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1  | INTRODUC TION

Intestinal epithelial homeostasis, which depends on the balance of 
continuous proliferation, differentiation and cell death of intesti-
nal epithelia, is the cornerstone of the barrier function of intesti-
nal epithelia.1- 4 It has been known that dysfunction of the intestinal 

epithelial barrier is involved in the pathogenesis of chronic liver 
diseases.5,6 Recent data have showed that intestinal epithelial ho-
meostasis was disrupted because of an imbalance between the 
proliferation of intestinal epithelial cells and the differentiation of 
goblet cells in rodents with liver fibrosis.7,8 A reduction in the num-
ber of well- differentiated goblet cells apparently results in the lower 
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Abstract
The intestinal barrier dysfunction is crucial for the development of liver fibrosis but 
can be disturbed by intestinal chronic inflammation characterized with cyclooxyge-
nase- 2 (COX- 2) expression. This study focused on the unknown mechanism by which 
COX- 2 regulates intestinal epithelial homeostasis in liver fibrosis. The animal models 
of liver fibrosis induced with TAA were established in rats and in intestinal epithelial– 
specific COX- 2 knockout mice. The impacts of COX- 2 on intestinal epithelial homeo-
stasis via suppressing β- catenin signalling pathway were verified pharmacologically 
and genetically in vivo. A similar assumption was tested in Ls174T cells with goblet 
cell phenotype in vitro. Firstly, disruption of intestinal epithelial homeostasis in cir-
rhotic rats was ameliorated by celecoxib, a selective COX- 2 inhibitor. Then, β- catenin 
signalling pathway in cirrhotic rats was associated with the activation of COX- 2. 
Furthermore, intestinal epithelial– specific COX- 2 knockout could suppress β- catenin 
signalling pathway and restore the disruption of ileal epithelial homeostasis in cir-
rhotic mice. Moreover, the effect of COX- 2/PGE2 was dependent on the β- catenin 
signalling pathway in Ls174T cells. Therefore, inhibition of COX- 2 may enhance in-
testinal epithelial homeostasis via suppression of the β- catenin signalling pathway in 
liver fibrosis.
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output of mucus and intestinal barrier dysfunction.9 It would be easy 
for noxious substances in the intestinal lumen to pass through its 
defective barrier and then enter into hepatic sinusoid damaging the 
liver.10,11 Interception of this process may be helpful to slow down 
the progression of cirrhosis. However, the underlying mechanism 
of intestinal epithelial dyshomeostasis during liver fibrosis remains 
largely unknown.

Expression of cyclooxygenase- 2 (COX- 2) induced by various 
inflammatory events in intestinal mucosa has showed detrimental 
impacts on liver fibrosis via its catalytic products, for example pros-
taglandin E2 (PGE2).12- 16 Our previous study ever showed that cele-
coxib, a selective COX- 2 inhibitor, could improve the integrity of the 
intestinal barrier in cirrhotic rats partly through increasing expres-
sions of epithelial tight junction protein.12 However, it has not yet 
been elucidated the COX- 2- involved mechanism by which intestinal 
epithelial dyshomeostasis happens.

It has been reported that β- catenin signalling pathway plays a 
crucial role in the regulation of intestinal epithelial proliferation 
and differentiation.17,18 An inactive β- catenin molecule in the in-
testinal epithelia is phosphorylated and hydrolysed by a proteo-
lytic degradation complex containing glycogen synthase kinase 
(GSK) 3β.19 During inflammation, GSK3β can be phosphorylated 
(pGSK3β) and inactivated.20 Therefore, β- catenin is no longer de-
graded (non- phospho β- catenin) but functions as a transcriptional 
factor. The target genes of β- catenin, such as c- MYC and cyclin 
D1, will be up- regulated to stimulate the proliferation of intestinal 
epithelia.21- 23 It is not clear whether β- catenin signalling pathway 
is related to COX- 2 expression during inflammatory stimulation of 
liver fibrosis.

This study was aimed to verify the roles of COX- 2 on intesti-
nal epithelial dyshomeostasis in vivo with pharmacological and ge-
netical way and to elucidate its underlying mechanisms related to 
β- catenin signalling pathway under the circumstance of liver fibrosis. 
The positive results would provide useful therapeutic target for cir-
rhotic patients.

