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Prucalopride might improve intestinal motility by promoting
the regeneration of the enteric nervous system in diabetic rats
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Abstract. The present study aimed to investigate whether
prucalopride, as a 5-hydroxytryptamine 4 (5-HT4) receptor
agonist, improved intestinal motility by promoting the
regeneration of the enteric nervous system (ENS) in rats with
diabetes mellitus (DM). A rat model of DM was established
using an intraperitoneal injection of streptozotocin. The rats
were randomly divided into four groups of 6 rats/group:
Control, DM (DM model), DM + A (5 ug/kg prucalopride)
and DM + B (10 pg/kg prucalopride). The rats in the Control
group were given an equal volume of citric acid solvent.
After successful model establishment, high blood glucose
levels were maintained for 2 weeks before administration of
prucalopride. The colonic transit time was measured using the
glass bead discharge method. It was revealed that the colonic
transit time of diabetic rats was the longest, and this was
significantly shortened in the DM + B group. Subsequently,
the colons were collected. The expression levels of Nestin,
glial fibrillary acidic protein (GFAP), SOX10, RNA-binding
protein human antigen D (HuD) and ubiquitin thiolesterase
(PGP9.5) were determined via immunohistochemical analysis.
Immunofluorescence double staining of 5-HT4 + Nestin and
Ki67 + Nestin was performed. The 5-HT level was measured
using ELISA. Compared with that in the control group,
Nestin expression was significantly increased in the DM and
DM + A groups, and it was concentrated in columnar epithe-
lial cells and the mesenchyme. Furthermore, the expression
levels of Nestin in the DM + A group were higher than those in
the DM group. No difference was observed in the expression
levels of Nestin between the DM + B group and the Control
group. The expression levels of 5-HT protein were highest
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in the Control group; however, the expression levels of 5-HT
protein in the DM group, DM + A group and DM + B group
exhibited an increasing trend. Similar trends in the expression
of 5-HT4 and Nestin were not observed; however, similar
trends in the expression of Nestin and Ki67 were observed.
The expression levels of GFAP, SOX10, PGP9.5 and Ki67 in
the DM + A and DM + B groups were higher compared with
those in the DM group. In the DM + A group, HuD expression
was decreased compared with that in the Control group but it
was markedly higher compared with that in the DM group. In
conclusion, prucalopride may improve intestinal motility by
promoting ENS regeneration in rats with DM.

Introduction

Diabetes mellitus (DM) is a widespread metabolic disease,
which is accompanied by a high incidence based on statistics
on individuals with diabetes in 200 countries and regions
between 1980 and 2014 (1). Improper treatment will cause
the body to be in a high-sugar state for a long period and
can induce various complications (2). Intestinal disease is a
common complication, manifested as diarrhea, constipation
and fecal incontinence, which seriously affects the quality
of life of patients (3,4). Constipation is the most common
symptom of diabetic bowel syndrome, manifested as colonic
dyskinesia and slow transportation, leading to hard stools
and defecation disorders (5,6). DM can affect most parts of
the gastrointestinal tract; however, to the best of our knowl-
edge, the specific pathogenic mechanisms are yet not fully
elucidated (7). Previous studies have reported that intestinal
dyskinesia is closely associated with intestinal autonomic
neuropathy, including enteric nervous system (ENS) disor-
ders (8), neuron damage and reduction (9-11) and a loss of
interstitial cells of Cajal (12,13).

The ENS is an endogenous nervous system, including
gastrointestinal motility and sensory systems, which consists
of the submucosal and intermuscular nerve plexuses (14). The
ENS is distributed in the gastrointestinal tract in a network,
and it receives and integrates autonomic nerve signals, releases
neurotransmitters, maintains gastrointestinal movement and
regulates intestinal epithelial cell secretion (15). ENS disease
can cause colonic dysfunction and DM can cause pathological
changes in the ENS (8,16). Therefore, patients with DM
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often have certain symptoms, such as constipation, diar-
rhea or alternation of constipation and diarrhea (17). Enteric
neural stem cells in the ENS possess regeneration and repair
functions (18,19). Except for the embryonic period, this regen-
erative function of the adult intestine occurs only when the
ENS is damaged (20-22). Previous studies have revealed that
enteric neural stem cells are also present in adult intestinal
tissues (23-25), and these cells may be the source of ENS
regeneration (26).

