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Abstract. Enhancer of zeste homolog 2 (EZH2) is positively 
associated with poor clinical outcomes in a number of aggres‑
sive tumors. Recent studies have demonstrated that inhibition 
of EZH2 also suppressed the inflammatory response during 
sepsis. The present study aimed to investigate whether an 
inhibitor of EZH2, GSK343, could protect the intestine against 
sepsis‑induced injury in vivo. Mice underwent cecal ligation 
and perforation (CLP) to induce sepsis and were assigned into 
three groups: Sham, CLP and CLP + GSK343. For GSK343 
treatment, the septic mice were intravenously injected with 
GSK343 at 6 h post‑CLP. The results indicated that EZH2 
was highly expressed while tight junction  (TJ) proteins 
ZO‑1, occludin and claudin‑1 expression was reduced in the 
intestinal tissue of mice subjected to CLP compared with the 
sham group. CLP operation also caused intestinal pathological 
injury and the production of inflammatory cytokines including 
TNF‑α, IL‑1β and IL‑6 in both serum and intestinal tissues. 
Meanwhile, CLP induced cell apoptosis of intestinal tissue 
based on the increased number of apoptotic cells, reduced 
expression of Bcl‑2 and higher expression of caspase‑3 and 
Bax. However, the presence of GSK343 partially rescued intes‑
tinal pathological injury, reduced the level of inflammatory 
cytokines, repressed cell apoptosis and promoted TJ protein 
expression. Finally, the decreased number of Paneth cells 
caused by CLP operation was reversed by GSK343 treatment. 
In conclusion, the results of the present study demonstrated 
that GSK343 could protect the intestine against sepsis‑induced 
injury in vivo. Inhibition of EZH2 may provide a therapeutic 
approach for intestinal dysfunction during sepsis.

Introduction

Sepsis is an infection‑induced systemic inflammatory response 
syndrome that is aggressive, can rapidly progress to septic shock 
or multiple organ dysfunction syndrome (MODS), is difficult 
to treat and has a poor prognosis (1). Therefore, early identifi‑
cation, timely diagnosis and effective treatment of sepsis may 
be the key to preventing and treating MODS and improving 
the survival rate of patients with sepsis (2). The current treat‑
ment measures for sepsis are mainly symptomatic treatment, 
anti‑infection agents and organ support treatment (3). Despite 
the continuous development and advancement of clinical 
treatment measures, the pathogenesis of sepsis is complicated, 
is closely associated with the pathophysiological changes of 
multiple organs and contributes to a high mortality rate (4). 
Therefore, an in‑depth exploration of the pathogenesis of 
sepsis, active prevention of the occurrence and improvement 
of the cure rate of patients with sepsis are important issues 
that need to be resolved urgently in clinical practice and have 
important practical significance.

As an important tissue and organ of the human body, the 
intestine is not only the main place for the digestion, absorp‑
tion and transportation of nutrients, but also an important 
immune protection site for the body (5). Recent studies have 
indicated that the intestine serves an important role in the 
pathophysiological development of critical illnesses with its 
unique physiological environment (6). In addition to causing 
an uncontrolled systemic inflammatory response, sepsis often 
leads to the malfunction of a variety of organs of the body, 
whereby the intestine is one of the most sensitive organs (7). 
During sepsis, bacteria and toxins in the intestinal lumen can 
activate intestinal immune cells, releasing a large number 
of inflammatory mediators, such as TNF‑α, IL‑1β and IL‑6, 
and causing intestinal mucosal damage (8). Simultaneously, 
inflammatory mediators interact and form a network to cause 
mediator cascade effects, leading to a vicious cycle, acceler‑
ating the course of the disease, and even causing MODS (9). As 
a result, the intestinal mucosa not only functions as a barrier 
but can also produce a variety of inflammatory mediators 
after being attacked (8). It is currently proposed that intestinal 
function may not only be impaired due to the development of 
sepsis, but also cause excessive release of inflammatory media‑
tors through the translocation of bacteria and toxins, leading 
to dysfunction and even failure of other important organs (10). 
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Therefore, suppressing the inflammatory response in the intes‑
tine is crucial for preventing the initiation and progression of 
sepsis and MODS.

