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Summary. Diabetic gastroenteropathy involves not only
the parasympathetic and sympathetic autonomic nerves,
but also enteric neurons, smooth muscle cells and
interstitial cells of Cajal (ICC). ICC are the cells of
mesenchymal origin that occur within and around the
muscle layers in the gastrointestinal tract. The objective
of the present study was to investigate the alterations of
ICC in the lower oesophageal sphincter (LOS) of
streptozotocin-nicotinamide non-insulin-dependent
diabetes rats. Moreover, we investigated possible ICC in
rats with the same type of diabetes, treated with bilberry
fruit extract, bearing in mind that its hypoglycemic effect
had been already proven.

Male Wistar rats (10 weeks old) were used, and
diabetes was induced by an intraperitoneal injection of
streptozotocin, immediately after intraperitoneal
application of nicotinamide. The specimens were
exposed to anti-c-kit antibodies to investigate the
distribution of ICC, and the smooth muscle cells were
immunohistochemically labelled using anti-desmin
antibodies.

Intramuscular ICC were very abundant in the LOS
of rats. They were spindle-shaped, with two long
processes connecting them into long linear sequences. In
the LOS of diabetic rats, intramuscular ICC were rarely
present and linear cell-cell connections between these
cells were completely missing. In groups treated with
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bilberry, the number and distribution of ICC were
exactly the same as in the above described rats with
induced diabetes.

In summary, a decrease of intramuscular ICC,
discontinuities and breakdown of contacts between ICC
were observed in streptozotocin-nicotinamide induced
diabetes rats and in groups treated with bilberry. Bilberry
fruit extract was shown to have hypoglycemic activity,
but without any protective effects on ICC in the LOS of
diabetic rats.
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Introduction

Gastrointestinal motility disorders related to enteric
neuropathy occur in up to 30-50% of patients after 10
years of type I or II diabetes (Vinik et al., 2003; Boulton
et al., 2005; Sfarti et al., 2010). Diabetic gastro-
enteropathy is multifactorial and involves not only the
parasympathetic and sympathetic autonomic nerves but,
within the gut, also enteric glia and neurons, smooth
muscle cells, endothelium of capillary adjacent to the
myenteric ganglia, mucosal endocrine cells and
interstitial cells of Cajal (ICC). The pathogenesis of
diabetic gastrointestinal neuropathy and gastroparesis
has been the focus of recent reviews (Ordog, 2008;
Ordog et al., 2009; Bagyanszki and Bodi, 2012).

ICC are the cells of mesenchymal origin that occur
within the muscle layers and around myenteric plexus
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(MP) in the gastrointestinal tract. These cells express
CD117 (c-kit), a membrane receptor with tyrosine kinase
activity (Ward, 2000; Takaki, 2003), and they depend on
signaling via Kit receptors for their development and
phenotype maintenance (Torihashi et al., 1995; Beckett
et al., 2007; Radenkovic et al., 2010a). Certain subtypes
of ICC form networks that play a role in gastrointestinal
motor control and represent the source of slow-wave
pacemaker activity (Huizinga and Lammers, 2009;
Hwang et al., 2009), while other ICC subpopulations
serve as mediators of enteric motor neurotransmission
(Ward et al., 2000; Suzuki et al., 2003; Ward and
Sanders, 2006; Sanders et al., 2014). ICC also play a role
in afferent neural signaling and act as non-neuronal
stretch receptors (Thuneberg and Peters, 2001; Won et
al., 2005; Garcia-Lopez et al., 2009). Kit expression has
provided an efficient means of identifying ICC at the
light microscopic level (Sanders et al., 1999). ICC are
classified into several subtypes, with the lower
oesophageal sphincter (LOS) containing only
intramuscular ICC (ICC-IM), and ICC at the MP are
absent since there is no pacemaker activity in this region.
The main role of the ICC-IM subtype is neuro-
transmission and stretch sensing (Komuro, 2006;
Radenkovic et al., 2010a; Radenkovic, 2012).