As the most common diabetic bowel syndrome, constipation
is mainly treated with drugs; however, diet and exercise can also
exert an auxiliary treatment effect (27). Osmotic and irritant
laxatives are the two most commonly prescribed drugs (28,29).
Although these can increase the frequency of bowel movements,
the treatment effect remains unsatisfactory (30). Furthermore,
20-40% of individuals will experience adverse side effects,
such as bloating (30). Initially, 5-hydroxytryptamine 4 (5-HT4)
receptor agonists cisapride and tegaserod were used for the
treatment of functional bowel disease; however, these were
withdrawn from the market due to their damaging effects on
cardiovascular function (31-33). 5-HT is a neurotransmitter
expressed in the central and peripheral nervous systems, and it
can regulate gastrointestinal motility and sensory functions (34).
As the fourth subtype of 5-HT, 5-HT4 can regulate intestinal
movement and reduce visceral sensitivity (30). Furthermore,
5-HT4 receptors serve an important role in the growth and func-
tion maintenance of enteric nerves (35,36).

As a selective and high-affinity 5-HT4 receptor agonist,
prucalopride can activate the 5-HT4 receptor, enhance
choline secretion, promote intestinal contraction and promote
gastrointestinal motility (37-39). Prucalopride has been used
to treat diabetic constipation and functional gastrointestinal
diseases (37,38,40,41), and it is mainly used for the treatment
of chronic constipation in women (37,38). Prucalopride was
approved by the European Medicines Agency for clinical use
in 2009 and was marketed in Germany and the UK in 2010 (42).
Procabulide has few side effects in the treatment of chronic
constipation, and exerts almost no harm to the cardiovascular
system, and thus, it can also be used by elderly individuals
with cardiovascular diseases (43-46). At present, most of the
research examining this drug is focused on its clinical efficacy,
and there are few investigations on the mechanism underlying
the effects of prucalopride on improving constipation caused
by DM (43-46). Understanding the mechanism via which
prucalopride improves colon changes caused by DM is of great
significance for optimizing treatment plans and identifying
novel treatment methods.

Therefore, the present study established a rat model of DM
and the rats were treated with prucalopride. The present study
aimed to investigate the alterations of enteric neural stem
cells and neurons by examining the expression levels of the
markers of neural stem cells, neurons and glial cells, as well
as measuring 5-HT4 expression, in order to determine whether
prucalopride, as a 5-HT4 receptor agonist, improved intestinal
motility by promoting ENS regeneration in diabetic rats.

Materials and methods

Materials. A cyanine 3 (Cy3)-conjugated goat anti-rabbit IgG
antibody (cat. no. BA1032) was obtained from Wuhan Boster

Biological Technology, Ltd. Cy3-conjugated goat anti-mouse
IgG antibody (1:200; cat. no. A10521) and FITC-conjugated
goat anti-mouse IgG antibody (1:200; cat. no. 62-6511)
were purchased from Thermo Fisher Scientific, Inc. The
FITC-conjugated goat anti-rabbit IgG antibody (1:100;
cat. no. CWO0114S) and diaminobenzidine (DAB) kit
(cat. no. CWO0125) were purchased from CoWin Biosciences.
HRP-conjugated goat anti-rabbit IgG(H+L) antibody (1:250;
cat. no. ZB-2301) was obtained from OriGene Technologies,
Inc. Mouse anti-Ki-67 monoclonal antibody (1:250; cat.
no. bsm-33070M) and rabbit anti-SOX10 polyclonal antibody
(1:200; cat. no. bs-20563R) were purchased from BIOSS.
Prucalopride was purchased from Janssen-Cilag SpA. Rabbit
anti-5-HT4 polyclonal antibody (1:100; cat. no. DF3503) and
rabbit anti-ubiquitin thiolesterase (PGP9.5) polyclonal anti-
body (1:200; cat. no. AF0243) were obtained from Affinity
Biosciences. Rabbit anti-RNA-binding protein human
antigen D (HuD)+ human antigen C monoclonal antibody
(1:500; cat. no. ab184267) and rabbit anti-glial fibrillary acidic
protein (GFAP) monoclonal antibody (1:250; cat. no. ab33922)
were purchased from Abcam. Rabbit anti-Nestin polyclonal
antibody (1:200; cat. no. OM264981) was obtained from
Omnimabs. A rat 5-HT ELISA kit (cat. no. MM-0442R2) was
obtained from Jiangsu Enzyme Industry Co., Ltd. Glass beads
with a 3-mm diameter were purchased from Ziboshi Boshan
Gaogiangdu Weizhuchang.