Enhancer of zeste homolog 2 (EZH2) is an important 
member of the polycomb‑group protein gene family. Histone 
methyltransferase homologous sequence 2 can catalyze the 
trimethylation of amino acid K27 at position 27 of histone H3 
(H3K27Me3) and regulate cell proliferation  (11). In addi‑
tion, the gene expression product of EZH2 can silence tumor 
suppressor genes and serve an important role in the evolution 
of various tumors. EZH2 is found to be positively associated 
with poor clinical outcomes in a number of aggressive tumors, 
and its inhibition has been indicated to effectively inhibit cell 
proliferation and prevent tumor progression (12,13). A previous 
study demonstrated that inhibition of EZH2 suppressed 
the progression of lung injury and alleviated inflammation 
induced by sepsis, suggesting that EZH2 could be a potential 
biomarker in predicting clinical outcome and a novel target 
for therapeutic interference in sepsis (14). However, the role of 
EZH2 in intestinal disorders caused by sepsis remains to be 
elucidated. The present study aimed to investigate whether an 
inhibitor of EZH2, GSK343, could protect the intestine against 
sepsis‑induced injury in mice that underwent cecal ligation 
and perforation (CLP) operation.

Materials and methods

Animals. A total of 30 C57BL/6 mice (17‑20 g) were purchased 
from the Chinese Academy of Medical Sciences. All mice 
were kept in a specific pathogen‑free environment at room 
temperature under a controlled 12/12 h light/dark cycle and 
received food and water ad libitum. Male mice at 6‑8 weeks 
of age were used for the experiments. The animal study was 
approved by the Institutional Animal Care and Use Committee 
of the Second People's Hospital of Zhangye City.

Establishment of a sepsis model. A sepsis model was estab‑
lished by performing CLP on mice. All mice were anesthetized 
with 2% isoflurane inhalation for about 3 min until they were 
totally anesthetized before undergoing surgical procedures, 
and their body temperatures were maintained at 36‑38˚C with 
a heating pad. During the surgical procedure, 1.5% isoflurane 
was used to maintain anesthesia. A 1.5 cm incision was made 
on the abdominal wall, and the cecum was exposed and ligated 
0.5 cm from the tip with a 4‑0 silk suture. The cecum was 
perforated by a single puncture with a 21‑gauge needle and 
gently squeezed to extrude a small amount of feces from the 
perforation site. The cecum was replaced into the abdominal 
cavity, and the exposed abdominal wall was closed in two 
layers with a running 4‑0 silk suture. The sham‑operated group 
(n=10) only underwent laparotomy. Mice were resuscitated 
with subcutaneous injection of 1 ml normal saline. 

Animal grouping and treatment. At 6 h after the CLP opera‑
tion, sepsis could be induced and the successfully modeled 
mice were selected and randomly subdivided into CLP (n=10) 
and CLP + GSK343 (n=10) groups. For GSK343 treatment, 
the septic mice were intravenously injected with GSK343 
(0.2 ml/20 g; MedChemExpress) suspended in anhydrous 
ethanol diluted in PBS at 6 h post‑CLP. For the CLP group, 

mice were intravenously injected with equivalent amounts 
of anhydrous ethanol. At 72 h after CLP or sham operation, 
all mice were euthanized by cervical dislocation and small 
intestine samples and serum were collected.

Histological staining. The small intestine samples were fixed 
with 4% paraformaldehyde overnight at 4˚C, then dehydrated 
through an alcohol‑xylene series and finally embedded in 
paraffin and stored at room temperature. Sections (3  µm 
thickness) were cut, deparaffinized, rehydrated with gradient 
ethanol and stained with hematoxylin and eosin (H&E; 
Abcam) or TUNEL. H&E staining allows the identification 
of Paneth cells located at the base of intestine crypt based on 
their distinctive granule staining (15). TUNEL staining was 
used to stain apoptotic cells according to the manufacturer's 
instructions (Beyotime Institute of Biotechnology).

