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ABSTRACT

INTRODUCTION

Background: Interstitial cells of Cajal (ICC) are required for
normal motility in the gastrointestinal tract. Depletion of ICC has
been associated with diabetic gastroenteropathy.
Aim: To determine the effect of quercertin supplementation on
anoctamin-1 (Ano1) immunoreactive ICC in the myenteric region
(ICC-MY) and deep muscular plexus (ICC-DMP) in the jejunum of
diabetic rats.
Methods: Thirty-two 90-day-old male Wistar rats were distributed into the following groups: normoglycemic (C), normoglycemic supplemented with quercetin (CQ; 40 mg daily), diabetic
(D), and diabetic supplemented with quercetin (DQ; 40 mg daily).
Diabetes was induced by streptozotocin injection. After 120 days,
preparations of the jejunal muscular and submucosal layers were
immunostained for Ano1 to visualize ICC. Evaluation of the immunofluorescence intensity as well as density of ICC was performed.
Results: The density of ICC-MY was 46% lower in group
D compared to group C (p < 0.01); ICC-DMP were reduced by
37% (p > 0.05). After quercertin treatment, the densities of ICCMY were significantly higher in the DQ group compared to group
D (ICC-MY: 58%, p < 0.05). Supplementation with quercetin in
normoglycemic animals (CQ) compared with group C did not significantly change the ICC density (p > 0.05).
Conclusions: In STZ-treated diabetic rats, diabetes promoted
a reduction in the density of jejunal ICC-MY with no significant
effect on ICC-DMP. Supplementation with quercetin (DQ) appeared
to protect ICC-MY from depletion in diabetes possibly due to its
antioxidant action.

