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Early oral nutrition improves postoperative ileus through the 
TRPA1/CCK1-R-mediated mast cell-nerve axis
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Background: The mechanism of early oral nutrition that regulates the mast cell-nerve axis to improve 
postoperative ileus (POI) remains unclear. This study aims to investigate whether early oral nutrition can 
improve POI through Transient receptor potential ankyrin-1 (TRPA1)/cholecystokinin 1 receptor (CCK1-R) 
in the mast cell-nerve axis.
Methods: Experiment 1: Male Sprague-Dawley (SD) rats were randomly divided into the TRPA1 inhibitor 
+ oral nutrition group (TI + ON + POI), oral nutrition group (ON + POI), POI group (POI) and sham 
surgery group (Sham). Nine rats in each group were treated. Experiment 2: Primary cultures of mast cells 
and dorsal root ganglion cells were created, and a non-contact co-culture system was established. The cells 
were divided into the dorsal root ganglion (DRG) group, mast cell group, DRG + mast cell group, TRPA1 
inhibitor or enhancer group, mast cell stabilizer or enhancer group, CCK1-R inhibitor or enhancer group. 
The results of expression of TRPA1, CCK1-R and histamine in colon tissue, portal vein blood, supernatant 
or dorsal root ganglia, intestinal transport test and mast cell morphology were analysed.
Results: In experiment 1, Early oral nutrition could alleviate the degranulation and activation of mast cells 
and alleviate the inflammatory reaction of intestinal wall muscles (P<0.05). Early oral nutrition improved 
POI by stabilizing mast cells with TRPA1. TRPA1 inhibitor decreased CCK1-R concentrations in portal 
vein blood and CCK1-R expression in colonic smooth muscle (P<0.05). In experiment 2, the change in 
mast cell function regulated the secretion of CCK1-R by neurons, CCK1-R negatively regulated the 
degranulation and activation of mast cells (P<0.05), and mast cells positively regulated the expression of 
TRPA1 protein in DRG (P<0.05). 
Conclusions: Early enteral nutrition can improve POI through the TRPA1/CCK1-R-mediated mast cell-
nerve axis. TRPA1 positively regulates CCK1-R to stabilize mast cells, but TRPA1 is not the target of the 
downstream CCK1-R pathway.
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Introduction

Postoperative ileus (POI) is a common complication 
after major abdominal surgery. POI is a short-term 
gastrointestinal peristalsis dysfunction after surgery. It 
manifests as short-term interruption of intestinal function, 
disappearance of bowel sounds, gastrointestinal effusion, 
abdominal pain and distention, nausea, vomiting and 
defecation delay, which can lead to increased complications, 
prolonged hospitalization and increased hospitalization  
cost (1).

The mast cell-nerve axis plays an important role in the 
pathogenesis of POI. Manipulating the intestinal tract 
during operation can lead to substantial mast cell activation 
and degranulation, release inflammatory mediators, and 
produce acute neurogenic responses (2). Anatomically, mast 
cells in intestinal mucosa are closely associated with vagal 
nerve endings (3). Electrical stimulation of the vagus nerve 
can reduce histamine release from mast cells; histamine 
is an important mediator triggering the inflammatory 
cascade reaction (3,4). Mast cell degranulation mediates 
the infiltration of the leucocyte mucosal muscle layer after 
intestinal tract manipulation. Mast cell stabilizers can 
reduce the infiltration of the leucocyte mucosal muscle 
layer, alleviate intestinal inflammatory reactions and 
improve gastrointestinal motility (5,6).

A physiologic approach to activate the cholinergic anti-
inflammatory vagal pathway is the administration of early 
enteral nutrition. However, how early enteral nutrition 
regulates the mast cell-nerve axis to improve POI is unclear.

Transient receptor potential ankyrin-1 (TRPA1) is an 
important cationic channel protein that exists in the cell 
membrane. TRPA1 is mainly expressed in the sensory nerve 
and mediates cold pain, mechanical and chemical damage 
stimuli (7,8). The Cholecystokinin-1 receptor (CCK1-R) is 
an important receptor for cholecystokinin, which is mainly 
involved in the control of gastrointestinal smooth muscle 
movement and visceral sensation. In an animal study, high-
fat enteral nutrition was administered to a POI rat model, 
and the concentration of mast cell protease-II (MCP-II) was 
measured in plasma. As a result, high-fat enteral nutrition 
inhibited mast cell degranulation to a certain extent, while 
CCK receptor antagonist blocked this process (9). In 
other animal studies of a lymphatic fistula rat model, 20% 
fat emulsion was administered to the duodenum, and the 
researchers detected histamine, MCP-II and prostaglandin 
D2 in lymph nodes. Compared with the control group given 
saline, the fat emulsion group exhibited activation of mast 