Loss or dysfunction of ICC in various dysmotilities
and in animal models has been shown to lead to gastric
dysrhythmias, gastroparesis, slow intestinal transit,
impaired neuroeffector mechanisms and altered visceral
afferent signaling, which are considered the hallmarks of
diabetic gastroenteropathy (Ordog, 2008). Changes in
the enteric nervous system and smooth muscle cells were
also reported in diabetic patients (Pasricha et al., 2008)
and an ICC loss was documented in the stomach of
diabetic patients with gastroparesis (He et al., 2001;
Forster et al., 2005; Iwasaki et al., 2006; Grover et al.,
2011; Kim et al., 2012). Animal model studies with type
I and type II diabetes models also showed a loss of ICC.
In the studies with non-obese diabetic (NOD) mice, a
model of human type I diabetes, ICC network reduction
has been noted in gastric corpus and antrum (Ordog et
al., 2000; Horvath et al., 2006). In the type II diabetes
mice model (leptin receptor mutant mice), a modest ICC
count decline appeared in both MP and ICC-IM
throughout the stomach, small intestine and colon
(Yamamoto et al., 2008). The loss of ICC was also
detected in the gastric fundus and corpus of
streptozotocin (STZ)-diabetic rats, along with a
depletion of ICC-IM in both circular and longitudinal
muscle layers (Wang et al., 2009). A more suitable
diabetes animal model is the animal model created by
Masiello (Masiello et al., 1998), inducing diabetes by the
administration of two compounds: STZ and nicotin-
amide (NA). A recent review shows the versatility of the
STZ-NA animal model (Szkudelski, 2012). The severity
of STZ-NA-induced diabetes is much lower than that of
diabetes induced by STZ alone; rats manifest moderate
hyperglycemia and do not require exogenous insulin to
survive due to preserved insulin-secreting response to

glucose, and this also represents an appropriate model
for human type II diabetes. We have not found any data
about ICC and its distribution and changes in the STZ-
NA rat model.

Blueberries are known to possess anti-diabetic
activity (Basu et al., 2010; Stull et al., 2010; Babu et al.,
2013; Chang et al., 2013), and have been used in
traditional medicine for a variety of conditions.
Bilberries (Vaccinium myrtillus) particularly, are one of
the richest sources of antioxidants (Takikawa et al.,
2010). To date, there have been numerous studies that
examine and demonstrate antioxidant, protective,
hypoglycemic effects of bilberries in diabetes (Yang et
al., 2005; Grace et al., 2009; Takikawa et al., 2010;
Asgary et al., 2015); however there is no data on the
effect of bilberries and possible protective effects on the
ICC in diabetes.

The objective of the present study was to investigate
the alterations of ICC in the LOS of STZ-NA
noninsulin-dependent diabetes rats. We also investigated
the possible changes in ICC distribution in rats with the
same type of diabetes and treated with the bilberry fruit
extract.

Materials and methods
Animals

Male Wistar rats (weighing 230-250 g and 10 weeks
old) were used in the present study. The study was
carried out in the Research Center for Biomedicine
(Faculty of Medicine, University of Nis, Nis, Serbia) in a
controlled environment. Animals were placed into four
groups (seven animals per group): diabetic (STZ-NA
rats), age-matched controls, diabetic animals treated with
bilberry and controls treated with the same dosage of
bilberry extract. All groups had unlimited access to food
and water during the experiment. Non-insulin dependent
diabetes was induced by an intraperitoneal injection of
streptozotocin (Sigma Aldrich, SAD) at a dosage of 45
mg/kg body weight immediately after intraperitoneal
application of nicotinamide (Sigma Aldrich, SAD) at a
dosage of 110 mg/kg body weight. Hyperglycemia was
verified using the Accu-check Performa (Roche) glucose
meter on 3rd and 7th day after the administration of STZ
and NA. Blood samples were collected from the tail vein
after 2 hours’ fasting. Animals with a glucose level of
>8.3 mmol/L were considered diabetic. After four
weeks, with the animal diabetic model fully developed,
the oral treatment with bilberry fruit extract (10.6 mg/ml
of anthocyanins equivalents) was started for two weeks
at a dose of 50 mg/kg body weight. After two weeks, the
animals were sacrificed by exsanguination after bilateral
thoracotomy in deep anesthesia (ketamine hydro-
chloride, 100 mg/kg body weight). Animals were kept in
accordance with the National Guide for the Care and
Use of Laboratory Animals, and all experimental
procedures had been previously approved by the Ethics
Committee of the Faculty of Medicine, University of Nis.



