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Abstract. The aim of the present study was to explore the 
expression changes of P2Y purinergic receptor 1 (P2Y1) in the 
distal colonic submucosa of opioid‑induced constipation (OIC) 
rats and its association with the occurrence of OIC, an OIC 
rat model was generated by intraperitoneal injection of loper‑
amide hydrochloride, a selective agonist of µ‑opioid receptors 
(MORs). At 7 days post‑treatment, the model was assessed 
by analyzing stool scores and calculating the gastrointestinal 
(GI) transit ratio of rats. The distribution of P2Y1‑expressing 
neurons in the colonic submucosal plexus was demonstrated 
by immunofluorescence (IF). Western blotting was performed 

to evaluate the expression changes of MOR, P2Y1 and ATP 
synthase subunit β (ATPB) proteins in the colonic submucosa, 
while reverse transcription‑quantitative PCR (RT‑qPCR) anal‑
ysis was performed to determine the relative mRNA expression 
of MOR and P2Y1. After 7 days, the feces of OIC rats exhib‑
ited an appearance of sausage‑shaped pieces and both the 
stool weight and GI transit ratio of OIC rats were significantly 
decreased. IF revealed co‑expression of P2Y1 and calbindin 
and MOR and ATPB in the nerve cells of the distal colonic 
submucosal plexus. Moreover, RT‑qPCR analysis showed 
that the MOR mRNA levels were significantly increased 
in the distal colonic submucosa of OIC rats, while mRNA 
levels of P2Y1 were decreased. WB showed that in the distal 
colonic submucosa of OIC rats, MOR protein expression was 
increased, whereas that of P2Y1 was significantly decreased. 
GI transit ratio analysis suggested that the P2Y agonist ATP 
significantly relieved constipation symptoms in rats, while the 
P2Y inhibitor MRS2179 aggravated these symptoms. Finally, 
P2Y1 expression change was shown to be associated with the 
occurrence of OIC, while expression of MOR and P2Y1 was 
associated with OIC development in rats.

Introduction

Opioids such as morphine are clinically effective in relieving 
acute, chronic and intractable pain. However, long‑term use 
of opioids induces adverse reactions, including respiratory 
complications, gastrointestinal (GI) problems and constipa‑
tion (1‑5). Opioid‑induced constipation (OIC) is characterized 
by decreased frequency of bowel movements, changes in 
stool characteristics and incomplete excretion. OIC can 
seriously impact the patient's quality of life, resulting in 
discontinuation of the medication and affecting the patient's 
pain management (6‑8). Statistically, ~90% of patients expe‑
rience GI dysfunction, such as constipation, after taking 
opioid‑containing analgesics (9‑12).

Moreover, opioids impact the physiological functioning 
of the central nervous system (CNS) as well as the peripheral 
nervous system (PNS) (13). The µ‑opioid receptors (MOR) are 
the primary action sites of opioids in the PNS (13‑16). It has 
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been reported that OIC occurs primarily due to the activation 
of the MOR pathway in the GI tract, thereby inhibiting the 
release of neurotransmitters in colonic nerve cells and reducing 
the sensitivity of sensory neurons of the PNS in transmitting 
information across the colon defecation reflex pathway (13,14). 
This inhibits the long‑distance transportation mechanism of 
the colon, causing intestinal contents to be stuck in colonic 
cavities for a longer than usual, resulting in the excessive 
absorption of water and electrolytes (8,17).

The biological action of purine signaling has been recog‑
nized since 1929 (18). The purinergic receptors are of two 
subtypes, P1 and P2. The P2‑type receptors can be further 
sub‑classified into two major families: P2X and P2Y (4,19). 
The P2Y purinergic receptor family is subdivided into P2Y 
purinergic receptor 1 (P2Y1)‑like receptor subtypes (P2Y1, 
P2Y2, P2Y4, P2Y6, and P2Y11) and the P2Y12‑like receptor 
subtypes (P2Y12‑14) (19,20). Among these, P2Y1 is widely 
expressed in the enteric nervous system of the GI tract and 
is associated with diastolic function of the GI smooth muscle 
induced by non‑cholinergic and non‑adrenergic neurotrans‑
mitters (10,11,21) such as adenosine triphosphate (ATP), and 
nitric oxide (NO). Reportedly these neurotransmitters are the 
primary regulators of GI tract cell motility by stimulating 
hyperpolarization of smooth muscle cells, leading to the relax‑
ation of the smooth muscle (14,22).