cells in the intestinal submucosa during the absorption of fat 
emulsion, and mast cell-related mediators entered the blood 
circulation (10). In another study, the researchers established 
an intestinal submucosal mast cell degranulation C57/Bl6 
rat model by administering Salmonella lipopolysaccharide. 
Compared with low-fat enteral nutrition and fasting, high-
fat enteral nutrition significantly reduced circulating mast 
cell protease-I (MCP-I), but CCK1-R blocker, nAChR 
blocker and removal of the intestinal vagus nerve can 
eliminate the effect of high-fat enteral nutrition (11). Some 
studies have confirmed that TRPA1 participates in the 
recovery of POI (12,13). Unsaturated fatty acids in enteral 
nutrition can stimulate the release of cholecystokinin (CCK) 
secreting cells through TRPA1, thus regulating intestinal 
motility (14). Although the models used and the results 
obtained in these studies are different, to some extent, it 
can be inferred that enteral nutrition and its nutrients can 
regulate the mast cell-nerve axis. Additionally, CCK1-R and 
TRPA1 could possibly be involved in this process.

Therefore, the purpose of this study was to explore 
the role of TRPA1/CCK1-R in early enteral nutrition 
to improve POI through the mast cell-nerve axis by 
establishing a rat model of POI and a non-contact co-
culture system of mast cells and nerve cells. Additionally, 
we aimed to confirm the relationship between TRPA1 and 
CCK1-R.

Methods

Experiment 1

Thirty-six male SD rats (weight 250±20 g) were purchased 
from Kunming Medical University. All rats were kept in 
stainless steel cages with controllable indoor temperature 
and humidity. During the adaptation period of 7 days before 
the operation, rats were free to consume water and rodent 
food. All experiments were conducted in accordance with 
the care and use of laboratory animals published by the 
Ministry of Science and Technology of China and approved 
by the Ethics Committee of Kunming Medical University.

Modelling
Twelve hours before the operation, rats were fasted, but free 
water intake was permitted. Before the experiment, all the 
instruments were sterilized and dried in the oven. Medical 
disinfection alcohol (75%) was sprayed on the table, and the 
experiment was started after the alcohol volatilized to the 
table drying. Rats were placed into the anaesthesia machine, 
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the oxygen flow rate was adjusted to 50 kPa, and 2% 
isoflurane was inhaled at a 0.3 mL/minute flow rate through 
an anaesthesia mask. After anaesthesia was administered to 
the rats, the abdominal coat was shaved with a small animal 
shaver and disinfected with iodophor. Rats were fixed on 
the operating table in the supine position and connected to 
a respirator mask to maintain anaesthesia.

Rat model of POI
A 2-cm longitudinal incision was made along the midline 
of the abdomen, one cotton swab was held in each hand, 
and the colon was gently pulled out with a cotton swab and 
carefully placed on damp gauze. A cotton swab was used to 
turn the colon carefully back and forth for 5 minutes, and 
the manipulation was gently performed to avoid breaking 
the capillaries around the intestinal tract. Then, the colon 
was carefully returned to the abdominal cavity, and the 
abdomen was closed after disinfection with iodophor. Next, 
the respirator was closed, the respirator mask was removed, 
and the rat was placed in a cage after awakening and given 
adequate food and water.

Sham-operated rat model
Except for the lack of manipulation of the intestinal tract, 
the other processes were the same as those for the POI 
model described above.

Animal grouping and intervention
Thirty-six male SD rats were randomly divided into the 
TRPA1 inhibitor + oral nutrition group (TI + ON + POI), 
oral nutrition group (ON + POI), POI group (POI) and 
sham surgery group (sham) with 9 rats in each group. 
TRPA1 inhibitor + early oral nutrition group (TI + ON + 
POI): After the establishment of the POI model, rats were 
given an intraperitoneal injection of TRPA1 inhibitor HC-
030031 (200 mg/kg body weight). At 5, 45 and 90 minutes 
after the operation, 0.75 ml of enteral nutrition solution 
(Peptisorb, Nutricia Ltd, Wuxi, China) was given forcibly. 
In the early oral nutrition group (ON + POI), 0.75 mL 
enteral nutrition solution (Peptisorb) was given forcibly at 
5, 45 and 90 minutes after operation. POI group (POI): a 
POI model was established, and samples were extracted for 
detection. Sham operation group (sham): Sham operation 
was performed, and samples were extracted for detection.

Sampling
At 6 h after the operation, the abdominal cavity was 
opened in 6 rats to obtain portal vein blood samples under 

anaesthesia. After death caused by excessive anaesthesia, 
fresh colonic tissue (approximately 1 cm) was washed 
with sterile and RNase-free water. Colonic mucosa and 
colonic smooth muscle tissue were separated and frozen 
in cryopreservation tubes at −80 ℃. The spinal cord (the 
lumbar dorsal root ganglion (DRG) was separated) was 
frozen and stored at −80 ℃.

