCs reactivity 
with antibodies against proteases chymase 
and tryptase, two mast cell types were 
described: tryptase- and chymase-positive 
(MCstrc+, located mainly in the connec-
tive tissue and serosa, corresponding to 
CTMCs) and tryptase-positive, chymase-
negative (MCstr+, localised predomi-
nantly in the intestinal and airway mucous 
tunics, corresponding to MMCs) subtypes 
(Irani et al., 1986). CTMCs and MMCs 
were distinguished by the red staining 
with safranin depending on the heparin 
content in their secretory granules. For 
example, it was established that CTMCs 
contained heparin but MMCs – did not. 
CTMCs may be detected after fixation in 
10% neutral buffered formalin, whereas 
MMCs are visualised by fixation in non-

aldehyde non-aqueous solutions such as 
Carnoy’s fixative (Irani & Schwartz, 
1989). Xu et al. (1993) were the first to 
present detailed information for histo-
chemical features of porcine CTMCs and 
MMCs in the organs of gastrointestinal 
tract but not in the bile ducts. Stefanov 
(2021) revealed that the staining results in 
porcine gallbladder were similar to those 
of porcine intestine (Xu et al., 1993) be-
cause the granules of MCs in the mucosal 
and submucosal connective tissue of gall-
bladder (GB) and intestine were stained in 
blue in contrast to rat tissue where con-
nective tissue mast cell granules stained 
dark purple and mucosal mast cell gran-
ules red (Enerback, 1966). It was reported 
that MC in the gastrointestinal tract, in-
cluding the GB and the extrahepatic bile 
ducts (EHBD), exibited β-metachromasia. 
Stefanov (2021) also revealed that 
MCstr+ were localised in all layers of 
studied organs, which did not permit their 
differentiation into ММСs and СТМСs. 
In porcine GB, the immunolabelling with 
tryptase allowed detecting a higher num-
ber of MCs compared to other staining 
techniques  toluidine blue positive mast 
cells (МCstb+), alcian blue positive mast 
cells (MCsab2.5+ and MCsab1.0+ at pH 
2.5 and pH 1.0, respectively) after 
formalin fixation. 

Insulin producing β-cells and glucagon 
producing α-cells that are known as pan-
creatic endocrine cells, were also found to 
be localised in the murine EHBD (Dutton 
et al., 2007). This phenomenon was ex-
plained by the common embryologic de-
velopment of the extrahepatic bile ducts, 
gallbladder, and pancreatic primordia 
(Tomita & Hara, 2022). However, so far 
we have not found any data about the abi-
lity of mast cells to express insulin and/or 
glucagon. The presence of glucagon posi-
tive (MCsglu+) and insulin immunoreac-
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tive (MCsins+) mast cells in the porcine 
gallbladder can be used for development 
of new approaches to the treatment of 
diabetes.  

Considering the information above we 
aimed to establish the existence and dis-
tribution of glucagon and insulin positive 
mast cells in the wall of porcine gallblad-
der’s neck, body and bottom. 

MATERIALS AND METHODS 

Animals  

The present study used specimens from 
the bottom (fundus vesicae biliaris), body 
(corpus vesicae biliaris) and neck (collum 
vesicae biliaris) of normal gallbladders 
taken from 6 male pigs (crossbred Bulgar-
ian White × Landrace) at the age of 6 
months (92–100 kg), slaughtered for meat 
consumption at a slaughterhouse. The 
animals were delivered under Scientific 
Project No.13/2017, Medical Faculty, 
Trakia University. After slaughtering, the 
specimens were fixed in 10% aqueous 
solution of formalin.  

Histological methods  

Serial tissue sections of 5 µm thickness 
were prepared from each animal, mounted 
on gelatin coated slides, deparaffinised in 
xylene, rehydrated and stained with 
haematoxylin and eosin to exclude the 
presence of pathological findings. Another 
part of the sections was processed for his-
tochemical staining with toluidine blue as 
well as for immunohistochemical detec-
tion of tryptase-, chromogranin A-, gluca-
gon- and insulin expression. 

Colocalisation of metachromatic and glu-
cagon- and insulin positive mast cells  

After immunohistochemical staining for 
glucagon and insulin expression, the same 

sections were used for toluidine blue his-
tochemistry. For this purpose, the cover-
slips were removed from the already pho-
tographed slides, then were rehydrated 
and immersed in 0.1% toluidine blue in 
McIlvaine buffer (pH = 3) (Pearce, 1960) 
for demonstration of colocalisation of 
metachromatic mast cells and glucagon- 
and insulin positive mast cells. 

