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Inflammation, Impaired Motility, and Permeability 
in a Guinea Pig Model of Postoperative Ileus
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Background/Aims
Postoperative ileus (POI) is characterized by impaired propulsive function of the gastrointestinal tract after surgery. Although 
inflammation is considered to be an important pathogenesis of POI, significant data are lacking. We aim to correlate the recovery time 
of postoperative dysmotility with that of inflammation and mucosal permeability.

Methods
An experimental POI model of guinea pig was used. Contractile activity of the circular muscle of the stomach, jejunum, ileum, and 
proximal colon was measured through a tissue bath study. Inflammatory cells were counted, and the expression of calprotectin 
and tryptase were analyzed. The expression of protease-activated receptor 2 (PAR-2), claudin-1, and claudin-2 were analyzed with 
immunofluorescence.

Results
The small bowel and colon showed decreased contractile amplitude in the POI groups compared to control. In contrast to the colon, 
the contractile amplitude of the small bowel significantly recovered in the POI group at 6 hours after the operation compared to 
the control group. Inflammation was highly significant in the POI groups compared to the control and sham groups, especially in 
the colon. Immunofluorescence showed increased PAR-2 expression in the POI groups compared to sham. The decreased claudin-1 
expression and increased claudin-2 expression may suggest increased mucosal permeability of the small bowel and colon in the POI 
groups.

Conclusions
Increased inflammation and mucosal permeability may play an important role in the differential recovery stages in POI. These data 
may provide further insights into the pathophysiology and potential new therapeutic prospects of POI.
(J Neurogastroenterol Motil 2018;24:147-158)
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Introduction  

Postoperative ileus (POI) is the transient cessation of coordi-
nated bowel motility after abdominal surgical intervention in most 
patients.1-3 POI lasts approximately 3-5 days with clinical features 
of abdominal distension, bloating, pain, nausea, vomiting, and lack 
of bowel sounds.4 The prevention of POI is absolutely important, 
as ileus has a negative impact on the quality of life and increases 
the length of hospital stay, morbidity, and socio-economic costs.5-7 
However, no satisfactory treatment strategy to prevent or treat POI 
has been established yet. The mechanism of POI is suggested to be 
complex and multifactorial, and has been broadly categorized into 
5 main theories, including the activation of inhibitory spinal and 
inhibitory sympathetic reflexes, anesthetics, humoral agents, and in-
flammation.8 Abdominal surgery triggers 2 phases. The first phase 
is the neurogenic phase, which is short and ends early after the sur-
gery. The second is the inflammatory phase, which starts 3-4 hours 
after surgery and persists much longer.4 Even the gentlest surgical 
handling of the small intestine consequently activates a typical acute 
inflammatory cascade within the muscle layers of the intestinal 
wall.9,10 A characteristic of this local inflammation is the activation 
of the resident macrophages that lie as sentinels within the enteric 
muscularis.11 This activation leads to phosphorylation of transcrip-
tion factors, resulting in the subsequent induction of genes and 
release of cytokines, chemokines, and kinetically active substances 
such as nitric oxide and prostaglandins.12 This local inflammatory 
milieu participates in the upregulation of adhesion molecules, which 
recruit degranulating leukocytes into the muscularis.11,12

According to the current understanding, the inflammatory 
phase plays a significant role in the genesis and maintenance of 
gastrointestinal (GI) dysmotility after surgery, and is expected to 
be an important target for the future treatment of POI. However, 
there is still limited evidence regarding the association between 
inflammation and the recovery time from ileus in relation to differ-
ent GI organs. Consequently, we hypothesized that the changes in 
gut paracellular permeability may affect inflammation, and hence 
intestinal transit, in POI. Therefore, the aim of this study was to in-
vestigate the changes in inflammation and paracellular permeability 
in relation to the pathogenesis of POI.