In vitro experiments have shown that electrical stimulation 
of colonic circular muscle cells records two different functional 
potentials: Excitatory neuromuscular junction potential (EJP) 
and inhibitory neuromuscular junction potential (IJP) (23). 
EJP causes colonic smooth muscle contraction, while IJP is 
primarily induced by certain inhibitory neurotransmitters 
such as ATP and NO (24). Furthermore, IJP comprises fast 
inhibitory junction potential (fIJP) and slow‑acting neuromus‑
cular junction potential (sIJP) (11,22,25). Purine‑dependent 
fIJP induces transient phase relaxation of GI smooth muscle, 
while NO‑dependent sIJP induces sustained relaxation of 
these muscles (9,22). Studies have shown that fIJP is highly 
sensitive to MRS2500, a selective antagonist for the P2Y1 
receptor, while sIJP is sensitive to the NO synthase inhibitor 
NG‑nitro‑L‑arginine methyl ester (10,22).

Endomorphin‑2 (EM2; Tyr‑Pro‑Phe‑Phe‑Nh2), the endog‑
enous ligand of MOR, selectively binds to MOR at a high 
affinity and regulates visceral information transmission (25). 
Our previous study has shown that the endogenous receptor 
agonist EM2 has no effect on sIJP of colonic circular muscle 
cells but it can completely block fIJP, which is similar to 
the effect of the P2Y1‑selective antagonist MRS2500 on the 
colon (9).

The present study was designed to determine the associa‑
tion between P2Y1‑ and OIC by examining the distribution 
of P2Y1 in the distal colonic submucosal plexus and its 
expression changes in the distal colonic submucosa of OIC 
rats.

Materials and methods

Animals. Sprague‑Dawley (SD) male rats (age, 6 weeks; 
weight, 180‑200 g) were selected. All protocols were approved 
by the Committee of Animal Use for Research and Education 
of the Ning Xia Medical University (Yin Chuan, China; 

approval nos. 2015‑090 and 2018‑007). Animals were housed 
under controlled conditions: Temperature 22±2˚C, humidity 
40‑60%, 12/12‑h light‑dark cycle and allowed free access to 
water and food with constant air renewal. All efforts were 
made to minimize the number and suffering of animals.

Immunofluorescence (IF) staining. IF staining was used to 
observe the possible morphological association between P2Y1, 
ATP synthase subunit β (ATPB) and MOR in the submucosa 
of the distal colon of normal rats so only normal SD rats were 
selected. A total of four untreated male rats were anesthetized 
by intraperitoneal (i.p) injection of 10% chloral hydrate solution 
(300 mg/kg; 3 ml/kg). Once rats were completely anesthetized 
after 1 min, an incision was made along the midline of the 
abdomen to expose the colon and distal colon tissue fragments 
were harvested. There were no peritonitis phenomena such as 
muscle tension and intestinal adhesions during sampling. The 
left colic flexure was used for the sign to retain the distal parts. 
The section was washed with 0.01 mol/l PBS solution and 
fixed with paraformaldehyde at room temperature. Then both 
ends were ligated and stored at 4˚C for 8 h. Following 4˚C for 
24 h in 30% sucrose solution, the preparations were cut along 
the mesentery margin and 4˚C stored in 30% sucrose solution. 
The mucosal and muscular layers were then removed under a 
stereo microscope (16X) while the submucosa was collected in 
0.01 mol/l PBS solution.