For immunofluorescent staining for ZO‑1, deparaffinized and 
rehydrated sections were blocked with 10% goat serum (Gibco; 
Thermo Fisher Scientific, Inc.) at 37˚C for 1 h and incubated with 
a primary antibody against ZO‑1 (Abcam; cat. no. ab190085; 
1:2,000) at 4˚C overnight. Following incubation with IgG‑FITC 
secondary antibody (cat. no. ab6881; 1:5,000; Abcam) at room 
temperature for 1 h in the dark, samples were stained with DAPI 
at room temperature for 20 min in the dark and photographed 
under a fluorescence microscope.

Western blot analysis. Intestinal tissues were pulverized in 
liquid nitrogen and lysed in ice‑cold RIPA buffer (Beyotime 
Institute of Biotechnology) containing 0.01% protease and 
phosphatase inhibitor (Sigma‑Aldrich; Merck KGaA). Protein 
concentration in the supernatant was measured using a 
BCA protein assay. Equal amounts of protein (20 µg/lane) 
were subjected to 10% SDS‑PAGE and transferred to PVDF 
membranes. The transferred proteins were blocked with 
5% non‑fat milk for 2  h at room temperature. Following 
blocking, the membranes were incubated with anti‑EZH2 
(cat.  no.  5246; 1:1,000), ZO‑1 (cat.  no.  13663; 1:1,000), 
occludin (cat. no. 91131; 1:1,000), claudin‑1 (cat. no. 13255; 
1:1,000), TNF‑α (cat. no. 11948; 1:1,000), IL‑1β (cat. no. 31202; 
1:1,000), IL‑6 (cat.  no.  12912; 1:1,000), and anti‑GAPDH 
(cat. no. 5174; 1:1,000) primary antibodies (all, Cell Signaling 
Technology, Inc.) overnight at 4˚C and then incubated with 
respective HRP‑conjugated secondary antibodies (anti‑rabbit 
IgG; cat. no. 7074; 1:3,000; Cell Signaling Technology, Inc.). 
Protein signals were visualized using the super ECL detection 
reagent (Beyotime Institute of Biotechnology). Image‑Pro Plus 
software version 6.0 (Roper Technologies, Inc.) was used for 
densitometry.

ELISA. Serum supernatant was separated after centrifuga‑
tion and the levels of TNF‑α (cat.  no.  ab208348), IL‑1β 
(cat. no.  ab197742) and IL‑6 (cat. no.  ab100713) (all from 
Abcam) were tested using ELISA test kits in accordance with 
the manufacturer's instructions. The optical density value 
was measured at an excitation wavelength of 450 nm using a 
microplate reader (Bio‑Rad Laboratories, Inc.) with the blank 
well serving as the control. 

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA of the intestinal tissues was extracted 
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using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). RT of the extracted RNA was completed with a two‑step 
method according to the kit instructions (SuperScript™ III 
Two‑Step RT‑PCR system; Thermo Fisher Scientific, Inc.). 
A TaqMan probe (Takara Bio, Inc.) was used for qPCR. The 
following primer pairs were used for qPCR analysis: ZO‑1 
forward, 5'‑GGA​GCA​GGC​TTT​GGA​GGA​G‑3' and reverse, 
5'‑TGG​GAC​AAA​AGT​CCG​GGA​AG‑3'; occludin forward, 
5'‑GTG​AAT​GGG​TCA​CCG​AGG​G‑3' and reverse, 5'‑AGA​
TAA​GCG​AAC​CTG​CCG​AG‑3'; claudin‑1 forward, 5'‑GGC​
TTC​TCT​GGG​ATG​GAT​CG‑3' and reverse, 5'‑GCA​GCA​
GTT‑CAC​AGG​CAA​AA‑3' and GAPDH forward, 5'‑GGT​
CCC​AGC​TTA​GGT​TCA​TCA‑3' and reverse, 5'‑ATC​CGT​TCA​
CAC​CGA​CCT​TC‑3'. The following thermocycling conditions 
were used for the qPCR: Initial denaturation at 95˚C for 30 sec; 
and 40 cycles of denaturation at 95˚C for 10 sec, annealing at 
60˚C for 20 sec and extension at 70˚C for 10 sec. GAPDH was 
used as the internal reference gene and the 2‑ΔΔCq method (16) 
was utilized to analyze the expression of the target genes. 