Materials and Methods  

Preparation and Handling of Different Groups of 
Animals

Adult male guinea pigs (Orient Bio Inc, Seoul, Korea) weigh-
ing 250-350 g were individually kept and acclimatized in environ-
mentally controlled conditions (21 ± 1°C, 50 ± 10% humidity, 
and 12-hour light/dark cycle commencing at 7 AM). A standard 
guinea pig diet and water were provided ad libitum. The guinea 
pigs were subjected to a 24-hour fast with free access to water before 
the experiments.13-15 The animals assigned as the control group were 
administered anesthesia only. The sham group underwent laparoto-
my under anesthesia without manipulation of the cecum. The POI 
model received laparotomy followed by evisceration and gentle ma-
nipulation of the cecum by using a wet gauge for 60 seconds, and 
then closure with sutures. All experiments were conducted in agree-
ment with the guidelines of the Ethical Animal Research Com-
mittee of the University of the Department of Laboratory Animal 
Medicine, Medical Research Center, Yonsei University College of 
Medicine (2013-0343).

Measurement of Contractile Activity Through a 
Tissue Bath Study

We delicately peeled off the mucosa and submucosa of the 
stomach, jejunum, ileum, and proximal colon. Exposed circu-
lar muscle strips from each segment were cut into segments of 
3-mm width and 10-mm length. After flush cleaning with Krebs-
Henseleit solution, muscle strips were pinned and connected to 
tension transducers (BIOPAC TSD 105; BIOPAC System Inc, 
Santa Barbara, CA, USA). Then, the isometric tension was docu-
mented on physiography (Grass, Quincy, MA, USA).16 A baseline 
1 g of tension was loaded onto the circular muscle strip during the 
60 minutes equilibrium period.17,18 Electrical field stimulation was 
conducted to estimate contraction of each organ using a stimulator 
(Grass S88; Astro-Med, West Warwick, RI, USA). Based on the 
methods used in other studies, the detailed conditions of electrical 
field stimulation were as follows: antrum (1 millisecond pulse dura-
tion, 80 V, for 10 seconds); jejunum (1 millisecond pulse duration, 
60 V, for 10 seconds); ileum (0.5 milliseconds pulse duration, 60 V, 
for 10 seconds); and proximal colon (0.5 milliseconds pulse dura-
tion, 60 V, for 10 seconds) in a stepwise-increment of frequency (2, 4, 
8, and 16 Hz). Ten stimulations were administered at 1-minute in-
tervals, and the mean amplitude was measured. Data are expressed 
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as percentages of the change compared to baseline. 

Measurement of the Degree of Inflammation
Histologic sections obtained from the muscle coat of the stom-

ach, jejunum, ileum, and proximal colon at 3 hours and 6 hours 
after the operation were fixed in 10% formalin solution neutral 
buffered and then embedded in paraffin. Each embedded section 
was sliced into 4 μm thickness and stained with hematoxylin and 
eosin. We employed a semi-quantitative scoring system to compare 
the degree of inflammation between the sham and POI groups.15,19

Calprotectin and Tryptase Expression 
The expression of calprotectin and tryptase was studied by 

using immunohistochemistry. The paraffin-embedded histologic 
tissue sections of the stomach, jejunum, ileum, and colon segments 

were deparaffinized. Endogenous peroxidase activity was blocked 
by incubating the tissue sections in 3% hydrogen peroxide for 10 
minutes. The tissue section was then incubated with primary anti-
bodies, anti-calprotectin (1:200; Abcam, Cambridge, MA, USA) 
and anti-mast cell tryptase (1:500; Abcam), followed by the second-
ary antibody anti-mouse IgG (1:1000; Santa Cruz Biotechnology, 
Dallas, TX, USA). Then, the sections were incubated with strep-
tavidin-horseradish peroxide for 30 minutes followed by treatment 
with AB-peroxidase solution and counterstaining with hematoxylin. 
Positively stained cells were then examined under a fluorescence 
microscope (Zeiss Axio Imager Z1; Carl Zeiss, Jena, Germany).