Animals. A total of 24 male Sprague Dawley rats (6-8 weeks
old; weight, 250+20 g) were provided by Hunan SJA Laboratory
Animal Co.,Ltd. All rats were housed in a room at 20-25°C with
55-70% relative humidity and natural light. The rats had free
access to food and water. The study protocol was approved by
the Ethics Committee of The First Clinical Medical College of
Nanjing Medical University (Nanjing, China).

Establishment of the diabetic rat model. Sprague Dawley rats
were randomly divided into four groups of 6 rats each: Control
group (Control), the DM model group (DM), the 5 pug/kg
prucalopride group (DM + A) and the 10 ug/kg prucalopride
group (DM + B). After fasting for 12 h, the rats were given a
single intraperitoneal injection of 1% streptozotocin in citrate
buffer (cat. no. MB1227; Dalian Meilun Biotechnology Co.,
Ltd.) at a dose of 60 mg/kg. The rats in the Control group were
given an equal volume of citric acid solvent via intraperitoneal
injection. After 1 week, blood was collected through the tail
vein and the blood glucose concentration was immediately
measured using a blood glucose meter. The criterion for
successful establishment of the DM model was a blood glucose
level =16.7 mmol/I (47). After successful model establishment,
high blood glucose levels were maintained for 2 weeks before
administration of prucalopride. Prucalopride was dissolved in
normal saline to a final concentration of 0.5 yg/ml and then
administered via gavage daily for another 2 weeks. Finally, the
rats were weighed.

Colonic transit time measurement. The colonic transit time
was measured using the glass bead discharge method (48).
After the rats were anesthetized by isoflurane inhalation at
induction and maintenance doses of 5 and 2%, respectively, in
an induction box, glass beads with 3-mm diameter were placed
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at a depth of 2 cm from the anus, so that the glass beads stayed
in the colon. The rats implanted with the glass beads had free
access to food and water. The time required for the rats to
discharge the glass beads was recorded as the colonic transit
time.

The rats were euthanized by intraperitoneal injection
with 150 mg/kg pentobarbital sodium. The death of rats was
determined by observing whether the rats were breathing
and whether the pupils were dilated. If the breathing stopped
and the pupils were dilated, it could be judged that the rats
had died. The colons were collected and stored at -80°C for
subsequent experiments. Both frozen and paraffin-embedded
samples were prepared.

Immunohistochemical analysis. The colons were fixed in
4% paraformaldehyde for 1 h at 4°C. Then paraffin-embedded
sections of colons were prepared, deparaffinated in xylene twice
for 10 min each, hydrated in 100, 100, 95 and 80% ethanol and
water for 5 min each, incubated in citrate buffer and heated at
115°C for 2 min in a pressure cooker. After cooling, they were
washed with phosphate buffered saline, incubated in fresh 3%
hydrogen peroxide at room temperature for 10 min and rinsed.
Subsequently, the sections (4-pum-thick) were incubated in 5%
BSA (cat. no. SW3015; Beijing Solarbio Science & Technology
Co., Ltd.) at 37°C for 30 min and in primary antibody buffer at
4°C overnight. Following maintenance at room temperature for
45 min, the sections were washed and incubated in secondary
antibody buffer at 37°C for 30 min. Sections were rinsed,
stained in DAB at room temperature for 5-10 min, incubated
in hematoxylin at room temperature for 3 min, differentiated
in hydrochloric alcohol and stained blue in ammonia water at
room temperature for 5-10 min. Subsequently, sections were
washed with water for 1 min, dehydrated, transparentized,
mounted and examined under a fluorescence microscope.
Immunohistochemical images were analyzed semi-quanti-
tatively using Image-Pro Plus software (version 6.0; Media
Cybernetics, Inc.). For each sample, three visual fields were
analyzed and a magnification of x200 was used. The ratios of
the integrated optical density of the selected area to the color
area are presented as the semi-quantitative results.

Immunofluorescence double staining. Frozen colonic
sections (-20°C; 5-um-thick) were washed, immersed in 0.5%
Triton X-100 at room temperature for 20 min and incubated in
5% BSA at 37°C for 30 min. Sections were then incubated in
primary antibody buffer at 4°C overnight, washed and incu-
bated in secondary antibody buffer at 37°C for 30 min. After
washing, sections were incubated with DAPI in the dark at room
temperature for 5 min, washed, mounted and examined under
a fluorescence microscope (CKX53; Olympus Corporation).
Immunofluorescence images were analyzed semi-quanti-
tatively using Image-Pro Plus software (version 6.0; Media
Cybernetics, Inc.). For each sample, three visual fields were
analyzed and a magnification of x200 was used. The ratios of
the integrated optical density of the selected area to the color
area are presented as the semi-quantitative results.