Abnormalities in the motility of the gastrointestinal (GI)
tract are a major complication of diabetes mellitus (DM)
causing significant morbidity (1). Diabetes mellitus is
commonly associated with gastrointestinal symptoms such
as nausea, vomiting, diarrhea, bloating, epigastric burning
sensation, abdominal discomfort and constipation (2,3).
Diabetic gastroparesis is the best studied gastrointestinal
complication of diabetes, since it affects many people with
DM, causes significant morbidity and can interfere with
glucose control (2,4). In animal models, DM is associated
with enteric neuropathies (5-9) and loss of interstitial cells
of Cajal (ICC) subpopulations in the GI tract (10-12).
ICC are non-neuronal cells in the GI muscularis propria,
involved in generating the primary electrical pacemaker
activity to control GI motility (13-15). These cells also
form a bridge between enteric motor nerve terminals and
smooth muscle cells (SMC). ICC also mediates enteric
neural transmission due to the close association between
ICC and enteric neurons and the presence of receptors for
neurotransmitters transducing signals into post-junctional
responses (16).
The present study investigated two separate functional
groups of ICC in the GI tract: myenteric ICC (ICC-MY)
and ICC of deep muscular plexus region (ICC-DMP). ICCMY are located within the intermuscular space between
the circular and longitudinal muscle layers. In the smooth
muscles of the stomach and small intestine, ICC-MY act
as pacemaker cells generating slow waves (17,18). ICCDMP are present in the small intestine, situated in the deep
muscular plexus in the circular muscle layers closest to
the sub-mucosa (19). Unlike ICC-MY function, ICC-DMP
mediate enteric neural transmission through synapse-like
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junctions from enteric nerve varicosities to SMC. These
cells are densely innervated by enteric excitatory and
inhibitory motor neurons which trigger stimuli in the deep
musculature of the GI tract (19,20).
Oxidative stress plays a crucial role in the development of diabetic complications including neuropathies
(21), and recent studies have demonstrated that oxidative
stress plays a role in depletion and functional or structural disruption of ICC networks (22). ICC are traditionally
identified by immunoreactivity for kit receptor tyrosine
kinase (c-kit) (23), but recently a new marker for ICC,
anoctamin-1 (Ano1, also known as TMEM16A or DOG1),
has been identified as a key protein for electrical function
of ICC (24,25). Ano1 is a calcium-activated chloride channel involved in the generation of the electrical slow wave,
thereby displaying an important role in peristalsis of the
GI tract (26). Changes in the expression of Ano1 protein in
ICC may contribute directly to abnormal slow waves and
gastrointestinal dysrhythmias (27,28). In the same way as
kit, changes in expression of Ano1 reflect loss of ICC in
gastrointestinal motility disorder (29).
Quercetin is a bioflavonoid antioxidant found in several fruits and vegetables. This polyphenolic flavonoid
is a potent scavenger of reactive oxygen species (ROS)
that exerts various pharmacological properties, including anti-cancer activity, anti-virus and anti-inflammatory
effects, and reduces the risk of cardiovascular and renal
diseases (30). Quercetin has been reported to protect diabetic neuropathy-induced damage via antioxidant and
anti-apoptotic effects (31).
The present study examined the effect of quercetin supplementation on Ano1 expression and number of the ICC
in the myenteric region and deep muscular plexus in the
jejunum of diabetic rats.
MATERIALS AND METHODS
Animals
All of the experimental procedures were conducted in accordance to the ethical principles of the Brazilian Society of Science in
Laboratory Animals (SBCAL) and approved by the Committee of
Ethics in Animal Experimentation of the State University of Maringa - UEM (statement no. 053/2009). A group of 24 male 90-day-old
Wistar rats (Rattus norvegicus) from the Central Animal Facility of
UEM was used. The animals were distributed randomly into the following groups: normoglycemic control (C), normoglycemic control
supplemented with quercetin (CQ), diabetic (D), and diabetic supplemented with quercetin (group DQ). They were kept in individual
cages for a period of 120 days in a vivarium with a 12-h light/dark
cycle and controlled temperature (24 ± 2 °C). They received food
and water ad libitum and balanced standard Nuvital feed (Nuvilab,
Colombo, PR, Brazil). For experimental supplementation of CQ
and DQ groups, quercetin (Cromofarma, São Paulo, SP, and Brazil)
was supplemented daily in the drinking water at a dose of 40 mg/
day body weight. The non-supplemented animals (groups C and D)
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received water without quercetin, containing only NaOH 1M as the
dilution vehicle for the flavonoid.
In order to calculate the dilutions required, ensuring that each
animal in the CQ and DQ groups received an amount of 40 mg per
day of quercetin in their drinking water, an average water intake for
three consecutive days was determined. The animals were weighed
weekly and mean of the group was used to maintain the amount of
quercetin necessary to be solubilized in NaOH 1M with pH 7.4.
After a 14-hour fast, DM was induced in groups D and DQ by an
intravenous injection of streptozotocin (35 mg/kg; Sigma, St. Louis,
MO, USA) dissolved in citrate buffer, pH 4.5 (10 mm). After DM
induction, glycemia was measured using the glucose oxidase method
to confirm the establishment of the experimental model (32). Only
animals with blood glucose levels above 250 mg/dL were selected
for D and DQ groups.

Collection and processing of the material
After three months, animals were weighed and euthanized under
thiopental anesthesia (40 mg/kg body weight intraperitoneally,
Abbott Laboratories, Chicago, IL, USA). Blood was collected by
cardiac puncture for the determination of glycemia levels. The animals received an intravenous penile injection of vincristine sulfate
(0.5 mg/kg body weight; Tecnocris TM; Eurofarma/Zodiac Laboratories, São Paulo, SP, Brazil) two hours prior to euthanasia. The
administration of this microtubule assembly inhibitor improves
immunohistochemical labeling. Jejunal tissues were collected and
processed for immunohistochemical analysis for Ano1.