Expression of Protease-activated Receptor 2, 
Claudin-1, and Claudin-2 

The expression of protease-activated receptor 2 (PAR-2), clau-

Figure 1. The amplitude of contraction in the postoperative ileus (POI) groups and controls in different gastrointestinal organs: (A) antrum, (B) 
jejunum, (C) ileum, and (D) proximal colon. Data are expressed as the percentage change compared to baseline. Bars indicate mean ± SEM (n = 
5 per group). *P < 0.05 was considered to indicate statistical significance compared to controls. POI 3-hr, POI group at 3 hours after the opera-
tion; POI 6-hr, POI group at 6 hours after the operation.
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Figure 2. The degree of inflammation in the postoperative ileus (POI) and sham groups. (A) Semi-quantitative analysis of inflammatory cells was 
done by counting the leukocytes per field under bright field microscopy. Scatter dot plots showed significantly increased expression of inflammation 
in POI groups compared to sham groups (control, n = 4; sham, n = 4; POI 3-hr, n = 6; POI 6-hr, n = 5). *P < 0.05 was considered to indicate 
statistical significance compared to the sham groups. (B) Representative hematoxylin and eosin images of the POI and sham groups (×400 magni-
fication). 
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Figure 3. Immunohistochemical staining of calprotectin in the postoperative ileus (POI) and sham groups. (A) The average intensity of calpro-
tectin expression was analyzed by using MetaMorph microscopy automation and an image analysis software. Scatter dot plots showed significantly 
increased expression of calprotectin in POI groups compared to sham groups (sham 3-hr, n = 4; sham 6-hr, n = 2; POI 3-hr, n = 6; POI 6-hr, n 
= 5). *P < 0.05 was considered to indicate statistical significance compared to the sham groups. (B) Representative immunohistochemical images 
of the POI and sham groups obtained under bright field microscopy (×200 magnification). 
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din-1, and claudin-2 was studied by using immunofluorescence. 
The histologic sections of the stomach, jejunum, ileum, and colon 
segments at 3 hours or 6 hours after the operation were fixed in 4% 
paraformaldehyde, embedded in paraffin, and sectioned in 4 μm 
thick sections. After deparaffinization, rehydration, and rinsing with 
standard methods, the slide sections were incubated with the prima-
ry antibody rabbit anti-PAR2 (1:500; Santa Cruz Biotechnology) 
overnight at 4°C, and then incubated with goat anti-rabbit IgG-flu-
orescein isothiocyanate (FITC) (1:200; Santa Cruz Biotechnology) 
for 1 hour at 37°C. Similarly, tight junction (TJ) proteins were mea-
sured with immunofluorescence staining by using the procedure 
described above. Tissues were incubated with the primary antibody 
for claudin-1 (1:50; Invitrogen, South San Francisco, CA, USA) 
or claudin-2 (1:200; Invitrogen) overnight at 4°C, then washed and 
incubated with the secondary antibody goat anti-rabbit IgG-FITC 
(1:200; Santa Cruz Biotechnology) for 30 minutes at 37°C. The 
stained images were examined under a fluorescence microscope 
(Zeiss Axio Imager Z1; Carl Zeiss). Images analysis was performed 

by using MetaMorph (MDS Analytical Technologies, Sunnyvale, 
CA, USA).

Statistical Methods
All statistical analyses were performed by using SPSS ver-

sion 18.0 (IBM Corp, Somers, NY, USA). Data are expressed as 
mean ± standard error. Differences between the sham and POI 
groups were evaluated by using an independent t test. A P-value of 
< 0.05 was considered to indicate statistical significance.

Results  

Contractile Activity Among the Postoperative Ileus 
and Control Groups

The contractile amplitude of the stomach antrum, jejunum, 
ileum, and colon upon electrical stimulation was calculated by us-
ing a tissue bath study. As shown in Figure 1A and Supplementary 
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Table, the change in the contractile activity of the stomach antrum 
was insignificant between the control and POI groups. In contrast, 
the contractile amplitude of the jejunum significantly decreased in 