After rinsing the tissue samples three times with 0.01 mol/l 
PBS, 1 mol/l hydrochloric acid was added at room temperature 
and then rinsed again three times with 0.01 mol/l PBS. The 1% 
newborn calf serum (cat. no. 10099141C; Gibco; Thermo Fisher 
Scientific, Inc.) was added to the tissue sections to block for 1 h 
at room temperature. The tissue samples were divided into six 
groups and incubated at room temperature for 1 h and then 
placed at 4˚C for 48 h with the following pairs of primary anti‑
bodies: i) Anti‑P2Y1 (rabbit polyclonal; cat. no. NBP1‑30741; 
1:200; NOVUS Biologicals, LLC) and anti‑neuronal nuclei 
antigen (anti‑NeuN; mouse monoclonal; cat. no. 104224; 1:200; 
Abcam); ii) anti‑P2Y1 and anti‑calbindin (anti‑CB; mouse 
monoclonal; cat. no. 11426; 1:300; Abcam); iii) anti‑P2Y1 
and anti‑calcitonin gene‑related peptide (anti‑CGRP; mouse 
monoclonal; cat. no. 81887; 1:50; Abcam); iv) anti‑MOR (rabbit 
polyclonal; cat. no. 10275; Abcam, 1:300) and anti‑calbindin 
(anti‑CB; mouse monoclonal; cat. no. 11426; 1:300; Abcam); 
v) anti‑MOR and anti‑CGRP and ⅵ) anti‑MOR and 
anti‑ATPB (mouse monoclonal; cat. no. 14730; 1:200; Abcam). 
Subsequently, tissue sections were rinsed with 0.01 mol/l 
PBS three times and the corresponding fluorescein‑labeled 
secondary antibodies were added to the six groups of tissue 
samples, respectively: i) Alex488 labeled donkey anti‑rabbit 
IgG (cat. no. 6978; 1:500; Abcam) and Alex594 labeled goat 
anti‑mouse IgG (cat. no. 150116; 1:500; Abcam); ii) Alex488 
labeled donkey anti‑rabbit IgG (cat. no. 6978; 1:500; Abcam) 
and Alex594 labeled goat anti‑mouse IgG (cat. no. 150116; 
1:500; Abcam); iii) Alex488 labeled donkey anti‑rabbit IgG (cat. 
no. 6978; 1:500; Abcam) and Alex594 labeled goat anti‑mouse 
IgG (cat. no. 150116; 1:500; Abcam); iv) Alex594 labeled goat 
anti‑rabbit IgG (cat. no. 150080; 1:500; Abcam) and Alex488 
labeled donkey anti‑mouse IgG (cat. no. 6816; 1:500; Abcam); 
v) Alex488 labeled donkey anti‑rabbit IgG (cat. no. 6978; 
1:500; Abcam) and Alex594 labeled goat anti‑mouse IgG (cat. 
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no. 150116; 1:500; Abcam) and vi) Alex488 labeled donkey 
anti‑rabbit IgG (cat. no. 6978; 1:500; Abcam) and Alex594 
labeled goat anti‑mouse IgG (cat. no. 150116; 1:500; Abcam) 
at room temperature. After incubating for 2 h, sections were 
rinsed again with 0.01 mol/l PBS three times. Finally, slices 
were placed on glass slides and covered with coverslips and 
fluorescent encapsulated mounting medium (cat no. ab104139; 
Abcam). The specimens were imaged using a fluorescent 
microscope (40x magnification; SOLYMPUS‑BX51; Olympus 
Corporation). Distal colonic tissue of the gut was obtained 
but could not be effectively repaired after the material was 
collected. Euthanasia was performed via cervical dislocation 
under anesthesia.

Model preparation. SD rats were randomly divided into 
OIC (n=10), normal saline group (NSG; n=10), and normal 
control group (NCG; n=10). For the OIC group, rats were 
given i.p injection of loperamide hydrochloride dissolved 
in 0.9% normal saline (4 mg/kg; 1 ml/100 g) as previously 
described (26‑29) twice/day for 7 days. For NSG, 0.9% of 
normal saline (1 ml/100 g) was i.p injected twice/day for 
7 days; rats in the NCG did not receive any treatment.

Humane endpoints were as follows: i) Persistent diarrhea; 
ii) body weight loss >20% of the original weight; iii) the rat 
was curled up to the corner of the cage and struggled exces‑
sively during the drug administration and iv) peritonitis, such 
as abdominal muscle tension, accompanied by persistent high 
or low temperature or intestinal obstruction and intussuscep‑
tion characterized by increased abdominal circumference. 
Affected rats were euthanized. A total of three rats reached 
humane endpoints due to the abnormal increase of abdominal 
circumference.

Tissues used for the IF, WB and RT‑PCR experiments were 
obtained from the distal colonic area of the gut that could not 
be effectively repaired after being collected. Rats were eutha‑
nized via cervical dislocation while still under anesthesia.

Model evaluation. On the first day of modeling, the traits 
of rat feces were observed and recorded. Rat fecal samples 
were scored according to the Rome II classification criteria 
as follows: 1, Dispersed hard block; 2, small sausage‑like 
pieces; 3, cracks on the sausage‑like surface; 4, sausage‑like 
surface was smooth and soft; 5, soft lumps but clearly 
defined; 6, paste‑like and unclear boundary and 7, watery 
feces (30). Scores 1‑2 were considered to indicate consti‑
pation, 3‑4 indicated normal stool, whereas 5‑7 indicated 
diarrhea.

After modeling, the fresh feces of each group of rats were 
collected to measure the fecal content. The electronic balance 
was used to measure the wet weight and check the quality of 
each fecal sample.