Immunohistochemistry of ICC in whole-mount
preparations
After laparotomy, jejuna from all animals were cut along the
mesenteric border and rinsed in Phosphate Buffered Saline (PBS
0.1 M, pH 7.4). Briefly, tissue samples were fixed in cold acetone
(1A1017.01.B; Prolab) for 15 min at 4 °C. After fixation, preparations were rinsed for 30 min in PBS that contained 10 mmol/L Na2HPO4, pH 7.4, and 150 mmol/L NaCl. Subsequently, the segments
of jejunum were dissected under a Stemi DV4 stereomicroscope
(Zeiss, Jena, Germany) to remove the mucosa tunica and submucosa
layer and to acquire the whole-mount preparations for immunohistochemistry. In order to obtain the whole-mount preparations, the
muscular layer was initially removed by dissection, and the mucosa
was extracted by scraping with a small spatula. For immunostaining, non-specific binding was blocked by incubation in PBS (0.1 M,
pH 7.4) that contained 10% normal donkey serum (UEM, Maringá,
PR, Brazil) and 0.3% Triton X-100 (T8532, Sigma-Aldrich, Inc., St.
Louis, MO, USA). The tissues sections were incubated for 48 hours
at 4 °C with an anti-TMEM16A polyclonal antibody produced in
rabbit (ab53212, 1:200 dilution; Abcam, Cambridge, MA, USA)
diluted in PBS (0.1 M, pH 7.4) that contained 5% normal donkey
serum and 0.3% Triton X-100. After washing with PBS (0.1 M, pH
7.4), specific labeling was detected by incubation with anti-rabbit
IgG secondary antibody produced in goat (Alexa Fluor 488, A11008,
1:200 dilution; Invitrogen-Molecular Probes, Eugene, OR, USA)
diluted in PBS (0.1 M, pH 7.4) that contained 2.5% normal donkey
serum and 0.3% Triton X-100. The whole-mounts were then washed
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twice in PBS solution, mounted on slides with buffered glycerol
(9:1), and stored in a refrigerator. Negative controls omitted the primary antibody.

results are expressed as the number of ICC cm-2. All images were
recorded before the evaluation, and the analysis was conducted by
one researcher.

Analysis of intensity of Ano1-immunoreactivity

Statistical analysis

The brightness intensity emitted by immunostaining for Ano1
was quantified using 30 random images of the jejunal whole mounts.
The true color images were captured with a 1/600s exposure time
through a 20x objective lens by a high resolution 5.0 Mega Pixel
Moticam 2500 camera (Motic China Group Co., Shanghai, China), coupled to an Olympus BX40 optical fluorescence microscope
(Olympus Co., Tokyo, Japan) and transferred to the PC using Motic
Images Plus® 2.0ML software (Motic China Group Co.). ImageJ®
version 1.43o image analysis software (National Institutes of Health,
Bethesda, MD, USA) was used to quantify the brightness intensity
emitted by immunostaining for Ano1 in stored images to determine
the brightness (RGB). The analyses were evaluated blindly. All of
the images were recorded before the evaluation, and the analysis was
conducted by one researcher.

The results were analyzed using Statistic 7.1 and GraphPad Prism
3.1 and were expressed as mean ± standard error. The morphometric
data were set out in blocks, followed by the Tukey test. For quantitative data, one-way analysis of variance (ANOVA) was performed,
followed by Tukey test. The level of significance was 5%.

Immunohistochemistry of frozen histological sections
Approximately 3 cm of the jejunum was fixed in acetone
(1A1017.01.B; Prolab) for 15 min at 4 °C. Then, samples were
washed with PBS (0.1 M, pH 7.4) for five minutes. Afterward, tissues were cryoprotected in 18% sucrose (107651; Merck, Darmstadt,
Germany) solution in PBS (0.1 M, pH 7.4) for 24 h. After cryoprotection, samples were embedded with O.C.T. 4583 compound (Tissue-Tek, Torrance, CA, USA), promptly frozen in liquid nitrogen and
stored at -80 °C. Subsequently, semi-serial sections were made of 10
µm in a cryostat (Leica CM 1510, Germany), arranged on slides, and
stored at -20 °C. For the tissue of each rat, a slide was made with seven sections to conduct immunofluorescence for Ano1, as described
previously for whole-mount preparations. In contrast, the anti-rabbit
IgG secondary antibody produced in goat (Alexa goat 568 A11008,
1:200 dilution; Invitrogen-Molecular Probes, Eugene, OR, USA)
was used for the specific labeling. The tissues were mounted on
slides using Prolong Gold antifade with 4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI) and buffered glycerol (9:1) (Molecular
Probes) and stored in the refrigerator. The negative control was performed by omitting the primary antibody.