2  | MATERIAL S AND METHODS

2.1 | Animal models of liver fibrosis

The animal experiments were approved by the Ethics Committees 
of Sichuan University and were conducted according to the regu-
lations of Sichuan University. Thirty- six male Sprague Dawley rats 
weighing 200- 250 g (aged 7- 8 weeks) were obtained from the 
Experimental Animal Center of Sichuan University (Chengdu, 
China). Rats were allocated to the control group, TAA (Sigma- 
Aldrich) group and TAA+C group with 12 in each. The control group 
received peritoneal injection of normal saline. Liver fibrosis was in-
duced in the TAA group by peritoneal injection of TAA for 16 weeks 
(200 mg/kg/3 d for the initial 8 weeks and 100mg/kg/3 d for the 
following 8 weeks). In the TAA+C group, peritoneal injection of TAA 
was the same as the TAA group, except for the supplementation of 

celecoxib (20 mg/kg/d) by gavage starting from the 8th week of 
TAA injection in the TAA+C group.

Intestinal epithelial– specific knockout of COX- 2 mouse line 
(C57/B6 background) was derived by using Cre- loxP, with villin 
promoter driving Cre expression (villin- Cre+). COX- 2fl/fl and villin- 
Cre+ mice were crossed in our facilities. Male COX- 2fl/fl/villin- Cre+ 
mice (V- COX- 2KO) aged 7- 8 weeks and their age- matched litter-
mate controls COX- 2fl/fl/villin- Cre-  mice (V- COX- 2fl/fl) were used. 
There were 4 mice in each group. Liver fibrosis was induced in 
mice by peritoneal injection of TAA for 8 weeks (200 mg/kg/3 d).

2.2 | Cell culture and treatments

Human colon cancer cell line Ls174T was obtained from the 
American Type Culture Collection (ATCC) and verified by STR pro-
filing. Ls174T was known to express mucus in vitro.7 Ls174T cells 
were maintained in Dulbecco's modified Eagle's medium (DMEM, 
HyClone) containing 10% foetal bovine serum (FBS, Biological 
Industries, Cromwell), 100 U/mL penicillin and 100 U/mL strep-
tomycin (HyClone). Cells were routinely incubated with 5% CO2 
at 37°C.

Celecoxib and Wnt- C59 were obtained from TopScience Limited 
Liability Company, PGE2 from Selleck and LiCl from Sigma- Aldrich 
Corp. For celecoxib, PGE2 and Wnt- C59 treatments, drugs were 
dissolved in dimethyl sulfoxide (DMSO) before adding to the cul-
ture medium (the final concentration of DMSO was 0.1%). For LiCl 
treatment, it was dissolved in a serum- free culture medium before 
adding to the culture medium. After the indicated treatment was 
added for 24 hours of incubation, cells were harvested for further 
experimentation.

2.3 | Assay of alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST)

Blood from the portal vein was collected from animals. Then, blood was 
left standing for about 30 minutes. Serum was obtained by centrifuga-
tion at 1000 g for 15 minutes. Serum ALT and AST were analysed by 
West China- Frontier Pharma by using Cobas 6000 c501 (Roche).

2.4 | Enzyme- linked Immunosorbent Assay (ELISA)

Concentrations of lipopolysaccharide (LPS) in serum, and PGE2 and 
MUC2 of ileum and Ls174T cells were determined by ELISA kits ac-
cording to the instruction (Cloud- Clone Corp).

2.5 | Western blot analysis

The whole proteins from frozen ilea or cells were extracted on ice 
by using RIPA buffer (Beyotime Biotechnology) with addition of 
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phosphatase inhibitor cocktail and protease inhibitor cocktails 
(Bimake). Proteins of 50 μg from tissues or 30 μg from cells were 
resolved by 10% SDS- PAGE for further experiments, as described 
before.7 Primary antibodies included CDK4 (Proteintec), P21 (SAB, 
College Park), COX- 2 (Abcam), c- MYC (Abcam), cyclin D1 (Huabio), 
PCNA (Huabio), cleaved- caspase 3 (CST, Danvers), active β- catenin 
(CST), total β- catenin (CST), total GSK3β (CST), phospho- GSK3β (CST) 
and GAPDH (ABclonal).