To determine the GI transit ratio, ~1 ml carmine suspen‑
sion (3 g carmine/50 ml hydroxymethyl cellulose) was 
intra‑gastrically administered. Rats were randomly selected 
from each group (n=8/group) 3 h post‑treatment. The rats 
were anesthetized by i.p injection of 10% chloral hydrate 
(300 mg/kg; 3 ml/kg) and the pylorus was removed by 
laparotomy. In the entire intestinal tract through the end of 
the rectum, the advancing distance of the carmine suspen‑
sion and total length of the intestinal tract were measured in 

a tension‑free state to determine the GI transit ratio for each 
animal. During this experiment, the sampling of each rat was 
completed within 5 min and rats were under anesthesia during 
euthanasia via cervical dislocation.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). Rats were anesthetized via i.p injection 
of 10% chloral hydrate (300 mg/kg; 3 ml/kg), and the colon 
was exposed along the midline of the abdomen. The mucosal 
layer of the distal parts (left colic flexure was used for the 
sector) was retained and the muscle layer was removed. There 
were no peritonitis phenomena such as muscle tension and 
intestinal adhesion during the whole process of sampling. 
Total RNA was extracted using an RNA extraction kit (cat. 
no. DP419; TIANGEN) and reverse‑transcribed (incubate 
for 60 min at 42˚C, then terminate the reaction by heating 
at 70˚C for 5 min) into cDNA using the RevertAid kit (cat. 
no. K1691; Thermo Fisher Scientific). qPCR was performed 
using the SYBR Green Bestar TM qPCR Master Mix kit (DBI 

Bioscience). The following thermocycling conditions were 
used for qPCR: Initial pre‑denaturation at 95˚C for 120 sec; 
40 cycles of denaturation at 95˚C for 15 sec, annealing at 
58˚C for 30 sec and elongation at 72˚C for 30 sec. Relative 
gene expression was calculated based on the 2‑ΔΔCq method 
and normalized to the internal reference gene β‑actin or 
GAPDH (31). Three biological replicates were analyzed 
for each experiment. The following primer pairs were used 
for qPCR: MOR forward, 5'‑CAT GGC CCT TCG GAA CCA 
TC‑3' and reverse, 5'‑TGG CAG ACA GCA ATG TAG CG‑3'; 
P2Y1 forward, 5'‑TTA TGT GCA AGC TGC AGA GG‑3' and 
reverse, 5'‑CTG CCC AGA GAC TTG AGA GG‑3'; ATPB 
forward, 5'‑TTG GCA GAT GAA TGA ACC GC‑3' and reverse, 
5'‑GCAGGA CAT CTT GGC CTT CC‑3'; CB forward, 5'‑CGA 
CGC TGA TGG AAG TGG TTA CC‑3' and reverse, 5'‑GGT 
GAT AGC TCC AAT CCA GCC TTC‑3'; CGRP forward, 
5'‑GTG AAG AAG AAG CTC GCC TAC TGG‑3' and reverse, 
5'‑CCT CAG CCC CTG TTC CTC CTC‑3'; β‑actin forward, 
5'‑TGT CAC CAA CTG GGA CGA TA‑3' and reverse, 5'‑GGG 
GTG TTG AAG GTC TCA AA‑3'; and GAPDH forward, 
5'‑GAC ATG CCG CCT GGA GAA AC‑3' and reverse, 5'‑AGC 
CCA GGA TGC CCT TTA GT‑3'. The primers were purchased 
from Sangon Biotech Co., Ltd.

Western blotting (WB). Rats were anesthetized by i.p injec‑
tion of 10% chloral hydrate (300 mg/kg; 3 ml/kg) and the 
colon was exposed along the midline of the abdomen. There 
were no peritonitis phenomena such as muscle tension 
and intestinal adhesions during sampling. The distal parts 
(left colic flexure was used for the sector) tissues were 
weighed and proteins were extracted using lysis buffer (cat. 
no. KGP‑2100; Jiangsu KeyGen Biotech). Total protein 
was quantified using a bicinchoninic acid protein assay 
(cat. no. KGP‑2100; Jiangsu KeyGen Biotech). A total of 
40 µg/lane was pipetted into a well of 10% SDS‑PAGE. 
Proteins were transferred onto a PVDF membrane at 200 mA 
constant current flow. PVDF membrane was incubated with 
anti‑MOR (rabbit polyclonal; cat. no. NB100‑1620; 1:500; 
NOVUS Biologicals, LLC), anti‑P2Y1 (rabbit polyclonal; 
cat. no. 85896; Abcam, Cambridge, UK; 1:1,000), anti‑ATPB 
(mouse monoclonal, cat. no. 14730; 1:1,000; Abcam), 
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anti‑CB (mouse monoclonal; cat. no. 11426; 1:1,000; Abcam), 
anti‑β‑actin (mouse monoclonal; cat. no. TA09; 1:1,000; 
ZSGB‑BIO; OriGene Technologies, Inc.) and anti‑GAPDH 
(mouse monoclonal; cat. no. TA08; 1:1,000; ZSGB‑BIO; 
OriGene Technologies, Inc.) antibodies for 1 h at room 
temperature and then at 4˚C overnight. Then, the membrane 
was incubated with horseradish peroxidase‑conjugated goat 
anti‑mouse IgG (cat. no. ZB‑2305; 1:3,000; ZSGB‑BIO; 
OriGene Technologies, Inc.) or anti‑rabbit IgG (cat. 
no. ZB‑2301; 1:3,000; ZSGB‑BIO; OriGene Technologies, 
Inc.) for 1 h at room temperature and washed with 1X TBST 
three times for 10 min each. Ultrasensitive chemilumines‑
cent reagent (cat. no. BMU102‑CN; Abbkine) was used to 
visualize protein bands and the images were captured using 
an Amersham Imager 600 chemical image system (GE 
Healthcare Bio‑Sciences AB). The gray value of each protein 
band was measured by ImageJ (National Institutes of Health; 
version 1.53). The ratio of gray value of the target protein 
band to the internal reference protein band was used to deter‑
mine the relative expression of the target protein.

