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Background: Postoperative intra-abdominal adhesions are common complications after 

abdominal surgery. The exact molecular mechanisms that are responsible for these complica-

tions remain unclear, and there are no effective methods for preventing adhesion formation or 

reformation. The aim of the study reported here was to investigate the preventive effects and 

underlying potential molecular mechanisms of selective cyclooxygenase-2 (COX-2) inhibitors 

in a rodent model of postoperative intra-abdominal adhesions.

Materials and methods: The expression of COX-2 in postoperative intra-abdominal adhe-

sions and normal peritoneal tissue was examined by immunohistochemistry and Western blot 

analysis. Assays were performed to elucidate the effect of COX-2 inhibition on hypoxia-induced 

fibroblast activity in vitro and on intra-abdominal adhesion formation in vivo.

Results: Hypoxia-induced COX-2 expression in peritoneal fibroblasts was increased in postoper-

ative intra-abdominal adhesions. Inhibition of COX-2 attenuated the activating effect of hypoxia 

on normal peritoneal fibroblasts in vitro. Data indicate that selective COX-2 inhibitor prevents 

in vivo intra-abdominal adhesion by inhibition of basic fibroblast growth factor and transform-

ing growth factor-beta expression, but not through an antiangiogenic mechanism. Furthermore, 

using selective COX-2 inhibitors to prevent intra-abdominal adhesions did not adversely affect 

the weight, bowel motility, or healing of intestinal anastomoses in a rat model.

Conclusion: These results show that hypoxia-induced COX-2 expression in peritoneal fibro-

blasts is involved in the formation of intra-abdominal adhesions. Inhibition of COX-2 prevents 

postoperative intra-abdominal adhesions through suppression of inflammatory cytokines.

Keywords: postoperative adhesions, COX-2, hypoxia, COX-2 inhibitors

Introduction
The development of postoperative intra-abdominal adhesions is one of the most 

common complications after abdominal surgery. Approximately 95% of patients 

undergoing abdominal surgery will develop adhesions.1 Although adhesions are part of 

the wound-healing process, they may result in small bowel obstruction, postoperative 

abdominal pain, infertility, and other serious complications.2 About 15% of patients 

with adhesions develop bowel obstructions and require lysis, with a resulting mortality 

of 5%–20% and a high rate of recurrence.3 Thus, postoperative intra-abdominal adhe-

sions represent a significant potential risk of additional complications. Accordingly, 

adhesions are a difficult problem for the surgeon and represent a significant public 

health cost.4,5 However, the exact molecular mechanisms by which this complication 

occurs remain unclear.6 At present, there are no effective methods for preventing 

adhesion formation.7,8
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The peritoneum is the serous membrane that covers most 

of the intra-abdominal organs and is composed of a layer of 

mesothelial cells with sub-mesothelial tissue that contains 

plentiful fibroblasts.9 Surgical injuries to the peritoneal sur-

face can result in adhesion formation, as a type of wound 

healing. The processes that result in either adhesion forma-

tion or normal peritoneal tissue repair are dependent on the 

function of fibroblasts.6 These cells have multiple functions, 

such as extracellular matrix (ECM) reorganization, collagen 

synthesis, and wound contraction.10

Following surgical injury to the peritoneum, inflam-

matory reactions at injury sites can result in the release of 

protein-enriched serosanguineous fluid and exudates, which 

cause congealing of the proteinaceous mass. If this congealed 

mass is not absorbed 3 to 5 days after formation, it will 

provide a scaffold for fibroblast proliferation and migration 

from underlying tissues, which can result in ECM deposition 

and the development of persistent adhesions.11

Hypoxia, resulting from tissue injury, appears to play a 

role in the pathophysiology of wound healing and adhesion 

formation.12 Induction of inflammatory markers and ECM 

proteins in normal peritoneal fibroblasts occurs in response to 

hypoxia.12,13 Moreover, fibroblasts from adhesions have been 

found to express cyclooxygenase-2 (COX-2), while normal 

peritoneal fibroblasts do not. Exposure of normal peritoneal 

fibroblasts to hypoxia induces COX-2 expression to levels 

seen in adhesion fibroblasts,14 indicating inhibition of COX-2 

may provide the opportunity to reduce postoperative adhesion 

formation, as COX-derived prostaglandins (PGs) have also 

been implicated in adhesion formation.

Several COX-2 inhibitors have been shown to have potent 

ability to prevent intra-abdominal adhesions in small ani-

mals. However, the precise mechanism by which this occurs 

remains poorly understood.15–19 The aim of the study reported 

here was to investigate the role of COX-2 in postoperative 

intra-abdominal adhesions and explore the preventive effects 

and underlying potential molecular mechanisms of selective 

COX-2 inhibitors in a rodent model of adhesions.

Materials and methods
Human tissue collection
As previously described,20 a small piece of normal parietal 

peritoneal tissue from the anterior abdominal wall, lateral to 

the midline incision, or adhesion tissue was removed from 

patients who underwent laparotomy at the First Affiliated 

Hospital of the Medical College of Xi’an Jiaotong University. 

The latter excision was performed at the initiation of the 

surgery, after entry into the abdominal cavity. All patients 

gave informed written consent to tissue collection, and the 

protocol was approved by the Ethics Committee of Xi’an 

Jiaotong University.