RESULTS
Intensity of Ano1-immunoreactivity
In the muscular layer of diabetic rats (group D), the intensity of Ano1-immunoreactivity in the myenteric region was
19.3% brighter compared to non-diabetic control rats (group
C, p < 0.05) (Fig. 1). The intensity of Ano1-immunoreactivity was even brighter in the myenteric region of the DQ
group compared to group D; it was specifically 37.9% higher (p < 0.05). For ICC in the deep muscular plexus region,
the intensity of Ano1-immunoreactivity was 25.2% higher
in the group CQ compared to the control group (group C,
p < 0.05) (Fig. 1). The non-supplemented diabetic animals
(group D, p < 0.05) displayed no differences in staining
intensity compared to the control group (group C, p > 0.05)
(Fig. 1). In the diabetic group supplemented with quercetin
(group DQ) staining intensity was 25.7% higher than in the
diabetic group (group D, p < 0.05) (Fig. 1). Representative
photomicrographs for Ano1-immunoreactivity in the different groups are shown in figure 2.

Cross-sectional image analysis
The images were captured using a high-resolution AxioCam
camera (Zeiss, Jena, Germany) attached to a Plus Axioskop light
microscope (Zeiss). The images were transferred to a computer using
AxioVision 4 version 4.1 software. Image-Pro Plus version 4.5.0.29
image analysis software (Media Cybernetics, Silver Spring, MD,
USA) was used for quantification. The immunohistochemical double
labeling for Ano1 and DAPI were identified manually in 30 images
captured with a 40x objective lens with five images from each of
five 10 µm sections that were separated by at least 50 µm (34). For
each animal, only Ano1-immunoreactive ICC were quantified, with
the nucleus stained with DAPI, considered as Ano1+/DAPI+. The

Fig. 1. Means ± standard errors of staining intensity area (µm2) of ICC-MY
and ICC-DMP in the following groups: normoglycemic control (group C),
normoglycemic control supplemented with quercetin (group CQ), diabetic (group D), and diabetic supplemented with quercetin (group DQ).
*p < 0.05, compared with groups C, D, and DQ; #p < 0.05, compared
with group C; ##p < 0.05, compared with group D.
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Table I. Density cm-2 of Ano1-immunoreactive ICC and
DAPI (Ano1+/DAPI+) of the myenteric region (ICC-MY)
and of deep muscular plexus (ICC-DMP) of groups:
normoglycemic control (C), normoglycemic control
supplemented with quercetin (CQ), diabetic (D) and
diabetic supplemented with quercetin (DQ)
Groups

ICC-MY

ICC-DMP

C

18,076.4 ± 1,126.6

12,226.7 ± 1,254.3

CQ

16,089.4 ± 1,420.8

12,210 ± 1,504

D

9,745.8 ± 1,143.3*

7,681.2 ± 1,215.5

DQ

16,905.3 ± 1,470.8**

12,393.2 ± 1,953.6

*p < 0.01 when compared to C; **p < 0.01 when compared to D; n = 6 per
group of rats in myenteric and deep muscular plexus. Results were expressed
as mean ± standard error.

Fig. 2. Immunohistochemical staining for the Ano1 protein illustrating
the cellular network of ICC (Alexa 488 green fluorescence) in rats. The
figure shows jejunal ICC-MY immunostaining in the following groups: a)
normoglycemic control (group C); b) normoglycemic control supplemented with quercetin CQ (group CQ); c) diabetic (group D); and d) diabetic
supplemented with quercetin (group DQ). ICC-DMP immunostaining of
the jejunum is illustrated in the groups of rats: e) normoglycemic control
(group C); f) normoglycemic control supplemented with quercetin (group
CQ); g) diabetic (group D); and h) diabetic supplemented with quercetin
(group DQ). Fluorescence microscopy was performed at 20x magnification. Scale bar = 20 μm.

Cross-sectional density of Ano1-immunoreactive ICC
The density of ICC in the myenteric regions was lower in
group D by 46% (p < 0.01) and 37% (p > 0.05) respectively,
compared with group C (Table I). After quercetin treatment
of diabetic rats, the density of ICC in the myenteric plexus
was 58% (p < 0.01) and 38% higher (p > 0.05) in group
DQ compared to group D, respectively (Table I). Supplementation with quercetin in normoglycemic animals (group
CQ) compared to group C did not significantly affect the
ICC density (p > 0.05) (Table I) in the myenteric or deep
muscular plexus regions. Representative photomicrographs
in the different groups are shown in figure 3.
Rev Esp Enferm Dig 2017;109(3):190-195

Fig. 3. Representative photomicrographs of Ano1 protein immunostaining of ICC-MY and ICC-DMP (Alexa 568 red fluorescence) and overlapping nuclei stained with DAPI (blue). Figures 1-4 illustrate the histological
sections of staining intensity of the Ano1+ protein for ICC in the following groups respectively: normoglycemic control (group C), normoglycemic control supplemented with quercetin (group CQ), diabetic (group
D), and diabetic supplemented with quercetin (group DQ). Figure 1a-4a
show blue-fluorescent nucleic acid imunostaining with DAPI, and figures 1b-4b illustrate the overlapping of Ano1+ and DAPI+. Fluorescence
microscopy was performed at 40x magnification. Scale bar = 20 μm.