ELISA. The colons were ground and rewarmed. The levels of
5-HT were detected using a 5-HT ELISA kit according to the
manufacturer's protocol. Absorbance was measured at 450 nm.
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Table I. Blood glucose levels of the rats at 1 and 3 weeks after
model establishment.

Blood sugar
level at 1 week,

Blood sugar
level at 3 weeks,

Groups Rat no. mmol/l mmol/I*
Control 1 7.2 54
2 7.9 6.8
3 5.8 6.0
4 6.0 79
5 6.7 8.2
6 64 5.8
DM 7 253 332
8 22.7 332
9 21.6 33.1
10 22.6 HI
11 23.6 323
12 20.8 HI
DM+ A 13 20.0 HI
14 25.0 HI
15 21.0 HI
16 27.1 HI
17 26.0 27.5
18 25.6 294
DM +B 19 20.7 HI
20 28.7 HI
21 23.7 HI
22 29.6 HI
23 249 HI
24 26.9 31.1

“HI indicates that the level was too high and exceeded the measure-
ment range. DM, diabetes mellitus model; DM + A, diabetic rats
treated with 5 yg/kg prucalopride; DM + B, diabetic rats treated with
10 pg/kg prucalopride.

Statistical analysis. Every experiment was repeated three
times. Data are presented as the mean + SD. Statistical analysis
was performed using one-way ANOVA followed by Tukey
post hoc test using SPSS software (v19.0; IBM Corp.). P<0.05
was considered to indicate a statistically significant difference.

Results

Successful establishment of the DM model. The blood glucose
levels of the rats at 1 and 3 weeks after model establishment
are presented in Table I. The blood glucose levels of the
control rats were <16.7 mmol/l and the blood glucose levels of
all diabetic rats were >16.7 mmol/l, suggesting the successful
establishment of the DM model.

Prucalopride shortens the colonic transit time. The colonic
transit time of rats in various groups is shown in Fig. 1.
Compared with that of rats in the Control group, the colonic
transit time of rats in the DM group was significantly prolonged
(P<0.05). Furthermore, compared with the DM group, rats
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Figure 1. Colonic transit time of rats in the Control, DM, DM + A and
DM + B groups. A rat model of DM was established using an intraperito-
neal injection of streptozotocin. The rats in the Control group were given
an equal volume of citric acid solvent. “P<0.05 vs. Control; “P<0.05 vs. DM.
DM, diabetes mellitus model; DM + A, diabetic rats treated with 5 pug/kg
prucalopride; DM + B, diabetic rats treated with 10 pg/kg prucalopride.

treated with 5 ug/kg prucalopride (DM + A group) had a
shorter colonic transit time, although the difference was not
significant. However, after treatment with 10 ug/kg prucalo-
pride (DM + B group), rats had a significantly shorter colonic
transit time compared with that of rats in the DM group
(P<0.05). Furthermore, the colonic transit time of rats in the
DM + B group was close to that observed in the Control group,
indicating that prucalopride treatment could accelerate colonic
movement and shorten the colonic transit time.

Prucalopride promotes the regeneration of colonic neural
stem cells and neurons. Nestin is a marker of enteric neural
stem cells in the ENS (24), whereas HuD is a marker of
neurons (49). The expression levels of Nestin and HuD in
various groups as determined by immunohistochemical
analysis are shown in Fig. 2. Nuclei and Nestin/HuD were
labeled as blue and brown, respectively. Nestin was mainly
expressed in the muscularis mucosae, circular muscles and
columnar epithelial cells. Compared with that in the Control
group, Nestin expression was significantly increased in the
DM and DM + A groups, and it was concentrated in columnar
epithelial cells and the mesenchyme. The expression levels
of Nestin in the DM + A group were higher than those in
the DM group. There was no significant difference in the
expression levels of Nestin between the DM + B group and
the Control group. In the Control group, HuD was mainly
expressed in the junction of the longitudinal and circular
muscles of the colon, which is an area where neurons are
enriched (50). Compared with the Control group, HuD
expression was decreased in the longitudinal muscle and
very little was observed in the submucosa in the DM group.
In the DM + A group, HuD appeared in the longitudinal
muscle and submucosa. Furthermore, its expression was
decreased compared with that in the Control group but was
markedly higher compared with that in the DM group. In the
DM + B group, HuD expression was observed in the longi-
tudinal muscle and a small amount was expressed in the
submucosa. These results suggested that the ENS function
of diabetic rats was impaired and that 5 ug/kg prucalopride

may promote the regeneration of colonic neural stem cells
and neurons.