Fibroblast isolation and culture
As described previously,21 harvested tissue samples were 

immediately placed in Dulbecco’s Modified Eagle’s Medium 

containing 10% fetal bovine serum, 200 μg/mL ampicillin, 

and 200 μg/mL streptomycin. Tissues were cut into small 

pieces and transferred into a sterile T-25 flask with dispase 

solution (Gibco®, Thermo Fisher Scientific, Waltham, MA, 

USA), and then incubated overnight at 37°C. After centrifu-

gation for 5 minutes at 1,400× g, the samples were trans-

ferred to culture dishes in a 1:1 (v/v) mixture of Dulbecco’s 

Modified Eagle’s Medium/Ham’s F12. The cultures were 

incubated at 37°C in a humidified atmosphere with 5% CO
2
 

for approximately 2 weeks. The selective COX-2 inhibitors 

celecoxib and valdecoxib (Sigma-Aldrich Co, St Louis, 

MO, USA) were dissolved in dimethyl sulfoxide (DMSO; 

Sigma-Aldrich Co) and then added into the culture medium 

for experiments as previously reported.22,23

Hypoxia conditions in cell culture
To evaluate the effects of hypoxia, cells were incubated 

under normoxic conditions until 65%–70% confluence and 

subsequently cultured in 2% O
2
 hypoxic conditions in a tri-

gas incubator (HF100; Heal Force Development Ltd, Hong 

Kong, People’s Republic of China), as described previously.24 

Control cultures were placed in normoxic conditions. Cells 

were harvested at the 24-hour time point. All experiments 

were repeated three times.

Western blot analysis
Western blot analyses were performed as described previously.25 

Total protein was extracted by mammalian protein lysis buffer 

(Thermo Fisher Scientific). Equivalent amounts of protein 

were subjected to sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis and transferred to polyvinylidene fluoride 

membranes (EMD Millipore, Billerica, MA, USA). The mem-

branes were incubated with the following primary antibodies 

overnight at 4°C: anti-COX-2 antibody (Santa Cruz Biotech-

nology Inc, Dallas, TX, USA; 1:200 dilution), anti-COX-1 

antibody (Santa Cruz Biotechnology Inc; 1:500 dilution), 

anti-hypoxia inducible factor-1 alpha (HIF-1α) antibody 

(Cell Signaling Technology, Inc, Danvers, MA, USA; 1:800 

dilution), anti-vascular endothelial growth factor (VEGF) 

antibody (Santa Cruz Biotechnology Inc; 1:400 dilution), and 

anti-beta-actin (β-actin) antibody (Santa Cruz Biotechnology 
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Inc; 1:1,000 dilution). The blots were detected by a secondary 

antibody coupled to horseradish peroxidase (HRP; Santa Cruz 

Biotechnology Inc) and an enhanced chemiluminescence sys-

tem (EMD Millipore). The density of specific protein bands 

was determined by Image-Pro Plus software (v 5.0; Media 

Cybernetics, Inc, Rockville, MD, USA).

Quantification of prostaglandin E2
According to the manufacturer’s instructions, prostaglandin 

E
2
 (PGE

2
) concentrations in cell culture supernatant were 

quantified using a PGE
2
 enzyme-linked immunosorbent assay 

kit (R&D Systems, Inc, Minneapolis, MN, USA) after the 

number of cells was normalized to 0.5×106/mL in six-well 

culture plates.

Real-time reverse-transcription 
polymerase chain reaction
Total RNA was extracted from cells using TRIzol reagent 

(Invitrogen) and reverse transcribed using the PrimeScript™ 

RT Reagent Kit (TaKaRa, Dalian, China), according to the 

manufacturer’s instructions. The mRNA levels were measured 

using the SYBR® Green Real-Time PCR (polymerase chain 

reaction) Master Mix with PCR primer sequences shown 

in Table S1. Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) was used as the internal housekeeping gene control. 

Real-time reverse-transcription PCR was performed using an 

iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad 

Laboratories Inc, Hercules, CA, USA). Fold changes in gene 

expression were quantified based on the ratio of target gene/

GAPDH mRNA using the 2-ΔΔCt method.26 The following 

PCR conditions were used: 5 seconds at 94°C, followed by 

40 cycles at 94°C for 30 seconds, 60°C for 30 seconds, and 

72°C for 30 seconds.

Immunohistochemistry
Immunohistochemical staining was performed using a 

strept avidin-biotin complex (SABC) kit (Maixin Biotech. 

Co., Ltd, Fuzhou, People’s Republic of China) according 

to the manufacturer’s instructions. The tissue sections were 

incubated with primary antibodies for COX-1 (1:100 dilu-

tion), COX-2 (1:50 dilution), basic fibroblast growth factor 

(bFGF) (1:100 dilution), transforming growth factor-beta 

(TGF-β) (1:100 dilution), VEGF (1:100 dilution), and cluster 

of differentiation (CD) 34 (1:50 dilution) overnight at 4°C, 

then incubated with the appropriate biotinylated secondary 

antibody for 30 minutes at room temperature, followed by 

30 minutes of incubation with streptavidin peroxidase (Dako 

LSAB™ + HRP kit). After rinsing, the results were visualized 

using 3,3′-diaminobenzidine (DAB) tetrahydrochloride and 

the slides were counterstained with hematoxylin.