Real-time quantitative PCR (RT-qPCR)
The expression of CCK1-R, histamine receptors (HRH1 
and HRH4) in colonic smooth muscle tissue, TRPA1 in 
colon, and TRPA1 in lumbar DRG were detected. Primer 
design and synthesis: PubMed was used to search the target 
gene RNA sequence of the corresponding species, and the 
cording sequence was used to design primers. RT-qPCR 
primers were designed by beacon designer (version 7.90 
Premier Biosoft International, Palo Alto, CA, USA). The 
sequence of primers is shown in Table S1. According to the 
manufacturer’s instructions, total RNA was extracted from 
colonic tissue, colonic smooth muscle and lumbar DRG by 
using TRIZOL lysate (Invitrogen). Then, the concentration 
of 3 µL total  RNA was measured in an ND-1000 
spectrophotometer. The volume of total RNA required 
for reverse transcription was calculated and synthesized 
according to a Revert AidTM First Strand cDNA Synthesis 
Kit. RT-qPCR was then performed in a LightCycler 96 
Real-Time PCR System (Roche Diagnostics, Germany). 
Data were analysed by relative quantification of gene 
expression (LightCycler® 96 software, Roche Diagnostics, 
Germany) and standardized to the level of β-actin 
transcription.

Western blot analysis
TRPA1 in colon mucosa, CCK1-R, TRPA1 in colon tissue 
and TRPA1 in lumbar DRG were detected. Total protein 
was extracted using standard protocols, and lysates were 
resolved via electrophoresis on sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE) gels. 
Separated proteins were transferred to a polyvinylidene 
fluoride (PVDF) membrane (Bio-Rad Laboratories, 
Inc., CA, USA) for immunoblotting using a wet-transfer 
system. Following transfer, membranes were incubated 
overnight at 4 ℃ with primary antibodies (diluted 1:1,000), 
and bound antibody was detected using HRP-conjugated 
secondary antibodies (1:2,000 or 1:4,000; Bio-Rad 
Laboratories). HRP-bound antibodies were then detected 
on film via enhanced chemiluminescence (GE Healthcare, 
IL, USA).
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Enzyme-linked immunosorbent assay (ELISA)
The contents of MCP-II and CCK1-R in portal vein blood 
were detected. The tissue was extracted according to the 
standard scheme, and the contents of MCP-II and CCK1-R 
in the samples were calculated by ELISA Calc software 
according to the manufacturer’s instructions.

Intestinal transport experiment
Six hours after the operation, three rats in each group were 
fed fluorescein isothiocyanate (FITC)-Dextran (dissolved in 
normal saline) labelled with FITC at 0.6 g/kg body weight. 
After 90 minutes, fresh small intestine and colon were 
taken. Ten segments of the intestinal tract and its contents 
were taken from the small intestine, each of which was 
approximately 1 cm in length. Three segments of colon and 
its contents were taken, each of which was approximately 
1 cm in length. Intestinal content of each segment was 
added with 500 μL PBS solution and centrifuged at  
5,000 rpm for 5 minutes, and 200 μL supernatant was taken. 
The supernatant samples were added to a 96-well enzyme 
plate. FITC fluorescence was measured at 520 nm excitation 
wavelength and 485 nm emission wavelength. The 
distribution of FITC-labelled glucan in the gastrointestinal 
tract was calculated by calculating the geometric centre. 
The formula was geometric centre (GC) = ∑(percentage of 
fluorescein per segment × number of segments)/100 (9).

Morphology of mast cells observed by transmission 
electron microscopy
Fresh colonic tissues were extracted and fixed at 4 ℃ with 
2.5% glutaraldehyde, washed with PBS buffer, embedded 
and cured by Epon 812 epoxy resin, sliced by an UltracutE 
ultrathin slicing machine and stained by uranium acetate 
and lead nitrate. Then, the morphology of mast cells was 
observed under transmission electron microscopy.

Experiment 2

Mouse primary mast cell culture
Bone marrow-derived mast cells (BMMCs) were grown 
by culturing bone marrow cells from male SD rats as 
previously reported (15,16). Briefly, bone marrow cells 
were aspirated and cultured in DMEM/F12 supplemented 
with interleukin-3 (IL-3) (30 ng/mL), colony stimulating 
factor (CSF) (20 ng/mL), 10% heat-inactivated fetal bovine 
serum (FBS) (15 mL), 1% penicillin-streptomycin, 0.07% 
beta-mercaptoethanol, and 1% L-glutamine for 4 weeks at 
37 ℃ in a 5% CO2 incubator. During this culture period, 

non-adherent cells were removed once every 2 or 3 days 
with the addition of fresh culture medium. After 4 weeks of 
culture, mast cells were identified by 0.1% toluidine blue  
staining (17) (see attached Figure 1).