In vivo intervention of P2Y1 or MOR function. After 3 days of 
adaptation, the i.p injection of loperamide hydrochloride at a 
dose of 4 mg/kg twice/day for 7 consecutive days was used to 
establish the OIC model. On the following day, OIC rats were 
sub‑divided into the four different intervention‑treated groups: 
i) Naloxone (4 mg/ml); ii) ATP (4 mg/ml); iii) MRS2179 
(0.5 mg/ml) and iv) untreated. All treatments were adminis‑
tered by i.p injections of 0.5 ml each drug at a frequency of 
two injections/day for 5 consecutive days. NSG was estab‑
lished via i.p injection of the same amount of 0.9% normal 
saline, twice/day at 09:00 AM and 06:00 PM consecutively for 
12 days. NCG received no treatment. There were six groups 
with six rats in each group.

Statistical analysis. The fecal scores were analyzed by the 
Kruskal‑Wallis H test followed by Dunn's test and the data are 
presented as the median ± interquartile range. The GI transit 
ratio, stool weight changes, RT‑qPCR, WB and intervention of 
P2Y1 receptor or MOR function experiments were analyzed by 
one‑way analysis of variance followed by Tukey's post hoc test; 
these data are presented as the mean ± SEM. SPSS 17.0 (SPSS, 
Inc.) and GraphPad 8.3.0 statistical software (GraphPad Software, 
Inc.) were used to perform all statistical analyses. P<0.05 was 
considered to indicate a statistically significant difference.

Results

The stool score, weight and GI transit ratio of the OIC 
model. The stool of OIC rats became smaller and harder on 
the seventh day of modeling (Fig. 1A), which was close to the 
small sausage‑like pieces with a score of 2, while the stool 
morphologies of NCG and NSG rats were similar, with a 
sausage‑like appearance but a smooth and soft surface with a 
score of 4 (Fig. 1B). The stool weight and GI transit ratio of the 
OIC rats were significantly lower than NCG and NSG animals 
on the seventh day of modeling (Table I).

Co‑expression of P2Y1 with CB and CGRP in the neurons of 
submucosal plexus by IF staining. IF analysis revealed that a 

large number of P2Y1‑positive nerve cells were aggregated in 
the colonic submucosal plexus of rats to form ganglia (Fig. 2). 
In the ganglion, P2Y1 was observed to co‑localize with 
NeuN‑positive enteric neurons in the intestine, suggesting that 
these positive cells were neurons (Fig. 2E). The P2Y1‑positive 
nerve cell body was round or elliptical and the positive marker 
was primarily located in the cell bodies and processes, emit‑
ting a long protrusion from the cell body (Figs. 2B and C 
and 3A and C). CB‑positive nerve cell bodies were round 
or elliptical, the positive marker was primarily located in 
the cytoplasm and several protrusions were identified emit‑
ting from the cell body (Figs. 3B and 4B). In the ganglion, 
CGRP protuberances were observed in the submucosal plexus 
(Figs. 3E and 4E). Moreover, CB and CGRP signals were 
detected in the colonic submucosal ganglia and co‑local‑
ized with MOR and P2Y1‑positive markers, respectively 
(Figs. 3 and 4). In the ganglion, MOR and ATPB‑positive 
markers were co‑expressed in the intestinal nerve cells and a 
large number of MOR‑positive nerve fibers surrounded the cell 
body of ATPB‑positive cells (Fig. 4).