Cell proliferation assays
Cell proliferation assays were performed with the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay as described previously.27 Cells treated with 

DMSO served as a control. At various time points, 20 mL 

of a 5 mg/mL solution of MTT (Sigma-Aldrich Co) was 

added to each well, and cells were incubated for an additional 

4 hours at 37°C. Following MTT incubation, 150 mL per 

well of DMSO was added and viable cells were counted by 

measuring absorbance at 490 nm using a spectrophotometer 

(Bio-Rad Laboratories Inc).

Lentivirus COX-2 short hairpin 
RNA transfection
The lentivirus vector short hairpin RNAs (shRNAs) were 

constructed and synthesized by Shanghai GeneChem Co, 

Ltd (Shanghai, People’s Republic of China). The shRNA 

sequences targeting human COX-2 were: 5′-TAA ACA CAG 

TGC ACT ACA TAC TTA TCA AGA GTA AGT ATG 

TAG TGC ACT GTG TTT TTT TTT C-3′ and 5′-TCG AGA 

AAA AAA AAC ACA GTG CAC TAC ATA CTT ACT 

CTT GAT AAG TAT GTA GTG CAC TGT GTT TA-3′. 
A lentiviral vector (pGCSIL-GFP) was used as a negative 

control. The virus titers produced were approximately 109 

transducing μ/mL medium. Cells (0.2×106/well) seeded in 

six-well plates were transfected with lentivirus according to 

the manufacturer’s instructions. The cells were used for further 

experiments at 48 hours after transfection. COX-2 mRNA and 

protein levels were determined using reverse-transcription 

PCR and Western blotting, respectively.

Animals and formation of experimental 
adhesion
Male Sprague-Dawley rats weighing 200 to 250 g were pur-

chased from the Animal Center at the College of Medicine, 

Xi’an Jiaotong University and housed individually in cages 

under constant temperature (22°C±2°C) with a 12-hour light–

dark cycle. The animals were allowed access to water and 

standard rat chow ad libitum. All animal experimental proto-

cols were approved by the Animal Care and Use Committee 

of the College of Medicine, Xi’an Jiaotong University.

Animals were anesthetized by inhalation of methoxy-

flurane for all procedures. Prior to incision, the abdomen 

was shaved and skin sterilized with Betadine. As described 

previously,28 a 2–3 cm midline abdominal incision was made 
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and approximately 2–3 cm2 of the anterior cecal surface and the 

abdominal wall facing the treated cecum were lightly abraded 

40 times with a swab to generate petechial hemorrhages. The 

cecum was placed back into its original position. For the 

hyaluronan group, 1 mL of medical hyaluronan gel (Qingdao 

Haitao Biochemical Co., Ltd., Qingdao People’s Republic 

of China) was daubed on the abraded area. The other group 

received no treatment. The abdomen was closed in two layers 

using interrupted 3-0 Vicryl® sutures. A sham operation group 

was prepared in the same manner, but without abrasion.

Celecoxib (40 mg/kg) was orally administered to the 

animals twice daily for 7 days as described previously.15 

Parecoxib (1 mg/kg) was injected by the tail vein daily for 

7 days as described previously.29 The other group of animals 

was given normal saline solution as a control.

Adhesion evaluation
Seven days after the surgery, the rats were anesthetized, and 

intra-abdominal adhesion formation was evaluated accord-

ing to a modified classification system described by Katada 

et al.30 Assessment was performed by a single researcher 

blinded to the treatment data of the study. The tenacity was 

quantified based on the severity of adhesions, and assigned 

to one of five categories: 0 (no adhesion), 1 (mild, localized, 

and easy to separate), 2 (moderate), 3 (severe, very wide-

spread, and difficult to separate), and 4 (the most severe). 

The extent was quantified as a percentage of abrasion with 

adhesions present and assigned to one of five categories: 

0 (no adhesion), 1 (#25%), 2 (26%–50%), 3 (51%–75%), 

and 4 ($75%). The area was scaled as the number of tissues 

involving adhesion and assigned to one of five categories: 

0 (no adhesion), 1 (only the tissues with abrasion), 2 (one 

other tissue, including the small intestine, liver, omentum, 

and spleen), 3 (two other tissues), and 4 (three or more other 

tissues). The final scores ranged from 0 to 12.

Picrosirius red staining for collagen
Picrosirius red staining for collagen was achieved using 

0.1% picrosirius red (Direct Red 80; Sigma-Aldrich Co) 

and counterstained with Weigert’s hematoxylin (Wako Pure 

Chemical Industries, Ltd., Osaka, Japan). The percentage of 

positively stained areas was evaluated by Image-Pro Plus 

software (Media Cybernetics, Inc., Bethesda, MD, USA) in 

eight randomly selected fields, and the average of the eight 

values was taken as the collagen content in the adhesions.

Hydroxyproline determination
Hydroxyproline content was determined by hydroxy-

proline assay kit (Sigma-Aldrich Co) according to the 

manufacturer’s instructions. Tissue hydroxyproline levels, 

which were used as an indicator of adhesion severity, were 

presented as micrograms of hydroxyproline per gram of 

protein.