Primary culture of rat DRG neurons
Dorsal root ganglia were removed from the lumbar spinal 
cord of male SD rats (150±200 g), and cultures were 
prepared based on the method described by Pongrac and 
Rylett (18). In brief, rats were anaesthetized with inhaling 
isoflurane (2%, 0.3 mL/minute by an anaesthesia mask) 
and dissected following procedures approved by the 
Animal Research Ethics Committee of Kunming Medical 
University. DRG were dissected into DMEM/F12 medium 
(DMEM/F12 containing 10 mL 10% heat-inactivated 
FBS, 1 mL double antibody, 1 mL 1% L-glutamine) and 
incubated for 24 hours (37 ℃, 5% CO2). Neurobasal A 
medium (including 12 mL B27, 1 mL double antibody,  
1 mL 1% L-glutamine) from the second day was replaced, 
and DRG neurons were maintained in culture for 6 days in 
an atmosphere of 5% CO2 at 37 ℃. After 7 days of culture, 
DRG neurons were detected by immunofluorescence assay. 
(see attached Figure 2). 

Mast cell and DRG neuron non-contact co-culture and 
intervention
DRG group (Control-N): the DRG neurons were cultured 
alone.

Mast cell group (Control-M): Mast cells were cultured 
alone.

DRG and mast cell group (Control-N+M): Mast cells 
were inoculated into an upper Transwell chamber with 105 
cells in each pore and DRG neurons in the lower chamber. 
During co-culture, 1640 basic medium was used for mast 
cells in the superior chamber, and Neurobasal A basic 
medium was used for DRG neurons in the inferior chamber.

TRPA1 inhibitor group (-TRPA1): DRG neurons were 
pre-treated with HC-030031 at a final concentration of  
50 µmol/L for 16.5 minutes (19,20) and non-contact co-
cultured with mast cells.

Mast cell stabilizer group (-Mast cell): mast cells 
were pre-treated with sodium glycyrrhizinate at a final 
concentration of 100 µM/L for 30 minutes (21,22) and non-
contact co-cultured with DRG neurons.

CCK1-R inhibitor group (-CCK1-R): mast cells were 
non-contact co-cultured with DRG neurons after treatment 
with rebamipide at a final concentration of 37.7 nmol/L for 
an hour (23).

https://www.ncbi.nlm.nih.gov/pubmed/?term=Pongrac JL%5BAuthor%5D&cauthor=true&cauthor_uid=9821636
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Figure 1 Expression of TRPA1 mRNA and protein in dorsal root ganglion and colon. (A)  Expression of TRPA1 mRNA in dorsal root 
ganglion. (B) Expression of TRPA1 mRNA in colon. (C) Expression of TRPA1 protein in dorsal root ganglion. (D) Expression of TRPA1 
protein in colon. (a), (b), (c) and (d) represent sham surgery group, POI group, oral nutrition group and TRPA1 inhibitor + oral nutrition 
group respectively.

Figure 2 CCK1-R concentration in portal vein blood (A) and CCK1-R expression in the smooth muscle layer of the colon (B). Sham, POI, 
ON + POI and TI + ON + POI represent sham surgery group, POI group, oral nutrition group and TRPA1 inhibitor + oral nutrition group 
respectively.
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TRPA1 enhancer group (+TRPA1): DRG neurons were 
non-contact co-cultured with mast cells after treatment 
with allyl thiocyanate at 10 µmol/L for 15 minutes (24,25).

Mast cell enhancer group (+Mast cell): mast cells were 

non-contact co-cultured with DRG neurons after treatment 
with lipopolysaccharide (LPS) at a final concentration of 
100 ng/mL for an hour (26,27).

CCK1-R enhancer group (+CCK1-R): mast cells 
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were pre-treated with A-71623 at a final concentration of  
3.7 nmol/L for an hour (28) and non-contact co-cultured 
with DRG cells.

Sampling
The supernatant was collected 48 h after culture in the 
above 9 groups, CCK1-R and histamine were detected 
by ELISA, and DRG neurons were collected from DRG 
(in Control-M group, mast cells were collected) to detect 
TRPA1 protein expression by Western blot analysis. The 
expression of TRPA1 in DRG neurons or mast cells was 
detected by RT-qPCR. The detection method was the same 
as that in experiment 1.

Statistical analysis

Statistical analysis was processed by SPSS17.0 software 
(SPSS Inc., Chicago, USA). The measurements are 
expressed as the mean ± standard deviation (SD), and t-test 
was used to compare the two groups. The experimental data 
obtained by RT-QPCR were processed by 2−△△Ct analysis 
on the premise that the amplification efficiency of the target 
gene was similar to that of the internal reference gene. The 
Ct value refers to the number of cycles that the fluorescent 
signal in each reactor tube experiences when it reaches the 
set threshold. The threshold is negatively correlated with 
the expression level of the sample. The increase in the 
Ct value indicates that the expression level of the sample 
decreases. The average Ct value, ΔCt value and ΔΔCt value 
of each sample were calculated. ΔCt value = target gene 
Ct value − internal reference gene CT value, ΔΔCt value = 
experimental group ΔCt mean value − control group ΔCt 
mean value, calculated 2−△△Ct value used to represent the 
relative multiple of the experimental group compared with 
that of the control group. 