2.6 | Cell counting kit- 8 (CCK8) assay

The cells were seeded in a 96- well plate to the density of 50%- 70% 
confluence. CCK8 assay was performed according to the instruction 
(Dojindo). The optical density was then measured by a Thermo mi-
croplate reader (Thermo Fisher Scientific) at 450 nm.

2.7 | Histopathological evaluation

Livers and ilea from animals were fixed by 4% polyformaldehyde, 
embedded by paraffin and sectioned (thickness of 5 μm). Staining 
was performed with haematoxylin and eosin (H&E), Sirius red or 
periodic acid– Schiff (PAS). For Sirius red staining, Ishak's fibrosis 
stage of the liver (with the Ishak scale ranges from 0 = no fibrosis 
to 6 = cirrhosis) was evaluated. For PAS staining, the ileal sections 
were analysed. Villi length, perimeters of villi, goblet cell number 
per perimeter of villi and theca area of goblet cell were meas-
ured by ImagePro Plus 6.0 (Media Cybernetics). These methods 
were described previously.7,24 For PAS staining of Ls174T cells, 
cells were plated on glass chamber slides. Cells were fixed by 
Carnoy's fluid (ratio of ethanol to acetic acid, 3:1) for 15 minutes. 
PAS staining was then performed according to the instructions 
(Solarbio).

2.8 | Immunohistochemistry (IHC) staining

The ileal sections were routinely deparaffinized. Antigen retrieval 
was performed in sodium citrate buffer (10 mmol/L, Ph = 6.0) with a 
pressure cooker. After blocking with 3% hydrogen peroxide, and in-
cubation with 10% goat serum, subsequent primary antibodies were 
applied. Primary antibodies included Ki- 67 (Abcam), COX- 2 (Abcam), 
cleaved- caspase 3 (CST), cyclin D1 (Huabio), total GSK3β (CST) and 
phospho- GSK3β (CST). After incubation overnight at 4°C, a goat 
anti- rabbit secondary antibody (Abcam) was used. Finally, staining 
with diaminobenzoate (ZSGB- BIO) was performed before counter-
staining with haematoxylin. Negative control was done by adding 
PBS instead of primary antibody. The images were captured by an 
optical microscope (CX41, Olympus) equipped with a camera (DP72, 
Olympus). The AOD was measured by ImagePro Plus 6.0 (Media 
Cybernetics) as described before.7

2.9 | Immunofluorescent (IF) staining

For IF of tissues, PFA- fixed and paraffin- embedded ileal sections 
were used. The ileal sections were routinely deparaffinized. Antigen 
retrieval was performed in sodium citrate buffer (10 mmol/L, Ph 
= 6.0) with a pressure cooker. After permeabilization with 0.2% 
Triton X- 100 for 15 minutes, the sections were incubated with 10% 
goat serum for 40 minutes and subsequent primary antibodies over-
night at 4°C. Primary antibodies included active β- catenin (CST) 
and E- cadherin (CST). Then, further incubation was done with the 
corresponding fluorescent secondary antibody at 37°C for 1 hour. 
Sections were counterstained with DAPI before visualization. The 
images of sections were captured by an optical microscope (CX41, 
Olympus) equipped with a camera (DP72, Olympus).

For IF of cells, the cells were plated on glass chamber slides. 
Treatment was the same as mentioned above. Fixation was per-
formed with 4% PFA for 15 minutes. Permeabilization and incuba-
tion with antibodies were the same as the aforementioned methods 
for animal tissues. Negative control was done by adding PBS instead 
of primary antibody in all assays. Primary antibodies included active 
β- catenin (CST) and Ki- 67 (Abcam). The images were captured by 
Axio Imager Z2.

2.10 | Flow cytometry for cell apoptosis

After cells were collected, Annexin V Apoptosis Detection Kit with 
propidium iodide (PI, Beijing 4A Biotech Co) was used according to 
the manufacturer's instruction. Cytoflex (Beckman Coulter) was 
used for detection.

2.11 | Statistical analysis

All experiments consisted of a minimum of 3 replicates. Quantitative 
variables are shown as mean ± SD. Student's t test and one- way 
analysis of variance (followed by a Tukey's post hoc analysis) were 
utilized, where applicable. GraphPad Prism 5 software (San Diego) 
was applied for analysis. P lower than .05 was deemed statistically 
significant.