641

Bilberries effect on ICC in diabetes

Bilberry source and preparation of the fruit extract

Bilberries (Vaccinium myrtillus L.) were sampled at
the full ripe stage in the woods from Koroska and Skofja
Loka, Slovenia and stored at -20°C for one week when
methanol extracts were prepared. The extraction method
was modified and improved in accordance with an
already reported method (Moze et al., 2011). Methanol
was evaporated using a rotary vacuum evaporator at low
temperature, and the concentration of anthocyanin
equivalents was calculated to 10.6 mg/ml.

Tissue preparation

The stomach with lower oesophagus was removed
from rats via abdominal incision immediately after the
exsanguination, and immersed in a saline solution. The
stomach was opened along the greater curvature and
gastric contents were washed with saline solution.
Cardia and the lower esophagus were isolated and fixed
in formaldehyde (10%).

Immunohistochemistry

The specimens were exposed to anti-c-kit antibodies
to investigate ICC, and the smooth muscle cells were
immunohistochemically labelled with anti-desmin (DES)
antibodies. The sections were deparaffined in xylol and a
descending series of alcohol rinses (less than 1 min
each) followed by rehydration in distilled water.
Blocking of endogenous peroxydase was performed with
3% H,0, for 10 min. After that, incubation with primary
antibodies was performed for 60 min at room
temperature, followed by rinses in a phosphate-buffered
solution (0.1 M PBS, pH 7.4). The primary antibodies
were diluted in Dako antibody diluent (catalogue no.
S0809; Dako North America, Carpinteria, CA, USA).
Incubation was performed with streptavidin horseradish
conjugate for 30 min at room temperature, and DAKO
Liquid DAB + Substrate/Chromogen System (code no.
K3468) was used for complex visualization. Mayer’s
haematoxylin was used for counterstaining of all
immunolabelled sections. Immunoreactivity was absent
in negative controls in which the primary antibody was
omitted. The primary antibodies used and their
respective dilutions are listed in Table 1.

Quantitative image analysis

Circular and longitudinal muscle area and numerical
areal density (N,) of ICC were determined by digital
image analysis using Image J software (National
Institutes of health, Maryland, USA, http://image;j.
nih.gov/ij/). The images of the muscle layer were
obtained on Olympus BX 50 light microscope equipped
with a digital camera (Leica Micro-Systems, Reuil-
Malmaison, France), by systematic random sampling
method. The objective x40 was applied to determine the

numerical areal density of ICC, i.e. the average number
of cells per mm? of circular or longitudinal muscle
tissue. The cells were counted manually in order to avoid
c-kit positive mast cells, which differ from ICC in shape,
granular content and localization. The obtained values
for numerical areal density were compared between the
groups by using the Kruskal-Wallis One Way Analysis
of Variance on Ranks.

Results

Blood glucose levels after two hours’ fasting were
significantly higher (p<0.001) in STZ-NA rats
(10.81+£0.57 mmol/l) compared to controls (6.53+0.69
mmol/l). Bilberry extract had a lowering effect on blood
glucose values in STZ-NA animals (10.81+£0.57 mmol/l
vs. 9.88+0.21 mmol/I, p<0.001; controls: 6.53+0.69
mmol/l vs. 6.5620.57 mmol/l). The STZ-NA treated rats
did not present significant changes in body weight;
however, they had moderate polydipsia and polyfagia.
During the sacrifice procedure, distension of the
intestines was observed in diabetic animals, and a lower
degree of distension in diabetic rats treated with
bilberries. Diabetic animals on bilberry treatment had
moderate, although not significant polydipsia. Polyfagia
was not observed in those animals. There was no
significant difference in body weight among groups at
the end of the experiment.