mRNA and protein levels of P2Y1 decreased in OIC rats. 
ATP is an inhibitory mediators of GI that cause gastroin‑
testinal dysfunction by activating P2Y1 (24). RT‑qPCR 
showed that compared with the mRNA expression levels in 
NCG and NSG rats, mRNA levels of the ATPB and P2Y1 
were significantly decreased in OIC rats (Fig. 5). RT‑qPCR 
showed that compared with the mRNA expression levels in 
NCG and NSG rats, the mRNA levels of MOR and CGRP in 
the submucosal layer of OIC rats increased (Fig. 6A and G 
and 6C and I), while the CB mRNA levels were significantly 
decreased (Fig. 6D‑F). Consistent with RT‑qPCR results, WB 
analysis revealed that MOR protein levels in the submucosal 
layer of OIC rats were significantly increased, while those of 
ATPB, P2Y1, and CB proteins were significantly decreased 
compared with those of the NCG and NSG rats. At the same 
time, compared with NCG, the expression of P2Y1 protein 
was significantly decreased in NSG rats (Figs. 7 and 8).

ATP relieves OIC of rats. Compared with that in the NSG 
and NCG, the naloxone and ATP treatment groups had no 
significant change in their rate of GI transit. Compared with 
that in the NCG, NSG, OIC, naloxone‑treated and ATP‑treated 
groups, the MRS2179 group exhibited significantly decreased 
GI transport function (Table II).

GI transit ratio analysis suggested that the P2Y1 agonist 
ATP significantly relieved constipation symptoms in rats, 

Table I. Stool weight and gastrointestinal transit ratio.

Characteristic OIC NSG NCG

Stool weight, g 1.50±0.13a,b 3.10±0.09 3.00±0.17
Gastrointestinal 66.80±6.50a,b 89.80±2.30 90.70±1.90
transit ratio, % 

P<0.05 vs. aNSG and bNCG. OIC, opioid‑induced constipation; 
NSG, normal saline group; NCG, normal control group.
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which is similar to the effect of MOR antagonist naloxone, 
whereas the P2Y1 inhibitor MRS2179 aggravated the consti‑
pation symptoms in this OIC rat model.

Discussion

Effective analgesic sites for opioids such as morphine 
are primarily located in the CNS, and the main cause 
of constipation is activation of the peripheral MOR 

signaling pathway, leading to GI dysfunction (13,15,32‑36). 
Loperamide hydrochloride is an opioid receptor agonist 
that decreases water and electrolyte secretion from the 
mucosal layers of the intestine by binding to MORs in 
the GI tract. This ligand‑receptor interaction inhibits the 
long‑distance transport of intestinal contents via the GI 
tract, causing accumulation of toxic waste materials in 
the intestinal lumen (37). In the present study, an OIC rat 
model was evaluated according to the Rome II stool typing 

Figure 1. The fecal traits (A) and stool score on the seventh day (B). *P<0.05. OIC, opioid‑induced constipation; NSG, normal saline group; NCG, normal 
control group. 

Figure 2. Immunofluorescence histochemistry of submucosal plexus of normal rat colon. (A) P2Y1‑positive fibers formed a network between the ganglia. (B) 
P2Y1‑positive marker located in the cell bodies (arrowhead). (C) P2Y1 staining. (D) NeuN staining. (E) Co‑localization of P2Y1 and NeuN. The arrowheads 
indicate double‑labeled neurons of P2Y1 with NeuN. Scale bar in panel A, 50 µm. Scale bars in panels B‑E, 20 µm. P2Y1, P2Y purinergic receptor 1; NeuN, 
neuronal nuclei antigen. 



ZHAO et al:  P2Y1 IS ASSOCIATED WITH THE OCCURRENCE OF OIC IN RATS6

criteria (30,38‑41). After 7 days of modeling, the stool 
samples of OIC rats became smaller and harder, while GI 
transit ratio and stool weight of these OIC rats significantly 

decreased. This was consistent with the characteristics of 
OIC stools in previous reports, indicating that the OIC rat 
model was successfully established (28,29).

Figure 4. MOR with CB and CGRP, MOR with ATPB in submucosal plexus of normal rat colon. (A) MOR immunoreactivity. (B) CB staining. (C) Co‑localization 
(arrowhead) of MOR and CB. (D) MOR staining. (E) CGRP immunoreactivity. (F) Co‑localization (arrowhead) of MOR and CGRP. (G) ATPB immunore‑
activity. (H) MOR staining. (I) Co‑localization (arrowhead) of MOR and ATPB. Scale bar, 20 µm. MOR, µ‑opioid receptor; CB, calbindin; CGRP, calcitonin 
gene‑related peptide; ATPB, ATP synthase subunit β. 