Results

TRPA1 and CCK1-R are involved in the occurrence of POI

TRPA1 is mainly expressed in sensory nerve endings. In 
experiment 1, POI models were established as previously 
described (9). Compared with the sham group, the POI 
group exhibited significantly decreased expression of 
TRPA1 in the DRG and colon tissue (P<0.05) (Figure 1). 
CCK1-R is also expressed in neurons and can be released 
outside the cells. Compared with the sham group, the 
POI group showed a significant decrease in the CCK1-R 

concentration in portal vein blood and CCK1-R expression 
in the smooth muscle layer of the colon (P<0.05) (Figure 2).  
These data suggested that TRPA1 and CCK1-R were 
involved in the occurrence of POI.

Early oral nutrition improved mast cell degranulation and 
postoperative ileus

Intestinal manipulation initiates an inflammatory 
response in the intestinal muscularis, which results from 
activation and degranulation of mast cells (5,9). MCP-II 
is a hydrolase expressed in mucosal mast cells and is often 
used as a marker of mast cell activation or degranulation. 
The concentration of MCP-II in the portal vein blood 
of the ON + POI group was significantly lower than that 
in POI group (P<0.001) (Figure 3). Mast cells contain a 
large amount of histamine, which is often released after 
activation of mast cells. Therefore, the detection of 
histamine content can indirectly indicate the degree of mast 
cell activation and degranulation, and histamine also acts 
as an inflammatory mediator in intestinal smooth muscle. 
Because histamine is a self-activating substance, which is 
formed by the decarboxylation of histidine in vivo, there is 
no gene encoding histamine. Histamine can indirectly react 
with the content of histamine by detecting its receptor. At 
6 hours after operation, HRH1 and HRH4 mRNA in the 
ON + POI group were significantly lower than those in 
the POI group (P<0.05) (Figure 3). Indirectly, early oral 
nutrition can reduce histamine release caused by intestinal 
manipulation and, to some extent, reduce the level of 
inflammatory response. Electron microscopy of mast cells 
also showed that the degranulation degree of mast cells 
significantly increased in the POI group. Additionally, the 
degranulation degree of mast cells in the ON + POI group 
was significantly lower than that in the POI group (Figure 4).  
These data suggest that enteral oral nutrition can reduce 
degranulation and activation of mast cells and alleviate 
inflammation in intestinal wall muscle layers.

Early oral nutrition stabilized mast cells through TRPA1 
to improve POI

It has been proven that high-fat enteral nutrition can 
improve POI by activating CCK1-R (9). Therefore, this 
part of the experiment focused only on whether enteral 
nutrition may improve POI by activating TRPA1. In 
experiment 1, after establishing the POI model, early oral 
nutrition could increase the geometric centre (P=0.021) 
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Figure 3 The concentration of MCP-II in the portal vein blood (A) and expression of HRH1 and HRH4 mRNA in colonic smooth muscle 
tissue (B and C). Sham, POI, ON + POI and TI + ON + POI represent sham surgery group, POI group, oral nutrition group and TRPA1 
inhibitor + oral nutrition group respectively.
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(Figure 5). Following the addition of TRPA1 inhibitor, 
the effect of enteral nutrition on increasing the geometric 
centre after operation was weakened (P=0.045) (Figure 5). 
This result suggests that enteral nutrition can improve POI 
through TRPA1.

To further clarify whether enteral nutrition stabilizes 
mast cells through TRPA1, we administered TRPA1 
inhibitors after early oral nutrition intervention in 
experiment 1. Degranulation and activation of mast cells 
were observed. TRPA1 inhibitors reversed the effects 
of early oral nutrition on MCP-II concentration in 
portal vein blood, the expression of HRH1 and HRH4 
mRNA in colonic smooth muscle (P<0.05) (Figure 3) and 
morphological changes in mast cell degranulation in the 
intestinal tissue (Figure 4). These data suggest that enteral 
nutrition improves POI by stabilizing mast cells with 
TRPA1.

TRPA1 mediated information transmission between mast 
cells and nerve cells through CCK1-R

In experiment 1, the concentration of CCK1-R in portal 
vein blood and the expression of CCK1-R in intestinal 
smooth muscle s ignif icantly  decreased fol lowing 
administration of TRPA1 inhibitor in the TI + ON + POI 
group compared with that in the ON + POI group (P<0.05) 
(Figure 2). This finding indicates a regulatory relationship 
between TRPA1 and CCK1-R.