In control rat LOS (Fig. 1A), c-kit-IR cells were
present in large numbers within both muscle layers. DES
immunoreactivity was present in the circular and
longitudinal muscle layers (Fig. 1B). C-kit-IR cells
identifiable as ICC-IM were more numerous in the
circular layer than in the longitudinal one (Fig. 1C).
These cells were spindle-shaped, with two long, thin
processes originating from the opposite poles. They ran
parallel to the longitudinal axis of the smooth muscle
cells and (based on topographical and morphological
criteria) they corresponded to the ICC-IM (Fig. 1C,D).
ICC were not present either at the submucosal border of
the circular muscle layer, or between the two muscle
layers (Fig. 3). Most commonly they were single, but
long linear cell-cell connections were also seen (Fig.
2A,B). Very often, ICC formed long rows of
interconnected cells within the circular muscle layer
(Fig. 2 B).

In STZ-NA rat LOS, there were no signs of necrosis
or apoptosis and there was no evidence of neutrophil or

Table 1. Antibodies.

Antigen Clone Supplier Dilution
C-kit CD-117 Dako 1:100
Desmin DE-R-11 Dako 1:100
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lymphocyte infiltration. ICC were present in both
muscule layers, but the density of these cells was
significantly reduced (Fig. 2D). In the LOS of diabetic
rats, ICC-IM were rarely present and linear cell-cell
connections between these cells were completely
missing. ICC-IM were present as a single cell in the
visual field, and in some of the samples the so-called
"empty fields" were also observed, with a complete lack
of c-kit-IR cells (Fig. 2D). The results for numerical
areal density (N,) of ICC in circular and longitudinal
muscle of the experimental animals show that there is a
statistically significant difference (P=<0.001) in the
number of ICC between the control and STZ-NA group
(Fig. 3.)

In the group treated with bilberry, ICC were present
in both muscle layers of the LOS (Fig. 2E). Their

number and distribution were exactly the same as in the
rats with diabetes who were not treated with bilberry,
there is not a statistically significant difference in NA of
ICC in circular and longitudinal muscle between STZ-
NA group and group treated with bilberry. However,
there was a difference in the N, of ICC in circular and
longitudinal muscle between control and diabetic group
with bilberry treatment, as shown in Fig. 3.

In addition to ICC, we also found a large number of
c-kit-IR mast cells (Fig. 2C) in all experimental groups.
However, their shape and granular content, as well as
their localization, enabled us to distinguish them from
ICC. Mast cells were present especially within the
lamina propria between the glands, in the submucosa
and within the connective tissue septa of the muscle
layers (Fig. 2C).

Fig. 1. c-kit (A, C and D) and desmin (B) immunohistochemistry. A. The cardias (s) and the lower oesophagus (0) of control group of rats. B. Desmin-
IR was present in the wide circular (c) and the thin longitudinal (I) muscle layers of LOS. C. The circular (c) and longitudinal muscle layers of LOS of
control group. c-kit IR cells (arrows) identifiable as ICC-IM, were distributed parallel to the longitudinal axis of the smooth muscle cells within both
muscle layers. D. The circular muscle layer of LOS of control group. C-kit IR cells (arrows) were numerous. They had two long processes originating
from their opposite poles. Scale bars: A, 200 ym; B, 100 ym; C, D, 20 ym.
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G,

Fig. 2. c-kit immunohistochemistry. A. The circular muscle layer of LOS of control group. Most commonly c-kit IR ICC-IM were single, but also long
linear cell-cell connections were seen (arrows). B. Three ICC were interconnected (arrows) and oriented parallel to the long axis of the smooth muscle
cells. C. An intramuscular ICC (arrow) with a very long and thin processus. An isolated oval c-kit-IR mast cell (arrow-head) was located within the
intramuscular connective-tissue septa. D. The circular muscle layer of LOS of STZ-NA rats. The ICC (arrows) were rarer compared with the control
group. E. The circular muscle layer of LOS of STZ-NA rats treated with bilberry. Spindle-shaped ICC (arrow) were few as in the STZ-NA rats. They ran
parallel to the longitudinal axis of the smooth muscle cells. Scale bars: 20 ym.
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Discussion