DISCUSSION
The experimental model of STZ-induced diabetes
demonstrated a density reduction of ICC-MY and ICCDMP, although only ICC-MY decreased significantly in
diabetic rats (group D) in comparison to the normoglycemic rats (group C), as indicated by loss of Ano1-positive
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ICC. In this respect, we confirm that Ano1 can be used
to report loss of ICC from the gastrointestinal tract under
diabetic conditions. It was also observed that the remaining
ICC-MY exhibited a greater intensity of Ano1-immunoreactivity under diabetic conditions.
Loss in ICC is an abnormality seen in diabetic gastroparesis (33) and several pathways may be involved, including: a) auto-oxidation of glucose; b) advanced glycation
end-product (AGE) formation; c) polyol flux pathway;
d) activation of protein kinase C (PKC) isoforms; and e)
mitochondrial dysfunction (34). Increased oxidative stress
derived from diabetes can lead to several complications
due to dystrophy and degeneration of neurons, smooth
muscle cells and ICC (33,34). The higher intensity of
Ano1-immunoreactivity in ICC-MY of diabetic rats may
indicate that when fewer ICC are present, Ano1 is upregulated to retain overall function with fewer cells in the
presence of diabetes.
It was found that the intensity of Ano1-immunoreactivity and cell density of ICC-DMP between groups C and
D were similar. ICC-DMP act as a messenger cell that
mediates neuromuscular signaling between enteric neurons
and smooth muscle, and have the capacity to reorganize
their networks (19). Based on our study, ICC-MY in the
rat jejunum are more susceptible to damage as a result
of diabetes than ICC-DMP. This has not been shown for
other studies on diabetic gastroenteropathy, since they are
primarily focused on the stomach, where ICC-DMP are not
present. However, it is known that ICC-DMP are somewhat preserved in c-kit and steel factor hypomorph mutant
mice (e.g., W/Wv and Sl/Sld mice) (35,36); therefore, this
population of cells may be less sensitive to effects of diabetes including loss of steel factor as presented by smooth
muscle cells (37).
It was observed in the DQ group that ICC-MY Ano1-immunoreactivity was brighter when compared to group D.
This observation is subject to the usual concerns with
respect to using immune-labeling to report protein levels. However, the data that were scored blind are quite
reproducible. Ideally, one would measure Ano1 protein by
immunoblot, possibly normalized to kit to correct for the
loss of ICC, but immunoblotting for rat Ano1 has not been
shown, so this approach was not possible. The results were
possibly due to a preservation of the density of ICC in DQ
rats. Quercetin, a flavonoid, was used in this experiment
due to its antioxidant property and because it is present in
the components of the human diet (38). Generally, the antioxidant properties of quercetin are attributed to its ability
to act as: a) suppressor of the formation of reactive oxygen
species by inhibition of the enzyme systems responsible
for the generation of free radicals (including cyclooxygenase, lipoxygenase and xanthine oxidase) (38,39); b) for
binding of superoxide anions, singlet oxygen and hydroxyl
radicals, and as a consequence reducing lipid peroxidation
(40); and c) its function as a chelating agent for transition
metals such as iron and copper (41), preventing the catal-
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ysis of free radical production (38,39). In addition, quercetin is also considered to be an aldose reductase enzyme
inhibitor (42). All these associated factors could contribute
to the preservation of ICC in diabetic conditions.
Diabetes induced an increase in the intensity of
Ano1-immunoreactivity and a reduction in ICC-MY density. Supplementation with quercetin (DQ) exhibited protective effects on ICC numbers accompanied by an increase
in Ano1-immunoreactivity possibly due to its antioxidant
action.
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