Measurement of gastrointestinal 
transit, anastomotic bursting pressure, 
and cotton pellet granuloma
Rats were divided randomly into four groups (n=8 per 

group). Operations were performed as described previously.31 

Briefly, all animals underwent general anesthesia; laparo-

tomy; descending intestinal resection (15 cm proximal to 

the ileocecal junction); and subsequent anastomosis using 

eight single-layer, everting, interrupted 6/0 monofilament 

biodegradable sutures. Sterile cotton pellets (30±3 mg) 

were implanted intraperitoneally in the rats as described by 

Fu et al.32 The animals then received treatment similar to the 

rat adhesion formation model. Rats were fed a standard diet 

and allowed water ad libitum. They were checked for wound 

healing and passage of stool.

On the 7th day, each rat was administered by gavage a 

0.2 mL solution of 1.5% carboxy methylcellulose sodium 

salt and 5% charcoal as a marker. After 30 minutes, the rats 

were sacrificed and the cotton pellet removed, dried overnight 

at 70°C, and weighed. The increased weight of the pellet 

was taken to be a measure of the weight of granulomas. 

The gastrointestinal tract was removed. The distance trav-

eled by the charcoal plug from the pylorus to the cecum 

was determined and expressed as a percentage of the total 

length of the small intestine. The anastomotic segments 

approximately 4 cm in length (with the anastomosis in the 

middle) were resected. The anastomotic bursting pressure 

was quantified as previously described.31

Statistical analyses
The results are expressed as the mean ± standard error or 

the median. An independent Student’s t-test was performed 

to analyze the statistical significance between two groups. 

Differences among groups were evaluated by Kruskal–Wallis 

variance analysis, followed by the posthoc Mann–Whitney 

U- test with SPSS software (v 13.0). P,0.05 was considered 

statistically significant.

Results
Expression of HIF-1α, COX-1, COX-2, 
and VEGF in peritoneal adhesion tissues
To determine the possible role of hypoxia-induced COX-2 

expression or angiogenesis in intraperitoneal adhesion 
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formation, the expression of HIF-1α, COX-1, COX-2, and 

VEGF in the surgical cases was explored using Western blot-

ting (Figure 1A). The results show that HIF-1α, COX-2, and 

VEGF were markedly increased in peritoneal adhesion tissues 

compared with in normal peritoneum. However, no signifi-

cant changes were found in the expression of COX-1 protein 

between adhesion tissues and normal peritoneum. To evaluate 

COX-2 mRNA levels, real-time reverse-transcription PCR 

analysis was performed on 17 adhesive tissues and 20 normal 

peritoneum tissues. The relative level of COX-2 mRNA was 

increased in the adhesion tissues compared with in normal 

peritoneum tissues (P,0.05) (Figure 1B). Previous studies30 

have demonstrated that PGE
2
 is one of the primary COX-

2-derived mediators responsible for adhesion formation. 

Therefore, we focused on PGE
2
 content in tissues, and found 

that PGE
2
 levels in peritoneal adhesions were higher than in 

normal peritoneum specimens (Figure 1C).

To further confirm these results, COX-2 expression in the 

surgical cases was explored. Intensive immunohistochemi-

cal staining of COX-2 was detected in the cytoplasm of 

fibroblasts in peritoneal adhesions, whereas there was only 

rare staining in normal peritoneal tissues (Figure 1D).

Overexpression of COX-2 was detected in 72.5% of 

peritoneal adhesion samples compared with in only 20% 

of normal peritoneum samples (P,0.05) (Figure 1E). The 

results show that the levels of COX-2 protein in peritoneal 

adhesion tissues were significantly elevated compared to in 

normal peritoneal tissues.

Hypoxia increased COX-2 expression 
and activity in fibroblasts from the 
normal peritoneum to levels similar 
to those in adhesion fibroblasts
To determine the effect of hypoxia on activation of primary 

fibroblasts from human normal peritoneum or adhesion 

fibroblasts, cells were cultured for 24 hours under hypoxic 

conditions and assessed for protein expression. The results 

show that hypoxia significantly increased HIF-1α, COX-2, 

and VEGF levels in normal peritoneal fibroblasts to levels 

Figure 1 Expression of anti-hypoxia inducible factor-1 alpha (HIF-1α), cyclooxygenase (COX)-1, COX-2, and vascular endothelial growth factor (VEGF) in peritoneal 
adhesion tissues.
Notes: (A) Representative Western blot analyses showing HIF-1α, COX-1, COX-2, and VEGF expression levels in normal and peritoneal adhesion tissues.  
(B) Real-time reverse-transcription polymerase chain reaction was used to quantify the relative levels of COX-2 mRNA. (C) Enzyme-linked immunosorbent assay analysis 
of prostaglandin E2 (PGE2) contents in normal and peritoneal adhesion tissues. (D) Representative immunohistochemistry images showing the overexpression of COX-2 in 
normal and peritoneal adhesion tissues. Compared with normal peritoneum tissues, peritoneal adhesion tissues displayed increased levels of COX-2 in fibroblasts. (E) The 
relative scores for immunohistochemical staining of COX-2 in normal and peritoneal adhesion tissues. P-values were calculated using the Mann–Whitney rank test. *P,0.05. 
(B) Columns, mean; bars, standard deviation. (C) Magnification 100×; scale bars 50 μm.
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similar to those in adhesion fibroblasts under normoxia. 