In the STZ-NA animal model, diabetes is induced by
the administration of two compounds: STZ and NA.
STZ is a well-known diabetogenic agent exerting
cytotoxic action on pancreatic B-cells, whereas NA is
given to rats to partially protect these cells against STZ.
The advantages of this model, compared to STZ alone
model and previous animal models that examined ICC
loss in diabetes, are that this STZ-NA induced diabetes
animal model is more similar to human type Il diabetes;
rats manifest moderate hyperglycemia and do not require
exogenous insulin to survive. Unlike other STZ studies
(Wang et al., 2009), STZ-NA treated rats did not have
significant changes in body weight.

C-kit-positive ICC-IM were found to be densely
distributed throughout the circular and longitudinal
muscle layers of the LOS, in all animal groups.
However, ICC were not found within the myenteric and
submucous regions. This ICC distribution is similar to
that seen in the LOS of the human foetus from the fourth
month of development (Radenkovic et al., 2010b) and
mouse (Komuro, 2006).

There was a decreased number of ICC in STZ-NA
rat LOS. ICC depletion in diabetes could have
potentially arisen from hyperglycaemia and associated
oxidative damage, reduction of insulin and growth factor
signaling, which caused dystrophic cell changes,
autoimmune attack, or their combinations.

Increased oxidative stress, associated with
hyperglycaemia has been reported in diabetic NOD mice
with gastroparesis along with reduced expression of
neuronal NO synthase and heme oxygenase-1, which are
potentially cytoprotective and a survival factor for ICC
(Choi et al., 2007). The loss of ICC and associated nerve
fibers suggests the possibility of interdependence, as
proposed in the studies of ICC-IM and vagal afferent
nerves in animal models (Huizinga et al., 2008; Powley
et al., 2008), and in patients (Iwasaki et al., 2006). Wang
at al. observed ICC loss in diabetic STZ rats, and also
nerve fibers, but not nerve cell bodies. Nerve fiber loss
was due to the ICC-IM loss and partial depletion of
synapse-like connections with ICC-IM (Wang et al.,
2009). These findings emphasize the importance of ICC,
and also show how ICC alterations occurring in diabetes,
could be one of the major factors in the development of
gastroenteric neuropathy. In addition, in the present
study we demonstrated an ICC loss in moderate
hyperglicaemia diabetes. Some recent studies
investigating ICC loss in NOD mice (model of human
type 1 diabetes), have shown that the main cause of ICC
loss is not hyperglycemia, but reduced insulin-like
growth factor-1 (IGF-I) and insulin signaling in diabetes
(Horvath et al., 2005). Ordog et al. observed a reduced
ICC number in the antrum and loss of ICC nerve
junctions with motor neurons in the fundus of NOD
mice (Ordog et al., 2000), which was hypothesized to be
due to reduced insulin and IGF-I signaling (Horvath et
al., 2006), and which might have been relevant in our

model as well. Insulin and IGF-I completely prevented
the loss of ICC in the murine gastric tunica muscularis
cell cultures (Horvath et al., 2005), and loss of ICC and
nerve structures due to absence of growth factors was
consistent with metabolic injury in diabetes. Diabetic
gastroneuropathy functional defects, such as low muscle
response to enteric motor neuron activation, reduced and
arrhythmic gastric slow wave activity and delayed
gastric emptying were associated with ICC changes
(Ordog et al., 2000; Choi et al., 2008).