Statistical analysis. All experiments were performed at least 
three times. Data were expressed as the mean ± SD and plotted 
and analyzed using GraphPad Prism 5 (GraphPad Software, 
Inc.). Differences between groups were analyzed using 
one‑way ANOVA followed by Tukey's post hoc test. P<0.05 
was considered to indicate a statistically significant difference.

Results

EZH2 is upregulated while tight junction (TJ) proteins are 
downregulated in the intestinal tissue of a CLP mice model. 
To determine whether EZH2 serves a role in sepsis‑induced 
intestinal disorders, EZH2 expression was detected in CLP‑ 
or sham‑operated mice. As presented in  Fig.  1A, EZH2 

expression was significantly higher in the intestinal tissues of 
the CLP group compared with the sham group, indicating the 
potential role of EZH2 in sepsis‑induced intestinal disorders. 
Subsequently, the expression of TJ proteins including ZO‑1, 
occludin and claudin‑1 was measured in the intestinal tissues 
of sham‑ or CLP‑operated mice. The results revealed that 
ZO‑1, occludin and claudin‑1 protein expression was reduced 
upon CLP stimulation (Fig. 1B).

GSK343 inhibits CLP‑induced intestinal pathological injury 
and inflammation. GSK343, which is an EZH2 inhibitor, 
was used to treat CLP mice to observe whether inhibition 
of EZH2 could protect the intestine against sepsis‑induced 
injury. At the end of the experiment, animals were sacrificed 
and H&E staining was performed on small intestinal tissue 
sections. Fig. 2A demonstrates the results of H&E staining in 
the intestinal tissues of mice in different groups. The ileum 
tissue structure of the mice in the sham operation group was 
normal, the intestinal villi were arranged neatly and the villi 
structure was clear. In the CLP group, however, evident edema, 
hyperemia, necrosis and inflammatory cell infiltration were 
observed, accompanied by missing apical epithelial cells of 
the villi and thinner and shorter microvilli. Compared with the 
CLP group, the intestinal structure of the mice in the GSK343 
treatment group was relatively normal, with relieved intestinal 
villi edema and inflammation. The levels of inflammatory 
cytokines, including TNF‑α, IL‑1β and IL‑6, in the serum 
and intestinal tissues of mice in different groups are presented 
in Fig. 2B and C. It was indicated that CLP stimulation signifi‑
cantly promoted the production of all inflammatory cytokines, 
and this increase was reversed by GSK343 treatment. 

GSK343 represses CLP‑induced intestinal tissue apoptosis. 
Subsequently, the cell apoptosis of animal intestinal tissue in 

Figure 1. EZH2 is upregulated while tight junction proteins are downregulated upon CLP stimulation. The protein expression of (A) EZH2 and (B) tight junc‑
tion proteins including ZO‑1, occludin and claudin‑1 in the intestinal tissues of Sham and CLP mice (n=10). **P<0.01 and ***P<0.001 vs. Sham. EZH2, enhancer 
of zeste homolog 2; CLP, cecal ligation and perforation.
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different groups was assessed. As presented in Fig. 3A, CLP 
operation markedly increased the number of apoptotic cells 
compared with the sham operation. However, in contrast to 
the CLP group, GSK343 treatment markedly reduced the 
number of apoptotic cells in the intestinal tissue of CLP 
mice. Similar results were observed in Fig. 3B and C, where 
CLP reduced anti‑apoptotic protein Bcl‑2 expression and 
increased the expression of pro‑apoptotic proteins Bax and 
cleaved‑caspase‑3. Meanwhile, GSK343 treatment attenuated 
the effects of CLP on apoptotic protein expression.