Prucalopride promotes the differentiation of colonic neural
stem cells. GFAP and SOX10 are markers of glial cells,
which are differentiated from neural stem cells (51,52). The
expression levels of GFAP and SOXI10 in various groups as
determined by immunohistochemical analysis are shown in
Fig. 3. Nuclei and GFAP/SOX10 were labeled as blue and
brown, respectively. GFAP was lowly expressed in each group,
and mainly found in the longitudinal muscle and columnar
epithelial cells. Compared with the Control group, the DM,
DM + A and DM + B groups exhibited decreased expression
levels of GFAP. However, GFAP expression in the DM + A
and DM + B groups was higher compared with that in the
DM group.

In the Control group, SOX10 was abundantly expressed in
the columnar epithelial cells, the nuclei of lamina propria cells
and enteraden, and it was slightly expressed in the nucleus of
the submucosa of the circular muscle. In the DM group, SOX10
was highly expressed in the columnar epithelial cells and its
expression was significantly increased compared with that in
the Control group. In the DM + A group, SOX10 expression
was significantly higher compared with that in the DM group,
and it was mainly expressed in the columnar epithelial nuclei
and enteraden. In the DM + B group, SOX10 was expressed in
small amounts in the circular muscle; however, it was highly
expressed in the columnar epithelial cells, the nuclei of lamina
propria cells and enteraden. Furthermore, SOX10 expres-
sion in the DM + B group was higher compared with that in
the DM group. The results of SOX10 and GFAP expression
analysis indicated that prucalopride could promote the differ-
entiation of colonic neural stem cells, activate the expression
of glial proteins and promote the recovery of neuronal injury
to a certain extent.

Prucalopride promotes the differentiation of the colonic
nerve node. PGP9.5 is mainly expressed in differentiated
nerve nodes, and the faster the differentiation, the higher the
expression levels of PGP9.5 (53,54). Therefore, PGP9.5 is a
marker of colonic nerve node differentiation (55). The expres-
sion levels of PGP9.5 in various groups as determined using
immunohistochemical analysis are presented in Fig. 4. Nuclei
and PGP9.5 were labeled as blue and brown, respectively.
PGP9.5 was generally expressed in columnar epithelial cells,
lamina propria, enteraden and circular muscles, and a small
amount was expressed in the submucosa. The expression levels
of PGP9.5 in the DM group were markedly higher compared
with those in the Control group. In both the DM + A group
and the DM + B group, the expression levels of PGP9.5 were
significantly increased compared with those in the Control and
DM groups. The results of PGP9.5 expression analysis demon-
strated that prucalopride was beneficial for the differentiation
of the colonic nerve node.

Prucalopride increases the secretion of 5-HT4 in the colon.
Immunofluorescence double staining images of Nestin and
5-HT4 in the Control, DM, DM + A and DM + B groups are
shown in Fig. 5. DAPI-stained nuclei appeared blue, while
Nestin and 5-HT4 are indicated by red fluorescence and
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Figure 2. Nestin and HuD expression in the Control, DM, DM + A and DM + B groups, as determined via immunohistochemical analysis. Nuclei and
Nestin/HuD were labeled as blue and brown, respectively. A rat model of DM was established using an intraperitoneal injection of streptozotocin. The rats in
the Control group were given an equal volume of citric acid solvent. Magnification, x200. "P<0.05 vs. Control; “P<0.05 vs. DM. DM, diabetes mellitus model,
DM + A, diabetic rats treated with 5 yg/kg prucalopride; DM + B, diabetic rats treated with 10 ug/kg prucalopride; HuD, RNA-binding protein human antigen D.
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Figure 3. Expression levels of GFAP and SOX10 in the Control, DM, DM + A and DM + B groups, as determined via immunohistochemical analysis. Nuclei
and GFAP/SOX10 were labeled as blue and brown, respectively. A rat model of DM was established using an intraperitoneal injection of streptozotocin. The
rats in the Control group were given an equal volume of citric acid solvent. Magnification, x200. "P<0.05 vs. Control; “P<0.05 vs. DM. DM, diabetes mellitus
model; DM + A, diabetic rats treated with 5 ug/kg prucalopride; DM + B, diabetic rats treated with 10 ug/kg prucalopride; GFAP, glial fibrillary acidic protein.