3  | RESULTS

3.1 | Disruption of intestinal epithelial homeostasis 
in cirrhotic rats was ameliorated by celecoxib

Liver fibrosis induced by TAA was showed with either gross or Sirius 
red staining. It was significantly alleviated by celecoxib treatment 
(Figure S1A,C). The increased serous ALT in TAA group (P < .05) 
was potentially lower by celecoxib treatment but was still signifi-
cantly higher than that in the control group (Figure S1D). There was 
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no difference in ileal villi length among three groups (Figure 1A,B; 
Figure S1B). However, the theca of goblet cells in ileum of the TAA 
group was significantly smaller and less compared with that of the 
control rats (P < .05; Figure 1C,D). Also, the expression of Muc2 pro-
tein in rat ilea was significantly lower in the TAA group than that 
in the control group (Figure 1E). The goblet cells of villi, theca area 
and the expression of Muc2 protein were partially improved in the 
TAA+C group compared with that in the TAA group (Figure 1A,C- E). 
LPS level in portal circulation was higher in the TAA group compared 
with that in the control group (P < .05), which was decreased by 
celecoxib treatment (Figure 1F).

Ileal epithelial proliferation detected by Ki- 67 expression was 
significantly higher in TAA group than that in the control group 
(P < .05). But it almost fell back to the control level after cele-
coxib treatment (Figure 1G,J). Consistently, compared with control 
group, significant increase of proliferation- related protein CDK4 
associated with lower level of proliferation suppressive protein 
P21 was observed in the TAA group (P < .05; Figure 1M). These 
changes were greatly reversed by celecoxib treatment (P < .05; 
Figure 1M). The number of apoptotic cells showed by cleaved- 
caspase 3 in TAA group was the largest among the three groups 
(P < .05; Figure 1H,K,M).

3.2 | Activation of COX- 2 and β- catenin signalling 
pathway in cirrhotic rats was suppressed by celecoxib

As the β- catenin signalling pathway plays a crucial role in the reg-
ulation of intestinal epithelial homeostasis, the effect of COX- 2 
on the β- catenin signalling pathway was verified. The overex-
pression of COX- 2 in the ileal epithelial cells of rats treated with 
TAA could be significantly suppressed by celecoxib (P < .05; 
Figure 1I,M). Furthermore, the increased ileal level of PGE2, 
a catalytic product of COX- 2, was also greatly decreased with 
celecoxib treatment (P < .05; Figure 1L). Although quantifica-
tion of GSK3β, which degradates active β- catenin, did not show 
significant differences among the three groups (P > .05), the 
ileal concentrations of pGSK3β (an inactive form of GSK3β) and 
downstream elements of β- catenin such as cyclin D1 and c- MYC 
were much higher in TAA group than in control one (P < .05; 
Figure 2B- E). Ileal β- catenin was greatly activated by TAA and 

presented as non- phospho β- catenin (P < .05; Figure 2A,E). 
Celecoxib effectively inhibited the β- catenin signalling pathway 
mentioned above (P < .05; Figure 2).

3.3 | Disruption of ileal epithelial homeostasis in 
cirrhotic mice was blocked by intestinal epithelial– 
specific COX- 2 knockout

There was no significant difference of fibrostic extent in the liv-
ers between intestinal epithelial– specific COX- 2 knockout mice 
(V- COX- 2KO) and littermate controls (V- COX- 2fl/fl; Figure S2A,C), 
P > .05. However, both serum ALT and AST were significantly de-
creased in the V- COX- 2KO mice (P < .05; Figure S2D- E). The average 
ileal concentration of PGE2 in V- COX- 2KO mice was lower than that 
in littermate controls (P < .05; Figure 3B). Moreover, LPS level in por-
tal circulation of V- COX- 2KO mice was obviously lower than that of 
littermate controls (P < .05; Figure 3C). The ileal theca of goblet cells 
in V- COX- 2KO mice became more and larger than those in the control 
mice (P < .05; Figure 3A,G- H), while there was no difference in villi 
length between groups (P > .05; Figure 3F, Figure S2B). Consistently, 
quantification of ileal MUC2 in V- COX- 2KO mice was significantly 
higher than that in littermate controls (P < .05; Figure 3I). With re-
gard to the proliferation of ileal epithelia of V- COX- 2KO mice, the per-
centage of Ki- 67, PCNA and cleaved- caspase 3 levels were greatly 
decreased compared to control mice (P < .05; Figure 3D- E,3J). 
Therefore, not only pharmacologically but also genetically, COX- 2 
was presented as a crucial pivot for ileal epithelial homeostasis in 
cirrhotic mice.