GSK343 promotes TJ protein expression and the number of 
Paneth cells in the intestinal tissue of a CLP mice model. 
The expression of TJ proteins including ZO‑1, occludin and 
claudin‑1 in the intestinal tissue of mice was also detected. 
The results indicated in Fig.  4 revealed that mRNA and 
protein expression of these TJ proteins were significantly 
downregulated upon CLP stimulation, but effectively partially 
recovered by GSK343 treatment. Consistently, as presented 
in Fig. 5, ZO‑1 immunofluorescent staining results showed 
the decreased expression of ZO‑1 upon CLP stimulation, 
but effectively recovered expression of ZO‑1 after GSK343 
treatment. 

Finally, the distribution of Paneth cells at the base of the 
intestine crypt was observed based on their distinctive granule 
staining. As presented in Fig. 6, CLP mice showed a significant 
decrease in the number of crypts with positive Paneth cells in 
the small intestine compared with Sham mice. By contrast, 
animals treated with GSK343 exhibited an increased number 
of Paneth cells compared with CLP mice.

Discussion

Intestinal mucosal destruction, intestinal wall congestion and 
necrosis caused by sepsis are the main causes of intestinal 
dysfunction (17). In the present study, a mice sepsis model was 
constructed by CLP operation. Following which, the mucosal 
morphology was markedly damaged, the expression of TJ 
proteins was decreased, in conjunction with the production of 
a large amount of inflammatory cytokines and occurrence of 
apoptosis. TJ proteins serve an important role in the physiology 
and disease biology of intestinal disease (18). TJ proteins exert 
their functional role as integral proteins in forming barriers 
in the gut (19). However, TJ proteins can also serve important 
functional roles in the signaling, trafficking and regulation of 
gene expression (20). In addition, the number of Paneth cells 
were significantly decreased upon CLP stimulation. Paneth 
cells are physiologically found at the bottom of small intes‑
tinal crypts and are characterized by their apically located 
granules (21). The intestinal crypts have been identified as a 
significant source of antimicrobial peptides and proteins that 
are important in host defense and in shaping the composition 
of the commensal microbiota (22). The dysfunction of Paneth 
cells and molecular mechanisms underlying the secretory 
disorders of Paneth cells have been demonstrated to be highly 
associated with inflammatory bowel disease (23). Consistent 
with previous reports (22,24,25), the present results demon‑
strated sepsis‑induced intestinal injury and the involvement of 
Paneth cell dysfunction.

EZH2 serves crucial roles in regulating a variety of cellular 
functions, including development and differentiation  (26). 

Figure 2. Effects of GSK343 on CLP‑induced morphological changes and inflammation in intestinal tissues. (A) Representative hematoxylin and eosin images 
for intestinal tissues of mice in the Sham, CLP and CLP + GSK343 groups (magnification, x200). (B) The concentration of TNF‑α, IL‑1β and IL‑6 in the serum 
of mice in the Sham, CLP and CLP + GSK343 group (n=10). (C) The expression of TNF‑α, IL‑1β and IL‑6 in the intestinal tissues of mice in the Sham, CLP 
and CLP + GSK343 group (n=10). ***P<0.001 vs. Sham; ##P<0.01 and ###P<0.001 vs. CLP. CLP, cecal ligation and perforation.
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Figure 4. Effects of GSK343 on tight junction protein expression in the intestinal tissues of CLP‑induced mice. The (A) mRNA and (B) protein expression of 
tight junction proteins including ZO‑1, occludin and claudin‑1 in the intestinal tissues of mice in the Sham, CLP and CLP + GSK343 group (n=10). **P<0.01 
and ***P<0.001 vs. Sham; #P<0.05; ##P<0.01 and ###P<0.001 vs. CLP. CLP, cecal ligation and perforation.

Figure 3. Effects of GSK343 on CLP‑induced apoptosis in intestinal tissues. (A) Representative TUNEL staining images of intestinal tissues of mice in 
different groups (magnification, x200). Apoptotic cells are stained green. DAPI staining represents the nuclei. (B and C) The expression of apoptosis‑related 
proteins including Bcl‑2, Bax and cleaved‑caspase‑3 in the intestinal tissues of mice in the Sham, CLP and CLP + GSK343 group (n=10). **P<0.01 and 
***P<0.001 vs. Sham; #P<0.05 and ##P<0.01 vs. CLP. CLP, cecal ligation and perforation.
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Consequently, the majority of previous studies regarding 
EZH2 have focused on its modulatory effects on a variety of 
cancer types, such as prostate cancer (27), ovarian cancer (28), 
gastric cancer (29) and head and neck cancer (30). 