To further verify the information transmission between 
mast cells and nerve cells by TRPA1 and CCK1-R, we 
designed experiment 2. After primary culture of mast cells 
and nerve cells, the cells were identified (Figure S1 and 
Figure S2), and then the two cell types were co-cultured in 

a non-contact manner. The concentration of CCK1-R in 
the supernatant and the expression of TRPA1 in neurons 
were detected. The concentration of histamine in the 
supernatant indirectly reacted with degranulation of mast 
cells. TRPA1 can positively regulate the concentration of 
CCK1-R in the supernatant by using TRPA1 enhancers 
and inhibitors (Figure 6). By incubating mast cells with 
mast cell enhancers and stabilizers, we determined 
that activation of mast cells could also regulate the 
concentration of CCK1-R in the supernatant, indicating 
that mast cells could regulate the neuronal secretion of 
CCK1-R (Figure 6).

Animal model studies have confirmed that CCK1-R 
antagonists can promote mast cell degranulation and 
activation (9). To further elucidate the regulatory effect of 
CCK1-R on the degranulation and activation of mast cells, 
in experiment 2, we incubated mast cells with CCK1-R 
enhancers and inhibitors. As a result, CCK1-R enhancers 
significantly reduced the histamine level in the supernatant 
of the culture medium, and CCK1-R inhibitors significantly 
reversed this effect (P<0.05) (Figure 6). Thus, CCK1-R can 
regulate the degranulation and activation of mast cells.

In experiment 2, to determine whether the effect of mast 
cell function on neurons was accomplished by TRPA1 and 
CCK1-R, we altered mast cell function by administering 
mast cell stabilizers and enhancers. Additionally, the 
expression of TRPA1 protein in the DRG and the 
concentration of CCK1-R in the supernatant were detected 
(Figure 6). The mast cell stabilizer increased TRPA1 
expression in the DRG (P<0.05), while the mast cell 
enhancer could decrease TRPA1 expression in the DRG 
(P<0.05), indicating that the change in mast cell function 
could regulate TRPA1 expression in neurons (Figure 6). 
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Figure 4 Morphology of mast cells of groups observed after staining with uranyl acetate and lead citrate by transmission electron 
microscopy. A, B, C and D represent sham surgery group, POI group, oral nutrition group and TRPA1 inhibitor + oral nutrition group 
respectively.

Figure 5 Geometric centre (GC) (A) and distribution of FITC fluorescence (B) in the gastrointestinal tract. Sham, POI, ON + POI and TI 
+ ON + POI represent sham surgery group, POI group, oral nutrition group and TRPA1 inhibitor + oral nutrition group respectively.
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The concentration of CCK1-R in the supernatant was 
measured, revealing that the concentration of CCK1-R 
in the supernatant was significantly changed after mast 
cell stabilizers and enhancers were administered (P<0.05). 
These findings indicate that the change in mast cell 
function could regulate the secretion of CCK1-R by 

neurons (Figure 6). Following incubation of mast cells 
with CCK1-R inhibitors and enhancers, no significant 
difference was observed in the expression of TRPA1 
protein in the DRG (P>0.05), suggesting that TRPA1 may 
not be the downstream target of the CCK1-R pathway  
(Figure 6).
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Figure 6 CCK1-R (A) and histamine (B) concentration in supernatant and expression of TRPA1 protein (C) and mRNA (D) in neurons. 
Control-N, Control-M, Control-N+M, -TRPA1, -Mast cell, -CCK1-R, +TRPA1, +Mast cell and +CCK1-R represent DRG group, Mast 
cell group, DRG and mast cell group, TRPA1 inhibitor group, Mast cell stabilizer group, CCK1-R inhibitor group, TRPA1 enhancer group, 
Mast cell enhancer group and CCK1-R enhancer group respectively.
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Discussion

In this study, we established a rat POI model to evaluate 
whether early oral nutrition can improve POI through the 
TRPA1/CCK1-R-mediated mast cell-nerve axis. Then, 
we further validated the role of TRPA1/CCK1-R in mast 
cell and nerve cell information transmission through a 
non-contact co-culture system of mast cell neurons. As 
anticipated, early oral nutrition improved postoperative 
intestinal paralysis by TRPA1/CCK1-R mediating the mast 
cell-nerve axis.

Effects of early oral nutrition on mast cell activation and 
degranulation in POI

It has been proven that activation and degranulation of mast 
cells are important links in the occurrence of POI (2,9). 