3.4 | Inhibition of β- catenin signalling pathway in 
cirrhotic mice by intestinal epithelial- specific COX- 
2 knockout

The expression of non- phospho β- catenin was inhibited in ilea of 
V- COX- 2KO mice (P < .05; Figures 4A,5E). The concentrations of 
pGSK3β, and downstream elements of β- catenin, cyclin D1 and 
c- MYC, were also inhibited in V- COX- 2KO mice (P < .05), whereas 
the expression of GSK3β was comparable between two groups 
(Figure 4B- E).

F I G U R E  1   Disruption of intestinal epithelial homeostasis in cirrhotic rats was ameliorated by celecoxib. Periodic acid– Schiff (PAS) 
staining showed reduced goblet cells in the TAA group, while in the TAA+C group, the goblet cells seemed to be more in the TAA+C group 
compared with that in the TAA group (A). Villi length was comparable among the 3 groups (B; n = 12 in each group). Goblet cell number/μm 
of villi and theca area of goblet cells in the TAA group were lowest, which was partly reversed by celecoxib (C and D; n = 7- 8 in each group 
for theca area of goblet cells; n = 10- 12 in each group for goblet cell count). The mucus component Muc2 protein was significantly lower in 
the TAA group, which was increased by celecoxib treatment (E, n = 7- 10 in each group). Serum lipopolysaccharide (LPS) in portal vein was 
significantly higher in the TAA group, and it was reduced in the TAA+C group (F, n = 8- 11 in each group). An increase in Ki- 67- positive (G), 
cleaved- caspase 3– positive (H) and COX- 2- positive (I) ileal epithelia was observed in the TAA group. AOD of Ki- 67 and number of cleaved- 
caspase 3– positive epithelia were significantly increased only in the ileum of the TAA group (J- K; n = 7- 9 in each group for Ki- 67; n = 5- 6 
in each group for cleaved- caspase 3). Prostaglandin 2 (PGE2) was also significantly higher in the TAA group (L, n = 9- 12 in each group). 
Protein expressions of CDK4, cleaved- caspase 3 and COX- 2 were higher, and the level of P21 was lower in the TAA group (M, n = 7- 10 in 
each group). All experiments consisted of a minimum of 3 replicates. Data are shown as mean ± SD; *P < .05, **P < .01, ***P < .001; one- way 
ANOVA with Tukey's post hoc test. C- cas 3, cleaved- caspase 3
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3.5 | COX- 2 regulated proliferation, 
differentiation and apoptosis via PGE2 in Ls174T cells

Celecoxib was used to treat mucus- expressing Ls174T cells. The 
optimal concentration of celecoxib was 30 μmol/L. It not only 
significantly suppressed PGE2 concentration but also inhibited 
the viability of Ls174T cells (P < .05; Figure S3). Then, cells were 
treated by 30 μmol/L celecoxib alone (C- 30), 50 μmol/L PGE2 alone 

(P- 50) and a combination of 30 μmol/L celecoxib and 50 μmol/L 
PGE2 (C + P), respectively. C- 30 significantly suppressed viability 
(Figure 5B), proliferation (Figure 5D) and apoptosis (Figure 5E) and 
increased mucus expression of Ls174T cells (Figure 5F). Celecoxib 
also suppressed the β- catenin signalling pathway (Figure 5A,C). 
Contrarily, P- 50 had opposite effects on these cellular processes 
(P < .05), while C + P treatment could mitigate the effects of 
celecoxib (P < .05; Figure 5).