the POI group at 3 hours after the operation (POI 3-hour group) 
compared to the control group (P < 0.05), whereas it recovered in 
the POI group at 6 hours after the operation (POI 6-hour group) 
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Figure 5. Protease-activated receptor 2 (PAR-2) expression on immunofluorescence staining in the postoperative ileus (POI) and sham groups. (A) 
Representative immunofluorescence images of PAR-2 expression in different groups of the proximal colon (B) PAR-2 expression in the stomach, 
jejunum, ileum, and proximal colon (sham 3-hr, n = 4; sham 6-hr, n = 4; POI 3-hr, n = 6; POI 6-hr, n = 6).
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Figure 6. Expression of tight junctional proteins on immunofluorescence staining in the postoperative ileus (POI) and sham groups. (A) Rep-
resentative immunohistochemical images of claudin-1 expression in different groups of the ileum and proximal colon. Decreased expression of 
claudin-1 was observed in the POI groups compared to the sham groups. (B) Claudin-2 expression in the stomach, jejunum, ileum, and proximal 
colon. (C) Claudin-2 was prominently expressed in the POI groups of the ileum and proximal colon as compared to the sham groups (sham 3-hr, n 
= 5; sham 6-hr, n = 6; POI 3-hr, n = 6; POI 6-hr, n = 6).
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(Fig. 1B and Supplementary Table). As compared to the control 
baseline status, the contractile activity in the ileum seems to decrease 
in the POI 3-hour group and recover in the POI 6-hour group, 
but there was no statistical significance (Fig. 1C and Supplementary 
Table). Interestingly, the contractile amplitude of the colon sig-
nificantly decreased at 8 Hz and 16 Hz in the POI 3-hour group 
whereas the decrease appears significant at 4 Hz in the POI 6-hour 
group compared to the control group (P < 0.05) (Fig. 1D and 
Supplementary Table).

Inflammatory Cell Count in the Sham and 
Postoperative Ileus Groups

As shown in Figure 2, there was a significant increase in the 
number of inflammatory cells in both the POI 3- and 6-hour 
groups of the antrum, jejunum, ileum, and proximal colon com-
pared to sham groups (P < 0.05). Representative H&E stain 
picture of leukocytes representation in the POI 6-hour group is 
presented in Supplementary Figure 1. 

Expression of Calprotectin and Mast Cell Tryptase in 
the Sham and Postoperative Ileus Groups

As shown in Figure 3, there was a significant increase in the 
expression of calprotectin in the POI 3- and 6-hour groups of the 
jejunum, ileum, and proximal colon compared to sham (P < 0.05) 
(Fig. 3). Representative pictures of calprotectin expression in the 
mucosal and muscularis externa layer in the proximal colon are 
presented in Supplementary Figure 2. There was an insignificant 
increase in mast cell tryptase expression in the POI 3- and 6-hour 
groups of the jejunum and ileum. However, the expression of mast 
cell tryptase significantly increased in the POI 6-hour group of the 
proximal colon (P < 0.05) (Fig. 4).

Expression of Protease-activated Receptor 2, 
Claudin-1, and Claudin-2

In the antrum, jejunum, and ileum, the expression of PAR-
2 was not significantly different between sham and POI groups. 
However, in the proximal colon, the POI 3- and 6-hour groups 
showed a tendency of increased expression of PAR-2 compared to 
sham groups, As shown in Figure 5, the POI 6-hour group showed 
a prominent increase in PAR-2 expression compared to the sham 
group, although it did not show statistical significance. To assess 
epithelial permeability, the expression of claudin-1 and claudin-2 was 
studied. The expression of claudin-1 in the antrum and jejunum 
showed an insignificant change compared to the sham group. How-
ever, the expression of claudin-1 in the ileum and proximal colon 

showed a noticeable downregulation in the POI groups compared 
to the sham group (Fig. 6A and Supplementary Fig. 3A and 3B). 
In contrast, claudin-2 showed upregulation in the POI groups com-
pared to the sham groups of the ileum and proximal colon (Fig. 6B).

Discussion  

The aim of this study was to explore the relationship between 
inflammation and recovery time from POI, and to identify whether 
these factors are accompanied by changes in gut paracellular perme-
ability. This study describes an experimental model of intestinal ma-
nipulation that induced the typical features of POI, such as delayed 
recovery of contractile activity and increased inflammation, espe-
cially in the colon. These findings were accompanied by increased 
expression of PAR-2 in POI models compared to sham. We also 
identified the changes in gut paracellular permeability through the 
expression of claudin-1 and claudin-2 in the POI model of guinea 
pigs. Our findings suggest that POI may not only result from 
impaired smooth muscle contractility, but inflammatory responses 
and paracellular permeability may also contribute to the pathophysi-
ologic mechanism of POI.

