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Abstract. Hirschsprung‑associated enterocolitis (HAEC) is 
characterized by intestinal mucosal damage and an imbalance 
in the intestinal microbiota. Recent studies have indicated that 
the TLR4/p‑p38/NF‑κB signaling pathway in the intestine is of 
great importance to intestinal mucosal integrity. The present 
study aimed to investigate the role of TLR4/phosphorylated 
(p‑)38/NF‑κB signaling in the pathogenesis of HAEC in 
E. coli JM83‑infected endothelin receptor B (Ednrb)‑/‑ mice. 
Ednrb‑/‑ mice were infected with E. coli JM83 by oral gavage 
to establish the HAEC model. Wild‑type and Ednrb‑/‑ mice 
were randomly divided into uninfected and E. coli groups. 
The role of TLR4/p‑p38/NF‑κB signaling was further evalu‑
ated by in vivo and in vitro analyses. The activation of the 
TLR4/p‑p38/NF‑κB signaling pathway induced by E. coli 
JM83 resulted in HAEC in Ednrb‑/‑ mice, which was evidenced 
by a significant increase in the expression of TNF‑α, TGF‑β 
and IL‑10, and a decreased density of F‑actin protein expres‑
sion. TLR4 knockdown reduced the severity of enterocolitis 
and attenuated the expression of IL‑10, TNF‑α and TGF‑β, 
whilst increasing the density of F‑actin protein in Ednrb‑/‑ 
mice after E. coli infection. These results indicated that E. coli 
JM83 activates TLR4/p‑p38/NF‑κB signaling in Ednrb‑/‑ to 
promote the development of HAEC. Thus, inhibition of this 

signaling pathway may benefit the treatment and prevention 
of HAEC.

Introduction

Hirschsprung‑associated enterocolitis (HAEC) is the most 
common complication of Hirschsprung disease (HSCR) (1,2), 
which may occur during the preoperative or postoperative 
stages of surgery, even after definitive pull‑through surgery (3). 
Accumulating clinical evidence suggests that abnormalities in 
the intestinal microbiome, impaired intestinal mucosal barrier 
function, altered systemic immune system function and bacte‑
rial translocation are all possible causes of HAEC (4‑6). The 
intestinal tract is the most active immune organ in the human 
body and it is constantly challenged by a large number of anti‑
gens. A previous study indicated Clostridium difficile, E. coli 
and certain viruses may be causative agents of enterocolitis 
development  (7). However, the mechanisms by which gut 
microbes influence the mucosal barrier and the development of 
pathogenic bacteria‑mediated HAEC remain to be fully eluci‑
dated; an increasing number of studies have investigated the 
possible implication of Clostridium difficile as a pathogen of 
HAEC but remain inconclusive (8,9). According to the results 
of Illumina‑MiSeq high‑throughput sequencing for character‑
ization of intestinal microbiomes of HAEC (10), E. coli was 
the most prominent genus detected in patients with HAEC and 
recurrence of HAEC (11). However, the role of Clostridium 
species as a cause of HAEC remains controversial. Therefore, 
E. coli was selected as the preferred pathogen in the present 
study (9‑11).

Toll‑like receptor 4 (TLR4) is a transmembrane protein, 
which has important effects in initiating inflammatory reac‑
tions  (12). A recent study suggested that defective murine 
TLR4 was responsible for lipopolysaccharide (LPS) hypore‑
sponsiveness in two mouse strains, and furthermore, a study 
in TLR4‑deficient mice revealed that TLR4 was essential for 
LPS‑induced inflammatory signaling (13). A previous study 
reported that the dysregulated expression of TLR4 signaling 
transduction led to uncontrolled colitis, which was associated 
with the loss of mucosal integrity, development of ulcerations 

E. coli JM83 damages the mucosal barrier in Ednrb knockout 
mice to promote the development of Hirschsprung‑associated 

enterocolitis via activation of TLR4/p‑p38/NF‑κB signaling
ZEBING ZHENG1,  MINGJUAN GAO2,  CHENGYAN TANG2,  LU HUANG2,  