In this study, degranulation and activation of mast cells 
were found in POI, similar to findings in previous studies 
(5,9). Mast cell infiltration occurs in the early stage of POI, 
and degranulation of mast cells is an important step of 
leukocyte infiltration because specific mast cell stabilizers 
can prevent intestinal leukocyte infiltration and delayed 
gastric emptying after intestinal manipulation (5). In clinical 
and animal studies, stabilizing mast cells and inhibiting 
macrophages improved intestinal peristalsis caused 
by inflammatory reactions in POI (5,6,29). Moreover, 
intestinal inflammation induced by intestinal manipulation 
was significantly reduced in the mast cell gene knockout 
mouse model (5). Histamine is an important inflammatory 
mediator that initiates inflammation. In this study, the 
expression of histamine receptor mRNA in smooth muscle 
was detected to indirectly show the content of histamine. 
The expression of HRH1 and HRH4 mRNA in smooth 
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muscle tissue of colon with POI was significantly increased, 
which indirectly indicated that POI resulted in increased 
degranulation and secretion of histamine from mast cells.

In this study, early oral nutrition reduced mast cell 
activation and degranulation in POI. The following possible 
reasons may explain the results. In a previous animal model 
study, the researchers compared high-fat enteral nutrition 
with conventional enteral nutrition. The fat in enteral 
nutrition was beneficial to decrease the concentration of 
MCP-II in the portal vein of rats with POI (9). This finding 
may partly explain the effect of early oral nutrition on the 
activation and degranulation of mast cells in POI. Another 
cause of concern is that early oral nutrition stimulates 
visceral nerves and regulates mast cell function. Intestinal 
mast cells are very close to the vagal nerve endings 
anatomically, and mast cell function can be affected by 
stimulating the vagus nerve (30,31).

TRPA1 was involved in the occurrence of POI, and early 
oral nutrition regulated the expression of TRPA1

In this study, the expression of TRPA1 in colon tissue 
and DRG was significantly decreased in POI. Early oral 
nutrition could promote the expression of TRPA1. After 
adding TRPA1 inhibitors, the intestinal transport capacity 
was decreased, similar to findings in previous studies (12,13). 
In a study of a male C57Bl/6 rat model of POI (12), the 
authors used TRPV1 agonist capsaicin, TRPA1 agonist 
allyl isothiocyanate (AITC), cinnamaldehyde (CA), TRPA1/
TRPV1 agonist daikenchuto Dajianzhong decoction (TU-
100) and 6-shogaol (6SG) for intervention and found 
that TRPA1 agonists (AITC, CA, TU-100 and 6SG) 
significantly improved slow gastrointestinal transport, while 
capsaicin (TRPV1 agonist) had no such effect. The authors 
considered that TRPA1 is necessary to induce and alleviate 
POI. In another study, TPRA1 agonists promoted intestinal 
transport in rats with POI (13).

How enteral nutrition enhances TRPA1 expression 
remains unclear. In an in vitro/in vivo study, polyunsaturated 
fatty acids in diet (including DHA, EPA, linolenic acid, 
etc.) can activate TRPA1 to stimulate primary neurons 
and endocrine cells, and this effect is absent in TRPA1 
gene knockout mice. Continuous stimulation with 
polyunsaturated fatty acids can desensitize TRPA1. 
Therefore, researchers believe that TRPA1 is necessary for 
polyunsaturated fatty acids to stimulate primary neurons 
and endocrine cells (32).

TRPA1 regulated mast cell activation and degranulation 
through CCK1-R

Few studies have focused on TRPA1 regulating mast 
cell activation and degranulation, and we identified only 
one study in the PubMed database. Instead, researchers 
have  focused on the  e f fect  of  TRPA1 on a irway 
hyperresponsiveness induced by activated mast cells (33). 
In this study, TRPA1 inhibitors were administered based 
on the implementation of early oral nutrition. Based on the 
results, TRPA1 inhibitors could inhibit the effect of early 
oral nutrition on stabilizing mast cells.

To further explore the mechanism of early oral nutrition 
regulating mast cell degranulation through TRPA1, we 
administered TRPA1 inhibitor and early oral nutrition 
simultaneously, and the concentration of CCK1-R in portal 
vein blood and the expression of CCK1-R mRNA in colonic 
smooth muscle were detected. After early oral nutrition, the 
CCK1-R concentration in portal vein blood and CCK1-R 
mRNA expression in colonic smooth muscle were increased. 
The expression of mRNA in colonic smooth muscle was 
significantly increased, and TRPA1 inhibitor significantly 
blocked this effect, suggesting that TRPA1 may regulate 
mast cell activation and degranulation through CCK1-R. 
In previous studies, a mucosal mast cell degranulation 
model was established in C57/Bl6 mice by administration 
of Salmonella enterica LPS. Compared with low-fat enteral 
nutrition (16% energy supply from soybean lecithin) and 
fasting, high-fat enteral nutrition (50.4% energy supply 
from soybean lecithin, ω-3 and ω-6 fatty acid content 
<5%) significantly reduced the MCP-I concentration in 
circulation; however, CCK1-R blockers can eliminate the 
effect of high-fat enteral nutrition (11), which indicates 
that CCK1-R regulates mast cell degranulation. Therefore, 
TRPA1 mediates the effect of early oral nutrition on the 
degranulation of mast cells via CCK1-R in POI.