However, hypoxia had no effect on COX-1 expression 

(Figure 2A). Similar results were observed with COX-2 

mRNA levels in normal and adhesion fibroblasts by real-

time reverse-transcription PCR (Figure 2B). Furthermore, 

PGE
2
 levels in the culture medium showed that PGE

2
 was 

significantly increased in normal fibroblasts and slightly 

increased in adhesion fibroblasts under hypoxia (Figure 2C). 

Immunofluorescence analysis revealed that COX-2 levels, 

which were paralleled by levels of alpha-smooth muscle actin 

(α-SMA), a molecular marker of activation, were more stable 

and predominantly expressed in normal fibroblasts under 

hypoxia compared to under normoxia (Figure 2D). These 

data suggest that hypoxia increases COX-2 expression and 

activity in fibroblasts from the normal peritoneum to levels 

similar to those in peritoneal adhesions.

Figure 2 Hypoxia promotes cyclooxygenase (COX)-2 expression and function in fibroblasts from the normal peritoneum.
Notes: (A) Western blot analyses showing anti-hypoxia inducible factor-1 alpha (HIF-1α), COX-1, COX-2, and vascular endothelial growth factor (VEGF) expression levels in 
fibroblasts from normal peritoneum tissues in response to hypoxia. Beta-actin was used as an internal control. Hypoxia obviously increased HIF-1α, COX-2, and VEGF expression 
in fibroblasts from normal peritoneal tissues in vitro. (B) Real-time reverse-transcription polymerase chain reaction was used to quantitate the relative levels of COX-2 mRNA.  
(C) Enzyme-linked immunosorbent assay analysis of prostaglandin E2 (PGE2) contents in fibroblasts from normal peritoneal tissues in response to hypoxia. (D) The expression 
of alpha-smooth muscle actin (α-SMA) (red) and COX-2 (green) protein in fibroblasts from normal peritoneal tissues in response to hypoxia. Cellular nuclei were stained 
with 4′,6-diamidino-2-phenylindole (DAPI) (blue). (B) Columns, mean; bars, standard deviation; *P,0.01. (C) *P,0.05. (D) Magnification 200×.
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COX-2 inhibition decreases hypoxic 
activation of fibroblasts from the normal 
peritoneum or activated fibroblasts from 
adhesive tissue
To further determine the role of COX-2 in the activation 

of fibroblasts from the normal peritoneum in response to 

hypoxia, a small interfering RNA (siRNA) specific for 

COX-2 in fibroblasts was used. Downregulation of COX-2 

expression was confirmed using Western blotting (Figure 3A). 

Although the expression of HIF-1α increased in both COX-2 

siRNA and control siRNA cells under hypoxia, no significant 

changes were found in the expression of α-SMA and VEGF 

under hypoxia in the COX-2 siRNA group (Figure 3A). 

In contrast, α-SMA and VEGF levels were significantly 

elevated under hypoxia compared to under normoxia in the 

control siRNA group.

To explore the role of COX-2 on cell proliferation under 

normoxia and hypoxia, fibroblasts were seeded onto 96-well 

plates and at various time points the proliferative rates of 

fibroblasts were determined by MTT assay (Figure 3B). The 

results show that the proliferation of fibroblasts increased in 

response to hypoxia compared with in response to normoxia 

in the control siRNA group (P,0.05). However, inhibition 

of COX-2 by siRNA completely inhibited the increased cell 

proliferation caused by hypoxia. Additionally, elevated PGE
2
 

levels induced by hypoxia in cell culture supernatants were 

significantly decreased in the COX-2 siRNA group compared 

to in the control siRNA group (P,0.05) (Figure 3C).

Two different selective COX-2 inhibitors were admin-

istered to fibroblasts in the presence of hypoxia. As shown 

in Figure 3D, 10 μM celecoxib or valdecoxib, both highly 

selective COX-2 inhibitors, had negative effects on COX-2 

expression. On the other hand, both celecoxib and valdecoxib 

reduced α-SMA and VEGF expression in hypoxia-activated 

fibroblasts. Blockade of COX-2 activity by celecoxib and 

valdecoxib decreased cell proliferation under hypoxia similar 

to the inhibition of COX-2 expression by siRNA (Figure 3E). 

PGE
2
 levels in cell culture supernatants were significantly 

downregulated after 48 hours of celecoxib and valdecoxib 

treatment under hypoxia compared to in untreated controls 

(Figure 3F). Taken together, these findings strongly indicate 

that COX-2 inhibition decreases the hypoxic activation of 

fibroblasts from the normal peritoneum.

Valdecoxib significantly decreased COX-2, α-SMA, and 

VEGF expression (Figure 3G), inhibited cell proliferation 

(Figure 3H), and reduced PGE
2
 levels in adhesion fibroblasts 

(Figure 3I).

Selective COX-2 inhibitors prevent intra-
abdominal adhesions in a rat model
There were no visible differences in weight between the 

five groups and all animals appeared healthy. The control 

animals developed bowel-to-parietal peritoneum, omentum-

to-parietal peritoneum, bowel-to-bowel, and omentum-to-

bowel adhesions. Animals that underwent sham operation 

surgery barely developed any intra-abdominal adhesions. In 

contrast, the animals treated with selective COX-2 inhibitors 

(ie, celecoxib and parecoxib) had fewer intra-abdominal 

adhesions than controls. However, intra-abdominal adhe-

sions were only slightly fewer in the animals treated with 

hyaluronan (Figure 4A).