Immunohistochemical methods  

For visualisation of glucagon and insulin 
immunoreactive cells comparing to trip-
tase and chromogranin A positive mast 
cells, tissue sections prepared for immu-
nohistochemical staining were washed in 
0.1M PBS and placed in 1.2% hydrogen 
peroxide in methanol then antigen recove-
ry in buffer (pH 9.0) was done. Between 
steps, sections were washed with an EnVi-
sionFlex Wash Buffer, then incubated in a 
humidified chamber overnight at 4 °C 
with following primary antibodies: gluca-
gon mouse monoclonal antibody (C-11) 
SC-514592, Santa Cruz, Insulin mouse 
monoclonal antibody (2D 11-45), SC-
8033, Santa Cruz, chromogranin A rabbit 
antibody (PA 0430) (Leica) and mono-
clonal mouse antihuman mast cell tryp-
tase, which are ready to use. After wash-
ing with PBS, the sections were incubated 
with EnVision detection system (DAKO) 
for 24 hours at 4 °C. The immune reaction 
was visualised with diaminobenzidine. 
The slices were dehydrated, washed, 
coated with glass slides, and photo-
graphed with a research microscope 
(LEICA DM1000) equipped with a digital 
camera (LEICA DFC 290). The serial 
sections were stained consequently with 
glucagon-, insulin-, tryptase- and chromo-
granin A antibodies. PBS replacing the 
primary antibody was used as a negative 
control. 
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Statistical analysis 

The number of mast cells was estimated 
on the microscopic field ×200 (with an 
area of 0.163 mm2) from the sections of 
the three parts of the gallbladder using a 
light microscope (LEICA DM1000) 
equipped with a digital camera (LEICA 
DFC 290). The data for mast cells density 
(number per field) were processed by 
GraphPad Prism 6 for Windows (Graph-
Pad Software, Inc., USA) via one-way 
ANOVA followed by Tukey-Kramer’s 
post-hoc test. P-values of less than 0.05 
were considered statistically significant. 
The data are presented as mean ± SEM. 

RESULTS  

Tryptase immunolabelling and toluidine 
blue staining were used to confirm that the 
cells expressing glucagon and insulin were 
mast cells. The colocalisation of both 
tryptase and toluidine blue staining 
showed that tryptase immunoreactive mast 
cells (MCstr+) were more than metachro-
matic mast cells (Fig. 1A). In the propria, 
MCstb+ were only 35 % of the MCstr+, in 
the muscular trunic – 67%, in the serosal 
layer – 81%. The colocalisation of gluca-
gon and insulin immunopositivity with 
metachromasia revealed that all meta-
chromatic mast cells were immunoreactive 
for both hormones but some of glu+ and 
ins+ cells were not metachromatic (Fig. 
1B, C). The immunohistochemical stain-
ing showed no statistically significant dif-
ference between the number of MCstr+, 
glu+ and ins+ cells. Therefore, the tryp-
tase immunohistochemistry comparing to 
toluidine blue staining appeared to be 
more reliable technique for identifying all 
glu+ and ins+ mast cells. 

It was established that mast cells ex-
pressing glucagon (MCsglu+), insulin 
(MCsins+) and tryptase (MCstr+) showed 

similar shape, density (Table 1) and loca-
lisation (Fig. 1D, E). The immunohisto-
chemical staining for detection of chromo-
granin A (cgA) allowed identifying chro-
mogranin A positive (cgA+) cells which 
showed similar shape and distribution to 
MCstr+, MCsglu+, MCsins+ (Fig. 1F).  

The four types of mast cells were lo-
cated near the blood vessels and nerves in 
the propria (lamina propria mucosae), 
muscular (tunica muscularis) and serosal 
(tunica serosa) tunics of gallbladder. In 
the muscle layer, all types of mast cells 
were also observed near the smooth mus-
cle cells.  

The most numerous mast cells were in 
the propria, followed by those in the mus-
cle layer and the lowest number was found 
in the serous layer (Table 1). This differ-
ence was most pronounced in gallblad-
der’s neck (P˂0.0001). There was no sig-
nificant difference between the number of 
MCstr+, MCsglu+, MCsins+ and McscgA+ 
in the same tunic of the gallbladder. In the 
gallbladder bottom, the density of the four 
mast cell types in the muscular and serosal 
tunics was similar. In all layers of gall-
bladder’s neck, the mast cell density was 
the highest, followed by the mast cell den-
sity in the body and the bottom (Table 1).  

CgA+ cells showed similar morpho-
logy, density (Table 1) and localisation as 
MCstr+, MCsglu+ and MCsins+. 