We created the experimental model of POI at 3 hours and 6 
hours after cecal manipulation, according to the results of our earlier 
study that showed that the degree of ileus exhibited a peak pattern 
at 3 hours after the procedure and recovered at 6 hours in the POI 
models, suggesting that 3 hours and 6 hours are the appropriate 
time points to estimate the early stage of POI.14 In the present study, 
the impaired contractile activity persisted in the POI 6-hour groups 
of the colon, whereas it recovered in the POI 6-hour groups of the 
small intestine. These are in agreement with the traditional concepts 
about the recovery time from POI.20 The inhibition of GI motil-
ity was not affected similarly at each GI segment. Specifically, the 
small intestinal function normalized first, and then gastric motility 
returned to normal, whereas the colon was usually the last portion 
of the GI tract to regain normal motility after surgery. Thus, colonic 
dysfunction is the most frequent factor that limits the resolution of 
POI.4,21

Among the complex mechanisms and multiple factors that 
cause POI, accumulating evidence has suggested that inflammation 
has a key role in the pathophysiology of POI.8,22 The inflammation 
caused by surgical bowel manipulation affects the duration and 
severity of GI hypomotility during POI, and therefore has great 
clinical relevance. We have previously demonstrated that inflamma-
tion influences the recovery time.15 In line with an earlier study, the 
present data illustrated that the degree of inflammation in POI was 
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significantly increased in each segment of the GI tract. It is notable 
that the colon of the POI groups showed a markedly increased 
degree of inflammation. It would imply the abundant presence of 
inflammation particularly in the colon, which may be attributed to 
the delayed recovery from ileus. 

In addition to the degree of inflammation, we also evaluated 
the expression of calprotectin in POI. Calprotectin is generally 
expressed in neutrophils and macrophages, especially activated 
macrophages and monocytes in the acute inflammatory state.23 
The expression of calprotectin was significantly increased in the 
small bowel and colon of the POI groups compared to controls. It 
should be emphasized that the expression of calprotectin was most 
prominent in the colon in the POI 6-hour groups. These results are 
in concordance with those of contractile activity, suggesting that the 
recovery from ileus varied depending on the organ.

To further support the role of inflammation in the pathogenesis 
of POI, the expression of mast cells in POI according to the organ 
was evaluated. Our data showed that the expression of mast cells 
in the colon was significantly increased in the POI 6-hour groups. 
The contribution of macrophages and mast cells in the inflamma-
tory cascade of POI was demonstrated by previous studies.4,24 Acti-
vation of resident macrophages in the intestinal muscularis externa 
results in the release of cytokines and chemokines. The influx of 
leukocytes starts and leads to accumulation of prostaglandins and 
nitric oxide that directly inhibit smooth muscle contractility and fi-
nally cause intestinal hypomotility in POI.12,25 Neutrophil infiltrates 
have been considered to inhibit local contractility or general motility 
through the activation of an adrenergic inhibitory pathway.4 When 
the above-mentioned results are combined, we postulate that our re-
sults can partly explain the temporal relationship between the degree 
of inflammation and the recovery period from POI according to the 
GI tract organs.

A recent study have been performed on intestinal permeability 
assays in a mouse model of POI and suggested that mast cell acti-
vation during abdominal surgery causes epithelial barrier dysfunc-
tion and inflammation of the muscularis externa of the bowel.26 
The authors concluded that the impairment of the epithelial barrier 
contributes to the pathogenesis of POI.26 The process of mast cells 
involving the disruption of the epithelial barrier is initiated by the 
release of prestored and de novo-synthesized mediators. Mast cells 
trigger the release of protease followed by the activation of PAR-2, 
which finally results in changes in epithelial TJ permeability.27 The 
exact role of mast cells in POI pathogenesis, especially in terms of 
the epithelial barrier, remains unexplored; however, our data related 
to PAR-2 expression supported the above mentioned theory. We 

observed an increased expression of PAR-2 in the POI groups 
compared to sham, especially in the colon. 