Recently, several studies revealed the involvement of EZH2 
in the initiation and progression of sepsis (14,31‑33). EZH2 
was indicated to accelerate inflammation and apoptosis, and 
EZH2 inhibition was demonstrated to exert protective effects 
against sepsis  (14,31,34). For example, a study confirmed 
that GSK343, which is an inhibitor of EZH2, could mitigate 
fibrosis and inflammation (35). Moreover, EZH2 was indicated 
to accelerate skeletal muscle cell apoptosis and the inflamma‑
tory response in sepsis (31). However, the effects of EZH2 
on intestinal dysfunction during sepsis and the underlying 

epigenetic mechanisms are still unclear. It has been illustrated 
that epithelial EZH2 was responsible for maintaining the integ‑
rity of the epithelial cell barrier and homeostasis, indicating 
that it has a protective effect on colitis (36). By contrast, the 
inhibition of EZH2 with GSK126 in vitro has been reported to 
restore intestinal homeostasis by restoring Paneth cell popula‑
tion, implicating that EZH2 has a destructive role in intestinal 
homeostasis (37). These seemingly contradictory conclusions 
reveal the complex and diverse role of EZH2 in intestinal 
diseases. The present study observed a significant upregulation 
of EZH2 in CLP‑induced septic animal models, suggesting the 
modulatory effects of EZH2 on intestinal dysfunction during 
sepsis. Subsequently, septic mice were treated with the EZH2 
inhibitor, GSK343. The results indicated that the application 

Figure 6. Effects of GSK343 on the distribution of Paneth cells. (A) Representative hematoxylin and eosin staining images for Paneth cells at the base of the 
intestine crypt based on their distinctive granule staining (arrows; magnification, x400) and (B) quantitative analysis for the number of Paneth cells in the 
Sham, CLP and CLP + GSK343 group (n=10). ***P<0.001 vs. Sham; ##P<0.01 vs. CLP. CLP, cecal ligation and perforation.

Figure 5. Effects of GSK343 on ZO‑1 expression in the intestinal tissues of CLP‑induced mice. Images show representative immunofluorescence staining for 
ZO‑1 in the intestinal tissues of mice in the Sham, CLP and CLP + GSK343 group (magnification, x200). CLP, cecal ligation and perforation.
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of GSK343 significantly improved the morphological injury of 
intestinal tissues, reduced the level of inflammatory cytokines 
in serum and intestinal tissues, inhibited the occurrence of 
apoptosis in intestinal tissues and rescued the expression of 
TJ proteins in intestinal tissues. Furthermore, the decreased 
population of Paneth cells caused by CLP operation was also 
significantly increased by GSK343 treatment. These results 
revealed that intestine injury during sepsis was predominantly 
caused by inflammation and apoptosis, the relieving of which 
by EZH2 inhibition was sufficient to prevent the progression 
of intestinal injury. In addition, the protective effects of EZH2 
inhibition against intestine injury during sepsis may mainly 
rely on suppressing inflammation and apoptosis as well as 
recovering TJ protein expression and the number of Paneth 
cells in the intestine. However, there are still some shortcom‑
ings in the current study. Firstly, only a CLP‑induced mice 
model was employed in the present study since the laboratory 
was equipped with mature CLP modeling conditions and 
technology. Establishment of an LPS‑induced mice model 
should be performed in the future research. The use of clinical 
samples will strengthen conclusions, and add evidence from 
clinical samples should be included in future research.

In conclusion, the current study demonstrated that inhibi‑
tion of EZH2 could relieve intestinal injury during sepsis via 
suppressing inflammation, apoptosis and at the same time 
recovering TJ protein expression and the number of Paneth 
cells in the intestinal tissues. Therefore, targeting EZH2 with 
pharmacological inhibitors may represent an effective and 
economical therapeutic approach that may be used in the 
treatment of intestinal injury caused by sepsis. 
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