F I G U R E  2   Activation of β- catenin signalling pathway in cirrhotic rats was suppressed by celecoxib. Active β- catenin was visualized by 
IF staining using E- cadherin as background (A). IHC staining of pGSK3β (C) and cyclin D1 (D) was stronger in the TAA group, with similar 
GSK3β (B) among the 3 groups. Protein expressions of active β- catenin, pGSK3β, c- MYC and cyclin D1 were higher in the TAA group, while 
the level of total β- catenin and GSK3β were similar among the 3 groups (E, n = 6- 10 in each group). All experiments consisted of a minimum 
of 3 replicates. Data are shown as mean ± SD; one- way ANOVA with Tukey's post hoc test. A β- cat, active β- catenin; T β- cat, total β- catenin
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3.6 | The effects of COX- 2 on Ls174T cells were 
mediated by the β- catenin signalling pathway

Ls174T cells were next treated by 30 μmol/L celecoxib alone, 
5 Mmol/L LiCl alone (L- 5; an activator of β- catenin signalling pathway) 
and a combination of 30 μmol/L celecoxib and 5 mmol/L LiCl (C + L), 
respectively. L- 5 significantly increased viability (Figure 6B), prolif-
eration (Figure 6D) and apoptosis (Figure 6E) and reduced mucus ex-
pression of Ls174T cells (Figure 6F). L- 5 also augmented the β- catenin 
pathway compared with celecoxib treatment (Figure 6A,C). However, 
C + L treatment could partially reverse the effect of LiCl (Figure 6).

3.7 | The effects of PGE2 on Ls174T cells were 
mediated by the β- catenin signalling pathway

Ls174T cells were treated by 50 Μmol/L PGE2 alone, 20 μmol/L 
Wnt- C59 alone (W- 20; a WNT inhibitor suppressing β- catenin signal-
ling pathway) and a combination of 50 μmol/L PGE2 and 20 μmol/L 

Wnt- C59 (P + W), respectively. W- 20 significantly decreased viabil-
ity (Figure 7B), proliferation (Figure 7D) and apoptosis (Figure 7E) 
and up- regulated mucus expression of Ls174T cells (Figure 7F). Wnt- 
C59 also suppressed the β- catenin signalling pathway (Figure 7A,C). 
Nevertheless, P + W treatment could partly reverse the effect of 
Wnt- C59 (P < .05; Figure 7).

4  | DISCUSSION

As a physical barrier, intestinal mucus and epithelia are fundamental 
in the separation of detrimental substances in the gut lumen and are 
essential to prevent liver injury from these toxins.25 Epithelial prolif-
eration, differentiation and apoptosis are very important to maintain 
the intestinal epithelial homeostasis.1- 3 This study presented that the 
disruption of intestinal homeostasis related to the development of liver 
fibrosis in rats was characterized as increased proliferation and apop-
tosis but poor differentiation of goblet cells in ileal epithelial cells. As a 
result, LPS levels in the portal vein of these rats were greatly enhanced.

F I G U R E  3   Disruption of ileal epithelial homeostasis in cirrhotic mice was restored by intestinal epithelial– specific COX- 2 knockout. PAS 
staining showed increased goblet cells in V- COX- 2KO mice (A). Serum LPS and ileal PGE2 were significantly lower in V- COX- 2KO mice (B- C). 
V- COX- 2KO mice had less Ki- 67- positive cells in the ileum (D). AOD of Ki- 67 was reduced in V- COX- 2KO mice (E). Villi length was similar (F). 
Goblet cell number/μm of villi, theca area of goblet cells and mucus component Muc2 protein in V- COX- 2KO mice were significantly increased 
(G- I). Expressions of PCNA and cleaved- caspase 3 were decreased in V- COX- 2KO mice (M). n = 3- 4 in each group in all experiments. All 
experiments consisted of a minimum of 3 replicates. Data are shown as mean ± SD; *P < .05, **P < .01, ***P < .001; two- tailed t test. C- cas 
3, cleaved- caspase 3. V- COX- 2KO, intestinal epithelial– specific COX- 2 knockout mice. V- COX- 2fl/fl, COX- 2fl/fl/villin- Cre-  mice
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Mucus secreted from goblet cells covers the intestinal epithelia and 
is known as the first line of defence for intestinal mucosal surface.7 The 
intestinal mucus barrier is impaired due to the reduction of goblet cells 
in liver fibrosis.7,8 However, little is known why goblet cells are reduced 
in liver fibrosis. Our data showed that the reduction of goblet cells was 
accompanied by the overexpression of COX- 2 in the intestinal epithelia. 
COX- 2 is expressed at low levels in the gut under normal physiological 
conditions and is highly induced in response to inflammation and intes-
tinal injury.12 COX- 2 and its product PGE2 made the goblet cells poorly 
differentiated in this study in vivo and in vitro. Such observation was 
confirmed by the experiment with celecoxib and intestinal epithelial– 
specific COX- 2 knockout mice. Beside reduced viability, proliferation 
and apoptosis of intestinal epithelia, celecoxib greatly enhanced mucus 
output through decreased PGE2 level, inhibited β- catenin signalling 