green fluorescence, respectively. Nestin was mainly distrib-
uted in the cytoplasm of muscularis mucosae and circular
muscles, while 5-HT4 was expressed in interstitium, muscu-
laris mucosae, mucosal layers and circular muscles. The

main areas in which Nestin and 5-HT4 were co-expressed
included the muscularis mucosae and circular muscles. Small
amounts of these proteins were expressed in the intercellular
substance. Compared with those in the Control group, the
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Figure 4. PGP9.5 expression in the Control, DM, DM + A and DM + B groups, as determined via immunohistochemical analysis. Nuclei and PGP9.5 were
labeled as blue and brown, respectively. A rat model of DM was established using an intraperitoneal injection of streptozotocin. The rats in the Control group
were given an equal volume of citric acid solvent. Magnification, x200. “P<0.05 vs. Control; “P<0.05 vs. DM. DM, diabetes mellitus model; DM + A, diabetic
rats treated with 5 ug/kg prucalopride; DM + B, diabetic rats treated with 10 ug/kg prucalopride; PGP9.5, ubiquitin thiolesterase.
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Figure 5. Immunofluorescence double staining images of Nestin and 5-HT4 in the Control, DM, DM + A and DM + B groups. DAPI-stained nuclei appeared
blue. Nestin and 5-HT4 are indicated by red fluorescence and green fluorescence, respectively. A rat model of DM was established using an intraperitoneal
injection of streptozotocin. The rats in the Control group were given an equal volume of citric acid solvent. Magnification, x100. "P<0.05 vs. Control; “P<0.05
vs. DM. DM, diabetes mellitus model; DM + A, diabetic rats treated with 5 ug/kg prucalopride; DM + B, diabetic rats treated with 10 ug/kg prucalopride;

5-HT4, 5-hydroxytryptamine 4.

expression levels of 5-HT4 in the DM and DM + A groups
were significantly decreased, and the expression levels of
Nestin in the DM and DM + A groups were significantly
increased. Compared with those in the DM group, the expres-
sion levels of Nestin in the DM + A group were significantly
increased, and the expression levels of 5-HT4 in the DM +
B group were significantly increased. Similar trends in the
expression of 5-HT4 and Nestin were not observed. These
results suggested that prucalopride promoted the secretion of
5-HT4 in the colon.

Prucalopride enhances the regeneration of colonic neural
stem cells. Ki67 is a marker of the cell proliferation rate, and
the faster the cell proliferation rate, the higher its expression
levels (56). Immunofluorescence double staining images of
Nestin and Ki67 in the Control, DM, DM + A and DM +
B groups are shown in Fig. 6. DAPI-stained nuclei appeared
blue. Nestin and Ki67 are indicated by red fluorescence
and green fluorescence, respectively. In the Control group,
Nestin was mainly distributed in the cytoplasm of muscu-
laris mucosae and circular muscles, and a small amount was

expressed in the intercellular substance. Ki67 was mainly
expressed in the intercellular substance, muscularis mucosae
and circular muscles. The main areas in which Nestin and
Ki67 were co-expressed included the muscularis mucosae and
circular muscles. Compared with those in the Control group,
the expression levels of Nestin in the DM group were signifi-
cantly increased. The expression levels of Ki67 and Nestin
in the DM + A and DM + B groups were markedly higher
compared with those in the DM group. Furthermore, similar
trends in the expression of Ki67 and Nestin were observed.
These results indicated that prucalopride could promote the
regeneration of colonic neural stem cells.

Prucalopride promotes 5-HT secretion in the colon. The
levels of 5-HT in the colon, which were measured via ELISA,
are presented in Fig. 7. Compared with those in the Control
group, the levels of 5-HT in the DM group were significantly
reduced. Furthermore, the DM + A group and the DM + B
group exhibited significantly higher levels of 5-HT compared
with the DM group, indicating that both 5 and 10 ug/kg pruca-
lopride promoted 5-HT secretion in the colon.
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Figure 6. Immunofluorescence double staining images of Nestin and Ki67 in the Control, DM, DM + A and DM + B groups. DAPI-stained nuclei appeared
blue. Nestin and Ki67 are indicated by red fluorescence and green fluorescence, respectively. A rat model of DM was established using an intraperitoneal
injection of streptozotocin. The rats in the Control group were given an equal volume of citric acid solvent. Magnification, x100. "P<0.05 vs. Control; “P<0.05
vs. DM. DM, diabetes mellitus model; DM + A, diabetic rats treated with 5 pg/kg prucalopride; DM + B, diabetic rats treated with 10 pg/kg prucalopride.
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Figure 7. Levels of 5-HT in the colon samples of the Control, DM, DM + A
and DM + B groups, as detected using an ELISA. A rat model of DM was
established using an intraperitoneal injection of streptozotocin. The rats in
the Control group were given an equal volume of citric acid solvent. "P<0.05
vs. Control; “P<0.05 vs. DM. DM, diabetes mellitus model; DM + A, diabetic
rats treated with 5 pg/kg prucalopride; DM + B, diabetic rats treated with
10 pg/kg prucalopride; 5-HT, 5-hydroxytryptamine.