TRPA1 and CCK1-R participated in information 
transmission between mast cells and neurons

To further verify that TRPA1 and CCK1-R participate in 
information transmission between mast cells and neurons, 
we first designed a non-contact co-culture system for mast 
cells and neurons. In previous studies, researchers used 
contact co-culture to explore mast cell-neuron crosstalk 
(34-36). Researchers mainly focused on mast cell and 
neuron anatomical contact; however, our study determined 
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that TRPA1 and CCK1-R are involved in the regulation of 
the mast cell-nerve axis. Because TRPA1 and CCK1-R are 
mainly expressed in neurons, mast cells were placed in the 
upper chamber and nerve cells in the lower chamber.

In this study, TRPA1 and CCK1-R negatively regulated 
mast cell degranulation, and mast cell activation or 
degranulation inhibits the expression of TRPA1 protein 
and the secretion of CCK1-R in neurons, indicating that 
TRPA1 and CCK1-R are involved in mast cell and nerve 
cell information transmission. In previous animal studies 
on CCK regulating mast cell degranulation, researchers 
used soybean trypsin inhibitors to induce endogenous 
CCK release in rats given CCK2-R antagonist (L-365260) 
intervention and detected MCP-II to evaluate mast cell 
degranulation. According to the results, endogenous CCK 
could regulate intestinal mucosal mast cell degranulation 
by stimulating CCK2-R. Researchers believe that intestinal 
mucosal mast cells are involved in CCK regulation of 
intestinal function (37). Although our study also suggested 
that the CCK signalling pathway was involved in the 
regulation of mast cell degranulation, we examined only 
the role of CCK1-R. CCK1-R is mainly involved in 
gastrointestinal smooth muscle movement and visceral 
sensory regulation and is closely related to the occurrence 
and recovery of intestinal paralysis (9).

For the regulatory mechanism between TRPA1 and 
CCK1-R, in a previous study, researchers found that 
TRPV1 and TRPA1 were not the key downstream targets in 
the CCK1-R signalling pathway (38) by detecting whether 
multiple members of the TRP family were involved in the 
CCK1-R pathway in neurons. In this study, we incubated 
mast cells with CCK1-R antagonists and enhancers and 
then co-cultured them with neurons in a non-contact 
manner. CCK1-R could not regulate the expression of 
TRPA1 protein, while TRPA1 could positively regulate 
the secretion of CCK1-R from dorsal root ganglia, which 
indicated that the regulation between TRPA1 and CCK1-R 
was unidirectional.

Limitations

The limitations of this study are as follows: (I) the early oral 
nutrition group and TRPA1 inhibitor + early oral nutrition 
group were designed, but no single TRPA1 inhibitor group 
was established. Although a significant effect of the TRPA1 
inhibitor on mast cell function was observed, the goal of 
this study was to determine the role of TRPA1 in POI. 
There are some deficiencies in the mechanism because the 

effect of early oral nutrition may mask the role of TRPA1 
inhibitors. (II) In this study, only histamine was detected 
as an evaluation of mast cell function and colonic smooth 
muscle inflammation level. Although histamine is an 
important mediator that initiates inflammation, evaluating 
the inflammation response level by using only one indicator 
is slightly inadequate. However, a previous study focused 
on inflammation in the smooth muscle layer of the colon 
and the expression of mast cell-related inflammatory  
mediators (9). Therefore, no additional mast cell-related 
inflammatory mediators were designed and detected in this 
study. (III) Although the results in vitro and in vivo were 
consistent in this study, cell culture may deviate from the 
actual situation in vivo.

Conclusions

In conclusion, early oral nutrition improves POI by the 
TRPA1/CCK1-R-mediated mast cell-nerve axis. TRPA1 
affects mast cell function by regulating CCK1-R, which is 
one of the mechanisms of TRPA1 in regulating mast cells.
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Table S1 The sequence of primers in this study

Sequence Name Length

AACTCTACCAAGGAATCA CCKAR-F 107 bp

GTAACAGCCATCACTATC CCKAR-R

GAGACAGAAGATGAAGATAAC TRPA1-F 133 bp

GGTGGCTAATAGAACAATG TRPA1-R

TTGTCTGGATTGGTTATC 5-HT2A-F 157 bp

AATGCTGGTATAGTGTTC 5-HT2A-R

GGAAGACAAGTGTGAGAC HRH1-F 77 bp

GGAGGTAGAAGTTAATAATAGCA HRH1-R

GCTATAACGATAGGCAATG HRH4-F 132 bp

CAGAGGAATGGAGATGAC HRH4-R

TATGGAATCCTGTGGCATC β actin-F 87 bp

GTGTTGGCATAGAGGTCTT β actin-R

F: forward; R: reverse.

Figure S1 Identification of mast cell function (×100).

Figure S2 Identification of neurons function.

Mature mast cells stained with toluidine blue
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