DISCUSSION 

This study is the first report on the exis-
tence, localisation and density of two new 
mast cell phenotypes expressing glucagon 
and insulin. The localisation and density 
of MCsglu+ and MCsins+ was determined 
in the wall of the three parts of porcine 
gallbladder  the neck, body, and bottom. 
To identify the MCsglu+ and MCsins+  
immunohistochemical detection of MCstr+  
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Fig 1. A) Colocalisation (arrows) of MCstr+ and metachromatic mast cells in tunica muscularis. 
Some of MCstr+ (arrowheads) did not show metachromasy. Bar=50 µm; B) Colocalisation (arrows) 
of MCsins+ and metachromatic mast cells in tunica muscularis. Some of insulin-positive mast cells 
(arrowheads) did not show metachromasy. Bar=50 µm; C) Colocalisation (arrows) of MCsglu+ and 
metachromatic mast cells in tunica muscularis. Some of glucagon positive mast cells (arrowheads) 
did not show metachromasy. Bar=50 µm; D) MCstr+ (arrows) in the lamina propria of gallbladder’s 
body. Bar=50 µm; E) MCsins+ (arrows) in the lamina propria of gallbladder’s body. Bar=50 µm; F) 
CgA+ mast cells (arrows) in the lamina propria of gallbladder’s body. Bar=50 µm. 
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which is considered one of the most pre-
cise markers of these cells was used (Mo-
hajeri et al., 2019; Stefanov, 2021).  

The other colocalisation of both tryp-
tase and toluidine blue staining showed 
that tryptase positive mast cells (MCstr+) 
were more numerous than metachromatic 
mast cells. This colocalisation allowed 

estimating the percent of metachromatic 
mast cells that were positive for tryptase 
for example, in the propria MCstb+ were 
35% of the MCstr+, in the muscular tunic 
– 67%, in the serosal tunic – 81%. Since 
the existence of statistically significant 
difference between the number of MCstr+ 
and glu+ and ins+ cells was not estab-

Table 1. Mast cell localisation and density (mean ± SEM MC number per microscopic field ×200) in 
the lamina propria, muscular and serosal tunics of the collum, corpus and fundus vesicae biliaris 
(VB). 

Mast cells number per microscopic field ×200 
МС localisation 

Collum VB Corpus VB  Fundus VB 

MCtr+  
in lamina propria 

16.00±0.33 
A4/B4/D4/E4 

12.39±0.16 
A1/B4/F1 

11.28±0.18 
A4/B4 

MCtr+ 
in muscular tunic 

13.50±0.23 
C4/D4/E4 

11.28±0.22 
C4/F4 

8.77±0.210 

MCtr+ 
in serosal tunic 

9.05±0.21 9.0±0.18 8.55±017 

MCglu+  
in lamina propria 

15.44± 0.27 
A4/B4/D4/E4 

11.61±0.20 
A1/B4/F1 

10.72±0.24 
A4/B4 

MCTglu+  
in muscular tunic 

13.28±0.21 
C4/ D4/E4 

10.94±0.22 
C4/F4 

8.66±0.18 

MCglu+  
in serosal tunic 

8.61±0.18 8.66±0.16 8.44±0.12 

MCins+ 
 in lamina propria 

15.22±0.26 
A4/B4/D4/E4 

11.17±0.17 
A1/B4/F1 

10.28±0.19 
A4/B4 

MCins+  
in muscular tunic 

13.17±0.19 
C4/ D4/E4 

10.61±0.22 
C4/F4 

8.38±0.12 

MCins+  
in serosal tunic 

8.33±0.16 8.44±0.22 8.22±0.17 

MCcgA+  
in lamina propria 

16.17±0.35 
A4/B4/D4/E4 

12.22±0.19 
A1/B4/F1 

11.44±0.16 
A4/B4 

MCcgA+  
in muscular tunic 

13.39±0.22 
C4/D4/E4 

11.39±0.20 
C4/F4 

8.72±0.18 

MCcgA+  
in serosal tunic 

8.94±0.19 9.16±0.15 8.72±0.16 

Legend: A – statistical significant difference between the propria and muscular tunic; B – statistical 
significant difference between the propria and serosal tunic; C  statistical significant difference 
between the muscular tunic and serosal tunic; D – statistical significant difference between the neck 
and the body; E– statistical significant difference between the neck and the bottom; F – statistical 
significant difference between the body and the bottom. 1  P˂0.05, 4  P˂0.0001. 
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lished, it was assumed that toluidine blue 
staining was not able to mark all MCsglu+ 
and MCsins+. These findings support our 
previous study (Stefanov, 2021) demon-
strating that compared to the toluidine 
blue and alcian blue stainings, the tryptase 
was the best marker for mast cells in for-
malin-fixed gallbladder neck because both 
mucosal type (MMC) and connective tis-
sue type (CTMC) of mast cells expressed 
this enzyme. The current study revealed 
that MCsglu+ and MCsins+ showed simi-
lar morphology, localisation and density 
as MCstr+ in all parts of gallbladder  
bottom, body, and neck. 