Discussion

In animal experiments, the numbers of enteric neural
stem cells and intestinal neurons expressing Nestin are
markedly increased in normal adult mice after treatment
with the 5-HT4 receptor agonists mosapride and tegas-
erod (39). However, the use of 5-HT4 receptor agonists in
5-HT4 receptor-knockout mice does not increase the number
of colon neurons (39). Furthermore, an in vitro study has
demonstrated that 5-HT4 receptor agonists can promote
neuron survival and reduce apoptosis (39). Therefore, as a
5-HT4 receptor agonist, prucalopride may have an effect on
enteric neural stem cells.

Nestin is a protein specific to the central nervous system,
which is specifically expressed in undifferentiated neural
pluripotent stem cells (57,58). Neural stem cells expressing
Nestin in the ENS can differentiate into enteric neurons
or glial cells (35). When neural stem cells differentiate into
neurons and glial cells, Nestin is no longer expressed (57).
Therefore, Nestin is considered to be a marker of enteric neural
stem cells in the ENS (24). In the present study, the results of
Nestin immunohistochemical analysis identified that colonic
stem cells of diabetic rats possessed a regenerative func-
tion and exhibited high protein expression levels of Nestin.
Furthermore, compared with those of the Control rats and DM
rats, the expression levels of Nestin in the DM + A group were
significantly increased.

HuD can promote the mitosis of neural stem cells, and it is
an important protein involved in the differentiation and matu-
ration of neurons (59). HuD is abundantly expressed in the
healthy ENS and its expression is decreased in diseased tissues
with loss of intestinal function (49). Furthermore, the loss or
reduction of HuD protein may impair embryonic development
of the ENS, which causes the absence or decrease of enteric
ganglion cells (60). The present study demonstrated that,
compared with the control group, HuD expression was signifi-
cantly decreased in the DM, DM + A and DM + B groups,
indicating that colon neurons were damaged in rats with DM.
Compared with those in the DM group, the expression levels
of HuD in the DM + A group were increased. These results
suggested that prucalopride could promote the regeneration of
colonic neural stem cells and neurons.

Neural stem cells will differentiate into neurons and glial
cells. PGP9.5 is a neuron-specific protein and it is mainly
expressed in endocrine cells of the central and peripheral
nervous systems (61). PGP9.5 regulates the cell cycle, differ-
entiation, proliferation and apoptosis via a non-lysosomal
degradation pathway (62). Furthermore, PGP9.5 is expressed
during the differentiation of neural nodules, and it is a cancer
biomarker due to its high expression levels in various cancer
types, such as esophagus cancer and colorectal cancer (53,54).
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In the present study, compared with those in the Control
group, the expression levels of PGP9.5 in the DM, DM + A
and DM + B groups were significantly increased, and its
expression levels in the DM + A and DM + B groups were
significantly higher compared with those in the DM group.
These results suggested that prucalopride could promote the
differentiation of the colonic nerve node.

GFAP is expressed in astrocytes of the central nervous
system and in enteroglial cells (63). SOX10 is a transcription
factor expressed in the neural crest and peripheral nervous
system, and it is highly expressed in multiple healthy tissues,
such as the esophagus, stomach and colorectum (51,52).
SOX10 serves an important role in promoting the survival and
proliferation of enteric neural crest cells, as well as glial cell
formation (62). In the present study, compared with those in
the Control group, the expression levels of GFAP in the DM,
DM + A and DM + B groups were significantly decreased,
and its expression levels in the DM + A and DM + B groups
were significantly higher compared with those in the DM
group. These results demonstrated that DM caused damage
to intestinal glial cells and decreased the numbers of glial
cells, and that prucalopride could promote the regeneration
of glial cells. As a marker of glial cells, SOX10 is abundantly
expressed in healthy tissues, but is negatively expressed
in cancerous tissues (64). Compared with those in the DM
group, the expression levels of SOX10 in the DM + A and DM
+ B groups were significantly increased, indicating that after
colonic glial cell injury, prucalopride could promote glial cell
regeneration.