pathway of Ls174T cells with goblet cell phenotype9 and improved the 
differentiation of goblet cells. With regard to the effects of COX- 2/
PGE2 on apoptosis, overexpression of COX- 2/PGE2 could promote 
apoptosis in several types of cells.26- 31 The impacts of COX- 2 inhib-
itors on apoptosis of cells in vitro are dependent on their doses. The 
high concentration of celecoxib (50- 100 mmol/L) may increase their 
apoptosis.32- 34 Nevertheless, the low concentration of celecoxib in this 
study presented relatively less apoptosis because of proper inhibition 
of PGE2 in Ls174T cells (Figure S3).

Previous studies ever suggested the interaction between COX- 2/
PGE2 and β- catenin pathway. It has been reported that up- regulating 
COX- 2 was associated with accumulation of β- catenin and promoted 
the repair of intestinal mucosa after injury.35 We observed that the 
expression of pGSK3β was decreased by celecoxib but increased 

F I G U R E  4   Intestinal epithelial β- catenin activity was suppressed in intestinal epithelial– specific COX- 2 knockout mice. Active β- catenin 
was visualized by IF staining using E- cadherin as background (A). IHC intensity of pGSK3β (C) and cyclin D1 (D) was lower in V- COX- 2KO 
mice, but similar GSK3β was observed (B). Protein expressions of active β- catenin, pGSK3β, c- MYC and cyclin D1 were less in V- COX- 2KO 
mice, while the level of total β- catenin and GSK3β were similar between the 2 groups (E). n = 3- 4 in each group in all experiments. All 
experiments consisted of a minimum of 3 replicates. Data are shown as mean ± SD; two- tailed t test. A β- cat, active β- catenin; T β- cat, 
total β- catenin. V- COX- 2KO, intestinal epithelial- specific COX- 2 knockout mice. V- COX- 2fl/fl, COX- 2fl/fl/villin- Cre-  mice
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F I G U R E  5   COX- 2 regulated proliferation, differentiation and apoptosis via PGE2 in Ls174T cells. Cells were treated by 30 μmol/L 
celecoxib alone (C- 30), 50 μmol/L PGE2 alone (P- 50) and a combination of 30 μmol/L celecoxib and 50 μmol/L PGE2 (C + P), respectively. 
Protein expressions of active β- catenin, pGSK3β, c- MYC and cyclin D1 were reduced by celecoxib and a combination of celecoxib and PGE2, 
while PGE2 had opposite effects (A). Cell viability could be increased by PGE2, and the effect could be reversed by the addition of celecoxib 
(B). Ki- 67- positive (D) and β- catenin- positive (C) cells were lowered by celecoxib, PGE2 had opposite effects, and these effects could be 
abolished by a combination of celecoxib and PGE2. Apoptotic cells were decreased by celecoxib treatment, and PGE2 induced apoptosis, 
while the combination of celecoxib and PGE2 did not significantly alter apoptotic rate (E). The Muc2 expression and mucus (green arrow) 
were significantly induced by celecoxib compared with PGE2 (F). n ≥ 3 in each group. All experiments consisted of a minimum of 3 replicates. 
Data are shown as mean ± SD; *P < .05, **P < .01, ***P < .001; one- way ANOVA with Tukey's post hoc test. A β- cat, active β- catenin; 
T β- cat, total β- catenin
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F I G U R E  6   The effects of COX- 2 on Ls174T cells were mediated by the β- catenin signalling pathway. Cells were treated by 30 μmol/L 
celecoxib alone, 5 mmol/L LiCl alone (L- 5) and a combination of 30 μmol/L celecoxib and 5 mmol/L LiCl (C + L), respectively. Protein 
expressions of active β- catenin, pGSK3β, c- MYC and cyclin D1 were reduced by celecoxib, while LiCl increased active β- catenin, pGSK3β, 
c- MYC and cyclin D1; and the combination of celecoxib and LiCl reversed the effects of celecoxib (A). Cell viability could be increased by 