PARs are 7 trans-membrane-spanning, G-protein-coupled 
receptors that are activated by the cleavage of their N-terminal 
domain by selective proteolytic enzymes.28 PARs are strongly ex-
pressed throughout the GI tract in several cell types, including mast 
cells and smooth muscle cells, enterocytes, myenteric neutrons, and 
endothelial cells,29 which are consequently involved in intestinal 
permeability, visceral sensation, and smooth muscle contractility.29,30 
The mechanisms of the effect of PAR-2 on intestinal permeability, 
inflammation, and recovery time from ileus are not yet fully un-
derstood. We believe that the marked colonic expression of PAR-2 
may suggest a higher expression of PAR-2 in the colon than in the 
small intestine and stomach, which can be correlated with enhanced 
initiation and activation of mast cells in the colon. However, we 
failed to prove the statistical significance of the increased expression 
of PAR-2 in the present study. This result may be due to the other 
mediators, such as histamine and cytokines that operate together 
with PAR-2 during the genesis of POI. Another possible explana-
tion could be that PAR-2 may not be very specific for the initiation 
of intestinal inflammation. Further experiments are required to 
identify the exact mechanism of PAR-2 in intestinal inflammation 
in conjunction to permeability in POI. A group of animals treated 
with a recognized PAR-2 receptor antagonist would allow a better 
understanding of the relationship between PAR-2 receptor and 
mast cell activation in POI.

Gut paracellular permeability is largely determined by altera-
tions of TJ proteins.31 Specifically, activated PAR-2 may directly in-
fluence cytoskeleton contraction and cause changes in permeability 
through configurational changes of TJ proteins.31

The TJ is composed of membrane-spanning proteins such as 
claudin, occludin, junctional adhesion molecules, and tricelluin, 
which form a selective permeable seal in the paracellular space. 
Impairment of the intestinal TJ barrier, followed by permeation of 
luminal noxious molecules, can induce a perturbation of the mu-
cosal immune system and inflammation.32 Studies have shown that 
claudins are the key component and backbone of TJs, which are the 
main determinants of barrier formation and selectivity of paracel-
lular permeability.33 Claudins are classified as either barrier forming 
or pore forming. Among approximately 24 claudin genes, claudin-1 
is known as a barrier-forming protein that decreases paracellular 
permeability.34 On the other hand, claudin-2 is a pore-forming pro-
tein that increases paracellular permeability through the formation 
of channels.35 Our data showed decreased expression of claudin-1 
but increased expression of claudin-2 in the POI groups compared 
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to sham. We presumed that our data may suggest the possibility of 
increased intestinal permeability in the POI group. Based on this 
assumption, we hypothesized that alterations of paracellular perme-
ability can be an explanation for the delayed resolution of inflamma-
tion by exposing the gut to luminal antigen after surgery. However, 
the results from indirect estimation of junctional proteins are not 
enough to support the hypothesis of an increased intestinal perme-
ability. It should be elucidated using functional tests with FITC 
Dextran probe and western blot for the quantification of TJ proteins 
expression in a future study. 

This study has clinical relevance because it shows temporary 
changes in inflammation, PAR-2 expression, and paracellular 
permeability according to the GI tract organ. However, there are 
important issues that still need to be addressed. Although we tried 
to assess the changes in the paracellular permeability indirectly by 
measuring junctional proteins such as claudin-1 and claudin-2 in 
POI according to the organ, we did not estimate the degree of per-
meability directly. Further investigations with direct measurement 
of the changes of paracellular permeability by using an Ussing 
chamber or FITC Dextran are warranted. In addition, therapeutic 
interventions targeted at each step of inflammation will provide fur-
ther insights into the pathophysiology of POI and new therapeutic 
prospects. 

In conclusion, the recovery time from POI differed according 
to the GI tract organ. This finding is consistent with that of a previ-
ous report. In concordance with the results of contractile activity, 
our study suggests the possibility that inflammation may also be 
associated with paracellular permeability at different time points in 
GI organs. Therefore, increased inflammation and mucosal perme-
ability may play important roles in the different recovery times from 
postoperative dysmotility. Our findings are valuable in encouraging 
future studies on the role of inflammation and permeability in the 
pathophysiology of POI. Macrophages and mast cells initiate and 
orchestrate the cascade of inflammatory events. Thus, these im-
mune cells seem to be the most interesting targets for the purgative 
therapy for POI. The cascade of gut permeability may also be rel-
evant to the emerging therapeutic targets for POI. 
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