The aforementioned results regarding the expression levels
of Nestin, HuD, PGP9.5, GFAP and SOX10 suggested that
colon cells of diabetic rats had the ability to regenerate after
damage. Furthermore, these results indicated that prucalo-
pride may promote the proliferation of neural stem cells and
enhance the differentiation of neural stem cells into neurons
and glial cells. Regeneration of neurons expressing PGP9.5
and HuD, and glial cells expressing GFAP and SOX10, could
repair the damaged ENS and restore gastrointestinal motility.

Since prucalopride, as an agonist of the 5-HT4 receptor,
could promote the regeneration of colonic nerve cells, it
was suggested that 5-HT4 expression may also promote
the regeneration and recovery of colonic nerve cells. In the
present study, the ELISA results indicated that the levels of
5-HT protein were highest in the Control group, although the
levels of 5-HT protein in the DM, DM + A and DM + B groups
showed an increasing trend, indicating that prucalopride could
promote the secretion of 5-HT protein in the colon. The results
of immunofluorescence double-labeling of 5-HT4 were consis-
tent with the ELISA results, suggesting that prucalopride may
upregulate the protein expression levels of 5-HT4. However,
similar trends in the expression of 5-HT4 and Nestin were not
observed.

Ki67 is a marker of cell proliferation rate, and the faster
the cell proliferation rate, the higher its expression levels (65).
The results of immunofluorescence double-labeling of Ki67
demonstrated that the Control group had the lowest expres-
sion levels of Ki67, and its expression levels in the DM
+ A group and DM + B group were significantly higher
compared with those in the DM group. Furthermore, similar
trends in the expression of Nestin and Ki67 were observed.

These findings indicated that DM caused colon damage and
initiated the regeneration of colon cells, and that prucalopride
could increase the rate of cell proliferation and accelerate the
proliferation of colon stem cells. The aforementioned results
also suggested that prucalopride could promote the secretion
of 5-HT4 in the colon, enhance 5-HT4 expression and promote
the regeneration of colon stem cells.

It was subsequently examined whether prucalopride
exerted an effect on intestinal motility in diabetic rats, and
whether it promoted bowel movement. The results of colonic
transit time analysis demonstrated that the colonic transit
time of diabetic rats (DM group) was significantly longer
compared with that of the Control group. In the DM+ A group,
the time for removing the glass beads appeared to be shorter
compared with that in the DM group. Furthermore, the
colonic transit time in the DM + B group was significantly
shorter compared with that in the DM group, and it was
similar to that observed in the Control group. The treatment
of the DM + B group appeared to have the best efficacy to
improve intestinal motility. Although the difference was not
significant, the treatment of DM + B group appeared to be
superior compared with that of the DM + A group in terms
of improving intestinal motility. These results suggested that
prucalopride improved intestinal motility and reduced bowel
movement time.

The results of immunohistochemical analysis identified
that the promoting effect of 5 pug/kg prucalopride (DM + A)
on colon cell regeneration was more favorable compared with
that of 10 pg/kg Prucalopride (DM + B). However, the results
of 5-HT4 expression, Ki67 expression and colonic transit
time analyses demonstrated that 10 pug/kg prucalopride
had more favorable effects on promoting 5-HT4 expression
and enhancing the intestinal motility. It was suggested that,
compared with the normal dose of prucalopride, an increase in
its dose may inhibit the rate of cell proliferation and slow cell
repair. However, the specific regulatory mechanism remains to
be studied in the future.

In conclusion, DM could cause ENS damage, which
was manifested by a decrease in neurons and glial cells,
leading to bowel movement disorders and prolonged bowel
movement time. As a 5-HT4 receptor agonist, prucalopride
could promote the secretion of 5-HT4 in colon cells, enhance
5-HT4 expression and improve bowel movement function.
Prucalopride could also repair colon damage by promoting
the proliferation of enteric neural stem cells, as well as the
differentiation of enteric neurons and glial cells. Furthermore,
prucalopride may improve intestinal motility by promoting
ENS regeneration in diabetic rats. These results suggest a
novel role of prucalopride in the management of diabetic
neuropathy, and this should be further validated in clinical
trials.
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