LiCl, and the effect could be partly inhibited by addition of celecoxib (B). Ki- 67- positive (D) and β- catenin- positive (C) cells were increased by 
LiCl, and these effects could be reduced partially by a combination of celecoxib and LiCl. Apoptotic cells were increased by LiCl treatment, 
which could be reversed by celecoxib (E). The Muc2 expression and mucus (green arrow) were significantly decreased by LiCl compared with 
celecoxib (F). n ≥ 3 in each group. All experiments consisted of a minimum of 3 replicates. Data are shown as mean ± SD; *P < .05, **P < .01, 
***P < .001; one- way ANOVA with Tukey's post hoc test. A β- cat, active β- catenin; T β- cat, total β- catenin
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F I G U R E  7   The effects of PGE2 on Ls174T cells were mediated by the β- catenin signalling pathway. Cells were treated by 50 μmol/L 
PGE2 alone, 20 μmol/L Wnt- C59 alone (W- 20) and a combination of 50 μmol/L PGE2 and 20 μmol/L Wnt- C59 (P + W), respectively. Protein 
expressions of active β- catenin and c- MYC were reduced by Wnt- C59, and combination of PGE2 and Wnt- C59 suppressed c- MYC, while 
PGE2 increased active β- catenin and c- MYC (A). Cell viability could be reduced by Wnt- C59, and the effect could be partly inhibited by 
addition of PGE2 (B). Ki- 67- positive (D) and β- catenin- positive (C) cells were decreased by Wnt- C59, and these effects could be ameliorated 
partially by a combination of PGE2 and Wnt- C59. Apoptotic cells were decreased by Wnt- C59 treatment compared with PGE2 treatment (E). 
The Muc2 expression and mucus (green arrow) were significantly up- regulated by Wnt- C59 compared with PGE2 (F). n ≥ 3 in each group. All 
experiments consisted of a minimum of 3 replicates. Data are shown as mean ± SD; *P < .05, **P < .01, ***P < .001; one- way ANOVA with 
Tukey's post hoc test. A β- cat, active β- catenin; T β- cat, total β- catenin
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by PGE2, indicating COX- 2/PGE2 could control β- catenin pathway 
by regulating the activity of GSK3β. The inflammation mediated by 
COX- 2/PGE2- β- catenin signalling pathway was characterized as low 
quality of intestinal epithelial proliferation due to their poor differ-
entiation and excessive apoptosis. Targeting this pathway, celecoxib 
might be beneficial to alleviate liver cirrhosis via improvement of in-
testinal epithelial proliferation quality.

Actually, the intestinal inflammation associated with COX- 2 cat-
alytic products in other digestive diseases present similar problems. 
The increased PGE2 could decrease barrier integrity via its recep-
tor EP4 in patients with colitis.36 Another example is that during 
Entamoeba histolytica infection, the PGE2 produced by these 
pathogens increased ion permeability of tight junctions which led 
to diarrhoea.37 Moreover, the increase in PGE2 could modify intes-
tinal microbiota, which also exacerbated intestinal inflammation.38 
Colonic delivery of celecoxib ever showed the anti- colitic efficiency 
in rats.39 Celecoxib, as a selective COX- 2 inhibitor, has been widely 
used for patients with osteoarthritis. It has presented good safety. 
This facilitates translation of the new treatment concept proposed 
in this paper towards clinical practice.

In conclusion, COX- 2/PGE2- β- catenin signalling pathway was in-
volved in ileal epithelial inflammation in the rats with cirrhosis. The 
inflammation was characterized as low quality of intestinal epithelial 
proliferation due to their poor differentiation and excessive apopto-
sis. Targeting this pathway, celecoxib might be beneficial to alleviate 
liver cirrhosis via improvement of intestinal epithelial proliferation 
quality and ileal epithelial homeostasis.
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