However, the antidiabetic effect of blueberries,
besides that of lowering blood glucose levels, is to
reduce apoptosis by 20-33% in the cells exposed to
elevated glucose values and to reduce the level of
oxidative stress (Martineau et al., 2006). Researches
have shown that blueberries contain some active
principles with insulin-like and glitazone-like properties,
with a protective effect against toxicity induced by
elevated glucose values (Martineau et al., 20006). It was
to be expected that bilberry has got a protective effect on
ICC. However, in the present study, the distribution and
number of ICC completely coincided with the ICC
described in diabetes group untreated with bilberry. Our
results showed that bilberry had no effect on ICC.
Moreover, there is no data in the literature about whether
and how blueberries can affect ICC in the digestive tract.

In both patients and animal models, cell loss appears
to be the main cause of ICC-related pathologies. Farre et
al. demonstrated that the lack of ICC was related to a
basal tone increase and spontaneous contractile activity
in the rat LOS (Farre et al., 2007). In the present study,
we did not find linear cell-cell ICC-IM connections in
STZ-NA as in rat control group. A loss of ICC-IM cells
together with loss of connectivity between ICC-IM and
ICC-neuronal network may interfere with the relaxation
and normal motility in this sphincter with ectopic and
multiple pacemaker sites, which could lead to various
patterns of electrical dysrhythmia. An injury to ICC-IM
may be responsible for gastric dysrhythmias in patients
(Forster et al., 2005) and STZ rat model (Wang et al.,
2009), and can be applied to this study as well, analyzing
the effects of moderate hyperglycaemia.

Immune cells may be involved in the loss and
degenerative changes of ICC. In our study there was no
conspicuous evidence of an increase in immune cells
(including lymphocytes, macrophages or neutrophils) in
the LOS muscle coat of STZ-NA rats, compared with
control. Mast cells were seen in an increased number
within the stomach wall of both experimental groups
with diabetes (STZ-NA and STZ-NA with bilberry
treatment). In human studies of Crohn’s disease and
achalasia, a close contact between injured ICC and mast
cells was found, where the hypothesis was that mast
cells were involved in ICC maintenance and repair in
response to growth factor secretion (Zarate et al., 2006;
Wang et al., 2007). However, although we noticed an
increased number of mast cells, the density of ICC was
significantly reduced in both groups with diabetes.

One of the causes of gastroenteropathy may be an
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autoimmune attack. Loss of ICC caused by anti-Kit
autoantibodies has been reported in a patient with
paraneoplastic gastroparesis and intestinal pseudo-
obstruction (Pardi et al., 2002). Nevertheless, in
diabetes, an autoimmune attack on ICC has not been
demonstrated (Ordog, 2008).

In addition, it is impossible to completely exclude
the stress and stressogenic environmental factors. A
STZ-NA rat may be under stress as a contributing factor,
although such a stress factor should be similar for both
control and STZ-NA animals.

A reduction of ICC-IM number and degenerative
changes in the residual ICC have been previously
described in the gastric fundus and corpus of STZ rats
(Wang et al., 2009). Although in previous studies no ICC
loss was found in longterm diabetic NOD mice but the
typical close relationships between ICC and enteric
nerve terminals were absent due to extracellular matrix
accumulation (Ordog et al., 2000), our results showed
that there was a significant reduction in the number of
ICC-IM and disruption of linear arrays of these cells,
which indicated that neurotransmission was affected. In
earlier studies using mutant Ws/Ws rats and W/Wv
mice, which lacked intramuscular ICC in the stomach, it
was shown that there was an impaired muscle basal tone
of the entire proximal stomach, LOS and cardias
(Sivarao et al., 2001; Dixit et al., 2006; Farre et al.,
2007). The explanation for the reduced tone and
impaired nitrergic relaxation in diabetes may lie in the
ICC involvement.

In summary, a decrease of ICC-IM number,
discontinuities and breakdown of contacts between them
were observed in STZ-NA induced non-insulin-
dependent diabetes and in the group treated with
bilberry. Based on that, we can conclude that impared
LOS relaxation and motility could be expected in
diabetic gastroenteropathy. Bilberry fruit extract was
shown to have hypoglycemic activity, but there was no
protective effect on ICC in the LOS of diabetic rats.
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