Adhesion scores for the macroscopic classification were 

found to be significantly different between the five groups 

(Figure 4B). In the celecoxib group and parecoxib group, 

the macroscopic classification scores were lower than in the 

control or hyaluronan group. However, the parecoxib group 

had lowest adhesion scores of all groups. With regards to 

preventing adhesions, there was a significant difference 

between two COX-2 selective inhibitor treatment groups 

(celecoxib and parecoxib), the control group (P,0.05), and 

the hyaluronan group (P,0.05) (Figure 4C).

As shown in Figure 4D and E, the collagen content of 

adhesions was significantly decreased in the celecoxib group 

and the parecoxib group compared to in the control group. 

Moreover, there were significant decreases in hydroxyproline 

levels in both COX-2 selective inhibitor treatment groups 

compared to in the control group (P,0.05) and the hyaluro-

nan group (P,0.05) (Figure 4F). Both the macroscopic 

and objective data suggest that selective COX-2 inhibitors 

prevent intra-abdominal adhesions in the rat model.

The effect of selective COX-2 inhibitors 
on intra-abdominal adhesion prevention 
possibly results from inhibition of bFGF 
and TGF-β expression
HIF-1α expression in adhesion tissues was increased in the 

four groups that underwent mechanical injury, regardless of 

the interventions (Figure 5A). Compared with the control 

group, both celecoxib and parecoxib decreased COX-2 

expression in peritoneal adhesion tissue (Figure 5A). COX-2 

expression was only slightly decreased in the hyaluronan 

group. These results are consistent with the results of 

Western blotting and COX-2 mRNA levels (Figure 5B). 

Furthermore, mRNA levels of type I collagen and α-SMA 

were significantly decreased by celecoxib or parecoxib 
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Figure 3 Cyclooxygenase (COX)-2 inhibition attenuates the activated effect of hypoxia on fibroblasts from normal peritoneum.
Notes: (A) Western blot analysis of the expression of the indicated proteins in fibroblasts in response to hypoxia with or without COX-2 silencing. Beta-actin was used as an 
internal control. (B) A cell proliferation assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) showed the proliferation rate of fibroblasts in each group. 
COX-2 inhibition by small interfering RNA (siRNA) completely abrogated the accelerated cell proliferation caused by hypoxia. (C) Enzyme-linked immunosorbent assay (ELISA) 
analysis of prostaglandin E2 (PGE2) contents in fibroblasts in each group. The elevated PGE2 levels induced by hypoxia in cell culture supernatants were significantly decreased in 
the COX-2 siRNA group. *P,0.05 (D) Western blot analysis of the expression of the indicated proteins in fibroblasts under hypoxia with or without COX-2 inhibitors. (E) A 
cell proliferation assay using MTT showed the proliferation rate of fibroblasts under hypoxia with or without COX-2 inhibitors. (F) ELISA analysis of PGE2 contents in fibroblasts 
under hypoxia with or without COX-2 inhibitors. (G) Western blot analysis of the expression of the indicated proteins in adhesive fibroblasts with or without COX-2 inhibitors. 
(H) A cell proliferation assay using MTT showed the proliferation rate of adhesive fibroblasts with or without COX-2 inhibitors. (I) ELISA of PGE2 contents in adhesive fibroblasts 
with or without COX-2 inhibitors. *P,0.05.
Abbreviations: α-SMA, alpha-smooth muscle actin; HIF-1α, anti-hypoxia inducible factor-1 alpha; OD, optical density; VEGF, vascular endothelial growth factor; h, hours.

treatment when compared with the control (Figure 5B). 

Using the presence of α-SMA as a marker of fibroblast 

activation, we determined that α-SMA was downregulated 

after celecoxib or parecoxib treatment compared with in 

the control and hyaluronan groups. These results provide 

additional evidence that the inhibition of intra-abdominal 

adhesion indeed involves fibroblast growth inhibition 

(Figure 5C).

Immunohistochemical analysis showed that the expression 

of COX-2 in rat intra-abdominal adhesion tissue was increased 

after treatment with the selective COX-2 inhibitors in the con-

trol group compared with the normal peritoneum in the sham 
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Figure 4 Cyclooxygenase (COX)-2 inhibition attenuates the activated effect of hypoxia on fibroblasts from normal peritoneum.
Notes: (A) Representative images of intra-abdominal adhesions in each group at day 7. (B) Adhesion scores for the macroscopic classification. The celecoxib and parecoxib 
treatment groups had the lowest scores of adhesion. (C) Non-adhesion incidence in each group. COX-2 selective inhibitor treatment groups (celecoxib and parecoxib) 
showed the most non-adhesion incidences compared with the control group or hyaluronan group. (D) Representative images of picrosirius red staining for collagen in 
tissue sections in each group. The adhesive tissue is between the two lines drawn in the images. (E) The collagen content in the adhesions was significantly decreased in the 
celecoxib group and the parecoxib group compared to in the control group. (F) There were significant decreases in hydroxyproline levels in both COX-2 selective inhibitor 
treatment groups when compared with the control group or hyaluronan group. *P,0.05.
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Figure 5 Selective cyclooxygenase (COX)-2 inhibitors decreased COX-2 expression in injured peritoneum.
Notes: (A) Western blot analysis showed that the either celecoxib or parecoxib obviously decreased COX-2 expression in injured peritoneum compared to adhesion tissue 
in the control group. (B) Real-time reverse-transcription polymerase chain reaction showed that mRNA expression of COX-2, alpha-smooth muscle actin (α-SMA), and type 
I collagen was significantly decreased as a result of celecoxib or parecoxib treatment compared to the control. (C) Immunohistochemical analysis of α-SMA in intra-abdominal 
adhesion tissues from groups that underwent peritoneum and cecum abrasion, and normal peritoneum in the sham operation group. *P,0.05. Magnification 200×.
Abbreviation: HIF-1α, anti-hypoxia inducible factor-1 alpha.