Glucagon and insulin expression by 
mast cell granules defines a new, so far 
unknown role of these cells regarding 
their participation in glucose homeostasis 
regulation. Our results support the studies 
of several authors that reported involve-
ment of mast cells in the pathogenesis of 
diabetes mellitus (Caughey, 2007). In 
T1DM, MCs present pancreatic T-cell 
antigens, allowing proinflammatory cyto-
kines/chemokines to affect the function 
and survival of pancreatic β-cells 
(Caughey, 2007). The tumour necrosis 
factor involved in T1DM is a proinflam-
matory cytokine, involved in the acute 
phase of the reaction, with increased vas-
cular permeability and can be generated 
and released by degranulated and non-
granulated activated mast cells (Dudeck et 
al., 2021).  

MCs are also known to be crucial for 
the maturation of Th17 cells, which are 
key cells in T1DM (Milovanovic et al., 
2012). Diabetic mice have been found to 
decrease T regulatory (Treg) cells and 
reduce expression of IL-10, TGF-β and 
IL-6 in pancreatic tissue (Sia & Hänninen, 
2010). 

It was also reported that mast cell me-
diators, such as chemokines, cytokines, 

growth factors, heparin, histamine, prote-
ases, chymase, and tryptase, contribute to 
pathogenesis of type 2 diabetes (T2DM)  
the commonest type of diabetes. Tryptase 
is the major mast cell enzyme that stimu-
lates fibroblast proliferation and collagen 
synthesis involved in diabetes-related vas-
cular disorders, while the other mast cell 
enzyme – chymase, converts TGF-β from 
inactive to active form (Ikeda, 2003).  

The release of glucagon by MCsglu+ 
can be explained by the findings of some 
authors related to the role of this hormone 
in the inhibition of gastrointestinal moti-
lity in humans. Pau (1973) found out that 
glucagon inhibits cholinergic motor activi-
ties not directly via either receptor on the 
smooth muscle cells but through postgan-
glionic neurons in the canine small intes-
tine as well as in the antrum, whereas glu-
cagon activates cholinergic activity in the 
duodenum, jejunum and ileum.  

Immunohistochemical detection of 
chromogranin A as a marker for endocrine 
cells was used to confirm the ability of 
mast cells to form hormone containing 
granules. According to Tomita (2020), β-, 
α-, δ- and PP islet cells in the pancreas 
were immunopositive for chromogranin 
A. Our study showed clearly that in por-
cine gallbladder the three types 
(MCsglu+, MCsins+ and MCstr+) of MC 
were chromogranin A-positive, which are 
new phenotypes of mast cells expressing 
insulin and glucagon similarly to β- and α- 
islet cells of the pancreas. 

The presence of glucagon and insulin 
expressing cells in the gallbladder wall 
revealed in this study raises the need for 
performing experiments to clarify the ex-
act mechanisms of the pharmacological 
effects of both hormones on gallbladder 
motility. 

The immunoexpression of glucagon, 
insulin and chromogranin A by mast cells 
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allowed hypothesising that these cells are 
another extrapancreatic source of both 
hormones that probably participate in 
regulation of glucose level in normal and 
in diabetic conditions by a mechanism that 
needs to be established. We assume that 
there is a functional connection between 
the mast cells and the islets of Langerhans 
called a mast cell-islet axis, similar to the 
functional connection between the intes-
tine and the islets of Langerhans called 
entero-islet axis by Fehmann et al. (1995). 
Mast cell glucagon and insulin may be 
used for development of new approaches 
to the treatment of diabetes by treatment 
with special substances influencing mast 
cell function especially the release of both 
hormones.  

In conclusion, for the first time, the 
current study identified immunohisto-
chemically and histochemically two new 
phenotypes of mast cells in mammals: 
glucagon and insulin immunoreactive 
mast cells. It also presents original data 
about their localisation and density in the 
tunics of porcine gallbladder’s neck, 
body, and bottom. The presence of gluca-
gon and insulin in mast cell granules may 
be due to the ability of mast cells to ac-
cumulate or to synthesise these hormones. 
In this respect, further investigations are 
needed to elucidate the mechanism of 
their synthesis and the clinical signifi-
cance of the observed new mast cell types. 
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