Figure 3. P2Y1 with CB and CGRP in submucosal plexus of normal rat colon. (A) P2Y1 staining. (B) CB immunoreactivity. (C) Co‑localization (arrowhead) of 
P2Y1 and CB. (D) P2Y1 immunoreactivity. (E) CGRP staining. (F) Co‑localization (arrowhead) of P2Y1 and CGRP. Scale bar, 20 µm. P2Y1, P2Y purinergic 
receptor 1; CB, calbindin; CGRP, calcitonin gene‑related peptide.
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Figure 5. Reverse transcription‑quantitative PCR showing relative mRNA expression of P2Y1 and ATPB in rat colonic submucosa. (A) PCR amplification 
plots of P2Y1. (B) Melt peak curves of P2Y1. (C) mRNA expression levels of P2Y1 in the submucosal layer. (D) PCR amplification plots of ATPB. (E) Melt 
peak curves of ATPB. (F) mRNA expression levels of ATPB in the submucosal layer. *P<0.05. OIC, opioid‑induced constipation; NSG, normal saline group; 
NCG, normal control group; P2Y1, P2Y purinergic receptor 1; ATPB, ATP synthase subunit β.

Figure 6. Reverse transcription‑quantitative PCR showing the relative mRNA expression of MOR in rat colonic submucosa. (A) PCR amplification plots of 
MOR. (B) Melt peak curves of MOR. (C) mRNA expression levels of MOR in the submucosal layer. (D) PCR amplification plots of CB. (E) Melt peak curves 
of CB. (F) mRNA expression levels of CB in the submucosal layer. (G) PCR amplification plots of CGRP. (H) Melt peak curves of CGRP. (I) mRNA expression 
levels of CGRP in the submucosal layer. *P<0.05. OIC, opioid‑induced constipation; NSG, normal saline group; NCG, normal control group; MOR, µ‑opioid 
receptor; CB, calbindin; CGRP, calcitonin gene‑related peptide. 
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The functional activity of the GI tract is primarily regu‑
lated by the enteric nervous system (ENS), which mainly 
includes the submucosal plexus between the mucosa and 
the submucosa and the myenteric plexus located between 

the circular and longitudinal muscle (14,41‑44). Enteric 
nerve cells are divided into intrinsic primary afferent or 
sensory neurons, intermediate nerve cells and motor nerve 
cells. Among these, the intrinsic primary afferent nerve 

Figure 8. Western blotting showing the relative protein expression of MOR in rat colonic submucosa. Representative immunoblot of (A) MOR and relative 
protein expression levels of (B) MOR. Representative immunoblot of (C) CB and relative protein expression levels of (D) CB in the submucosal layer. *P<0.05. 
OIC, opioid‑induced constipation; NSG, normal saline group; NCG, normal control group; MOR, µ‑opioid receptor; CB, calbindin.

Figure 7. Western blot analysis showed the relative protein expression of P2Y1 and ATPB in rat colonic submucosa. Representative immunoblot of (A) P2Y1 
and relative protein expression levels of (B) P2Y1. Relative protein expression levels of (C) ATPB and relative protein expression levels of (D) ATPB proteins. 
*P<0.05. OIC, opioid‑induced constipation; NSG, normal saline group; NCG, normal control group; P2Y1, P2Y purinergic receptor 1; ATPB, ATP synthase 
subunit β.
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cells are the first neurons in the reflex pathways activated 
by mucosal stimulation. These neurons transmit mechanical 
and chemical stimulatory information to the motor nerve 
cells in the intestinal plexus, thereby regulating the GI tract 
smooth muscle movement (14,42,45,46). The MOR is a type 
of opioid receptor and the primary site action of morphine 
and other opioid preparations acting on the PNS. Compared 
with other opioid receptors, MOR is more densely distributed 
in the colon than in the stomach and small intestine (14,16). 
In the present study, MOR was co‑expressed with CB and 
CGRP in the colonic nerve cells. Studies have shown that 
CB is primarily expressed in the primary sensory afferent 
neurons and participates in the sensory information trans‑
mission along the GI tract (43,46‑48). CGRP is released 
by the submucosal plexus cells that transmit mechanical 
and chemical irritative sensory information along the GI 
tract (46,49,50). It is hypothesized that MOR may be closely 
related to the transmission of sensory information in the rat 
colon.