operation group (Figure 6A). The sections from peritoneal 

adhesions stained intensely positive for inflammatory cytok-

ines bFGF and TGF-β in the control group, confirming the 

presence of an inflammatory process (Figure 6B and C). The 

expression of bFGF and TGF-β were significantly lower in 

both the celecoxib and parecoxib treatment groups than in the 

control group and the hyaluronan group.

Because a previous study15 claimed that post-operation 

intra-abdominal adhesion formation was possibly dependent 

on angiogenesis, immunohistochemical staining for a vital 

angiogenesis factor, VEGF, and an endothelial cell marker, 

CD34, was performed to identify new blood microvessels. 

In the control group sections, the expression of VEGF was 

significantly higher than in those of the sham operation group, 

which had negative or very low levels (Figure 6D). However, 

compared with the control group, the level of VEGF expres-

sion was not changed in the parecoxib treatment group, but was 

decreased in the celecoxib treatment group (Figure 6D).
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β

Figure 6 Immunohistochemical analysis of cyclooxygenase (COX)-2 (A), basic fibroblast growth factor (bFGF) (B), transforming growth factor-beta (TGF-β) (C), vascular 
endothelial growth factor (VEGF) (D), and cluster of differentiation (CD) 34 (E) in intra-abdominal adhesion tissues from groups that underwent peritoneum and cecum 
abrasion, and normal peritoneum in the sham operation group.
Notes: Magnification 200×; scale bars, 25 μm.

Compared to normal peritoneum in the sham operation 

group, the adhesion tissues in the control group were well 

vascularized, containing a large number of microvessels 

(Figure 6E). The microvessel density in the hyaluronan treat-

ment group was not different to that in the control animals. 

The microvessel density in the celecoxib-treated, but not the 

parecoxib-treated, mice was less than that in the control mice, 

in spite of the significant effect of parecoxib on prevention of 

intra-abdominal adhesion formation and inhibition of bFGF 

and TGF-β expression (Figure 6E).
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Selective COX-2 inhibitors prevented 
intra-abdominal adhesion, but not 
postoperative complications
The effects of two selective COX-2 inhibitors on post-

operative recovery and inflammation were observed in a 

rat intestinal anastomosis model. No deaths or abdominal 

wound complications were observed. Weight loss in all rats 

was assessed on day 7 before the animals were euthanized; 

there was no difference between the four groups (Figure 7A). 

Thirty minutes before sacrifice, all animals were gavaged 

with charcoal. The propelled distance of the charcoal within 

the gastrointestinal tract in the mice was measured. As shown 

in Figure 7B, there was no difference in the propulsive 

function of the gastrointestinal tract between the groups. 

Additionally, the intestinal anastomotic bursting pressures 

shown in Figure 7C were not significantly different between 

the four groups. Both of the two selective COX-2 inhibitors, 

especially parecoxib, significantly decreased granuloma 

weight (approximately 50%) compared to that of the normal 

saline group (P,0.05) and the hyaluronan group (P,0.05) 

(Figure 7D). However, there was no significant difference 

in granuloma weight between the normal saline group and 

the hyaluronan group (P.0.05). These results indicate that 

inhibition of COX-2 may decrease inflammation, but does 

not affect postoperative recovery.

Discussion
In the current study, it was shown that hypoxia-induced 

COX-2 expression in peritoneal fibroblasts was involved in 

postoperative intra-abdominal adhesion formation. Inhibition 

Figure 7 Use of selective cyclooxygenase (COX)-2 inhibitors to prevent intra-abdominal adhesion did not contribute to postoperative complications.
Notes: The effect of selective COX-2 inhibitors on (A) animal weight loss, (B) small bowel motility, (C) small intestinal anastomoses, and (D) cotton pellet granuloma 
formation. *P,0.05, compared with the control group.
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of COX-2 resulted in decreased intra-abdominal adhesions  

in vivo. The data are consistent with the expression of COX-2 

observed in adhesion fibroblasts.33 Treatment with selective 

COX-2 inhibitor has been shown previously to reduce the 

formation of postoperative adhesions in a rat model.15,34 

However, in the current study, it was further shown that 

in vitro COX-2 inhibition decreased the effect of hypoxic 

activation on fibroblasts from the normal peritoneum. We 

provide evidence that the effect of selective COX-2 inhibitors 

on prevention of intra-abdominal adhesion possibly results 

from inhibition of bFGF and TGF-β expression, but not 

through an antiangiogenic mechanism. Moreover, the use 

of selective COX-2 inhibitors to prevent intra-abdominal 

adhesion did not result in postoperative complications in 

the rat model.

Hypoxia, resulting from tissue injury, has been sug-

gested to play an important role in wound healing,35,36 and 

may directly participate in the development of postoperative 

adhesions.37 Previous in vitro and in vivo studies12,21 have 

documented the gross and histological changes that may be 

triggered by hypoxia in peritoneal wounds. Moreover, it has 

been reported that exposure of normal peritoneal fibroblasts 

to hypoxia irreversibly induces TGF-β1 and type I collagen 

to levels seen in adhesion fibroblasts.21 Here, we present 

compelling evidence that abnormal COX-2 expression in 

adhesive tissue via a hypoxia-dependent manner results in 

fibroblast activation.

COX-2 expression increases in response to various types 

of tissue injury, resulting in elevated levels of local PGs.38 

Peritoneal tissue damage during operations can result in 

induction of COX-2 expression during the healing process, 

with subsequent persistence of COX-2 expression by adhe-

sion fibroblasts.33 The current results show that exposure 

of normal peritoneal fibroblasts to hypoxia significantly 

increases COX-2 expression and the enzymatic activity 

product PGE
2
. Based on previously published evidence and 

the current findings, we speculate that inhibition of COX-2 

results in reversal of the activation of normal peritoneal 

fibroblasts in response to hypoxia, which may help prevent 

adhesion formation. This notion is further supported by the 

fact that the genetic or pharmacologic inhibition of COX-2 

by shRNA or selective COX-2 inhibitors, respectively, 

decreased activation of normal peritoneal fibroblasts under 

hypoxia, suggesting that inhibition of COX-2 may be a poten-

tial target for the prevention of intra-abdominal adhesions.

A large amount of evidence39,40 has demonstrated that 

COX-2 is involved in pathologic inflammation and angio-

genesis in various diseases. A previous report15 claimed that 

COX-2 inhibitors, through their antiangiogenic properties, 

inhibit intra-abdominal adhesions in an experimental murine 

model. In the current study, it was found that, although 

both COX-2 inhibitors (celecoxib and parecoxib) have 

anti-adhesion properties, the VEGF levels and microvessel 

densities were unchanged in the parecoxib-treated group 

compared to in the control group. The inflammatory factors 

bFGF and TGF-β were significantly decreased in response 

to COX-2 inhibition. Hence, we conclude that COX-2 inhi-

bition prevents postoperative intra-abdominal adhesions by 

attenuating hypoxia-induced activation of peritoneal fibro-

blasts rather than anti-angiogenesis. Because wound heal-

ing is dependent on angiogenesis, there previously existed 

awareness that agents with antiangiogenic effect have been 

precluded as anti-adhesion agents because of their possibly 

negative effects on wound healing.16,19 Our results may help 

to eliminate this doubt of the inhibition of COX-2 as a pre-

vention strategy for adhesions.

Parecoxib, which is a water soluble and injectable prodrug 

of valdecoxib,41 can be used perioperatively when patients 

are unable to take oral medications. Because inhibition of 

postoperative intestinal motility can result in an increased 

number of adhesions,42 special attention was paid to small 

bowel motility and intestinal anastomotic healing in the 

experiment animal; it was found that there was no adverse 

effect of parecoxib on post-operation recovery. Furthermore, 

parecoxib is approved through much of Europe for short-term 

perioperative pain control.43 Thus, we believe the COX-2 

inhibitor parecoxib is a safe medicine for preventing the 

formation of postoperative adhesions.

Limitations and future directions
Unfortunately, the results of this study are not robust and 

should be further validated. A major weakness of this in vivo 

study is its reliance on one small animal model of adhesion. 

Moreover, there is a lack of accurate methods to evaluate 

severity of adhesions. Clinical trials need to be performed 

to confirm the beneficial properties and suitable dose of 

parecoxib in reducing adhesions.

Conclusion
We found that hypoxia-induced COX-2 expression in perito-

neal fibroblasts is involved in postoperative intra-abdominal 

adhesion formation. The current results suggest that COX-2 

inhibition can prevent postoperative intra-abdominal adhe-

sions by decreasing hypoxia-induced activation of peritoneal 

fibroblasts rather than by anti-angiogenesis. This study indi-

cates that inhibition of COX-2 may represent a promising 
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preventive strategy for postoperative intra-abdominal 

adhesions.
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Supplementary material

Table S1 Real-time PCR primer sequence

Genes Primer sequence

Human COX-2 P1: 5′-AGGACGGCAATGCTGATG-3′
P2: 5′-TCGTAGTTGGCGGTCGTG-3′

Human GAPDH
Rat GAPDH

P1: 5′-ACCACAGTCCATGCCATCAC-3′
P2: 5′-TCCACCACCCTGTTGCTGTA-3′

Rat COX-2 P1: 5′-CACGGACTTGCTCACTTTGTT-3′
P2: 5′-AAGCGTTTGCGGTACTCATT-3′

Rat α-SMA P1: 5′-CCGGGAGAAAATGACTCAAA-3′
P2: 5′-GCGTCCAGAGGCATAGAGAG-3′

Rat type I collagen (1a1) P1: 5′-CATCGGTGGTACTAAC-3′
P2: 5′-CTGGATCATATTGCACA-3′
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