The movement of GI smooth muscle is primarily 
dominated by motor nerve cells, including excitatory and 
inhibitory nerve cells, of which inhibitory motor neurons 
are predominantly non‑cholinergic or non‑adrenergic 
inhibitory nerve cells (51). ATP is an important extracellular 
secondary messenger in the colon that is released by both 
non‑cholinergic and non‑adrenergic neurons in the ENS. 
ATP regulates the functional activity of the colon by acti‑
vating the receptors such as P2Y1 (51,52). Previous studies 
have shown that P2Y1s are abundantly expressed in the GI 
smooth muscle cells and are involved in regulating trans‑
mission of neural information (24,52‑54). The current study 
showed that P2Y1s are expressed in the submucosal plexus 
and co‑expressed with CB and CGRP in the nerve cells of 
rat colonic tissues. P2Y1s are highly sensitive to stimula‑
tory sensory signals, such as mechanical stimuli during GI 
disorder (52). The present study revealed that the P2Y1s are 
not only distributed in the distal colonic submucosal plexus 
cells but are also involved in transmission of neural infor‑
mation in the rat colon.

In the present study, the mRNA expression levels of MOR 
and CGRP were significantly increased in the distal submu‑
cosa of OIC rats, while levels of P2Y1, ATPB and CB were 
significantly decreased. It was also shown that protein expres‑
sion levels of MOR, P2Y1, ATPB and CB were similar to their 

respective mRNA levels. GI dysfunction‑induced constipation 
is associated with abnormal colorectal nerve signaling (55). 
Long‑term use of opioid preparations may cause irreversible 
perturbations to the MOR signaling axis in the colorectal 
regions, leading to chronic constipation (13,14,32). In the 
colonic submucosal plexus, MORs are distributed on the 
surface of nerve cells to regulate colonic smooth muscle 
motility through the release of enteric neurotransmitters (14). 
IF showed that both MOR and ATPB were co‑expressed in the 
distal colonic submucosal plexus of rats. P2Y1 is the dominant 
purine receptor in the colon and is associated with transmis‑
sion of sensory information in the colonic submucosa (32,52). 
A decrease in P2Y1 expression was also observed in the NSG 
group. Here, NSG can be used as the solvent control group, 
and this change of P2Y1 can be understood as the gastroin‑
testinal changes induced by 0.9% saline solvent. However, the 
expression of P2Y1 in OIC rat colon was lower than that in 
NSG in our study. Based on the above results, it is speculated 
that MOR, ATP and P2Y1s have similar morphological basis 
to form a complete neural regulatory pathway in the colonic 
nervous system of rats.

Moreover, in vivo experiments showed that the P2Y1 agonist 
ATP could significantly relieve the symptoms of constipation 
in rats, which was similar to the effect of the MOR antagonist 
naloxone, while MRS2179 aggravated the symptoms of consti‑
pation. ATP is an endogenous agonist with a strong affinity for 
P2Y1s that activates P2Y1 and causes relaxation of colonic smooth 
muscle, thereby relieving OIC (52,56). MRS2179 is a selective 
antagonist for P2Y1s (56). In vivo peristalsis experiments in the 
distal colon of guinea pigs have revealed that the propulsion 
kinetics of epoxy‑coated artificial pellets attenuate the effect of 
MRS2179 (56,57).

In the present study, the changes of P2Y1 in the submucosa 
and its possible association with OIC were mainly discussed. 
However, regarding the part of the intestinal muscular plexus, 
future research is needed to explore the distribution character‑
istic of P2Y1 in the myenteric plexus.

Taken together, the results of the present study suggested 
that P2Y1s may serve an important role in regulating the OIC 
pathway and interference with the function of P2Y1s relieved 
symptoms of constipation. Moreover, the study demonstrated 
that the P2Y1 expression was associated with the occurrence 
of OIC in this rat model and co‑expression of MOR and P2Y1s 
may be associated with the development of OIC.

Table II. Gastrointestinal transit ratio changes in rats.

 Advanced Intestinal Gastrointestinal
Group length, cm length, cm transit ratio, %

OIC 105.7±14.6a‑d 134.5±11.8 78.4±6.4a‑d

Naloxone 127.0±6.7 137.0±5.4 92.7±2.1
ATP 126.0±5.1 137.0±2.4 92.0±4.0
MRS2179 91.5±13.6a‑d 130.0±12.8 70.4±5.5a‑d

NSG 119.5±9.7 132.0±11.2 90.6±2.1
NCG 120.8±7.4 131.8±8.2 91.7±2.1

P<0.05 vs. aNSG, bNCG, cNaloxone and dATP. OIC, opioid‑induced constipation; NSG, normal saline group; NCG, normal control group.
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