YUAN GONG2,  YUANMEI LIU2  and  JIAN WANG1

1Department of Pediatric Surgery, Children's Hospital of Soochow University, Pediatric Research Institute of  
Soochow University, Suzhou, Jiangsu 215123; 2Department of Pediatric Surgery, Affiliated Hospital of  

Zunyi Medical University, Zunyi, Guizhou 563000, P.R. China

Received December 9, 2021;  Accepted February 24, 2022

DOI: 10.3892/mmr.2022.12684

Correspondence to: Professor Jian Wang, Department of Pediatric 
Surgery, Children's Hospital of Soochow University, Pediatric 
Research Institute of Soochow University, 92 Zhongnan Street, 
Suzhou Industrial Park, Jingde Road, Suzhou, Jiangsu 215123, 
P.R. China
E‑mail: wj196312@vip.163.com

Abbreviations: HAEC, Hirschsprung‑associated enterocolitis; 
HSCR, Hirschsprung disease; TLR4, Toll‑like receptor  4; WT, 
wild‑type; Ednrb, endothelin receptor B

Key words: Hirschsprung‑associated enterocolitis, TLR4, mucosal 
barrier, endothelin receptor B

https://www.spandidos-publications.com/10.3892/mmr.2022.12684


ZHENG et al:  TLR4 SIGNALING PROMOTES THE DEVELOPMENT OF HAEC2

and colonic bleeding (14), consistent with what is observed in 
patients with HAEC. Emerging evidence has indicated that 
TLR4 expression is upregulated in several intestinal inflam‑
matory diseases, including inflammatory bowel colitis (15) 
and necrotizing enterocolitis (16). When TLR4 is engaged by 
its ligands, the downstream signaling pathways, including the 
NF‑κB and MAPK p38 [phosphorylated (p‑)p38] pathways, 
are activated; this activation is essential for the initiation of an 
inflammatory response by promoting and/or modulating the 
transcription and translation of inflammation‑related genes, 
such as IL‑6, TNF‑α and IL‑1β  (17). Inhibition of NF‑κB 
has also been indicated to protect against colonic epithelium 
damage and/or promote epithelial repair (18,19).

In the present study, it was hypothesized that the patho‑
genic organism E. coli JM83 promotes HAEC development 
through TLR4/p‑p38/NF‑κB signaling, influencing intestinal 
mucosal barrier integrity. Thus, whether TLR4/p‑p38/NF‑κB 
signaling participates in the pathogenesis of HAEC during 
the invasive infection of endothelin receptor B (Ednrb)‑/‑ mice 
with E. coli JM83 (used as a model of HAEC) was assessed in 
the present study.

Materials and methods

Animals. Female wild‑type (WT; age, 8  weeks; weight, 
16‑19 g; n=20), female Ednrbflex3/flex3 (age, 8 weeks; weight, 
15‑19 g; n=8) mice and male Ednrbflex3/+ (age, 8 weeks; weight, 
15‑19 g; n=8). Endothelin receptor B‑null mice (Ednrbflex3/flex3 
and Ednrbflex3/+) were established using C57/B6J mice. All 
mice were purchased from the Institute of Model Animals 
of Wuhan University (Wuhan, China). In brief, after mating 
Ednrbflex3/+ mice with Ednrbflex3/flex3 mice, the homozygotes 
(herein referred to as Ednrb‑/‑) were easily distinguished from 
the WT and heterozygote littermates (herein referred to as 
Ednrb+/+ and Ednrb+/‑, respectively) by the white fur color and 
gradually enlarging abdomens (due to the absence of ganglion 
cells at the end of the rectum). Ednrb+/+ and Ednrb+/‑ mice 
had a normal phenotype and did not develop aganglionosis. 
Therefore, 20 Ednrb+/+ or Ednrb+/‑ animals were randomly 
assigned to the WT group. A total of 20 Ednrb‑/‑ animals were 
obtained for the present study that displayed distal colonic 
aganglionosis involving 5‑10 mm of the colon. Naive mice 
were defined as WT and Ednrb‑/‑ mice without any interven‑
tion. All experiments involving animals were performed in a 
specific pathogen‑free environment and were approved by the 
Institutional Animal Research Committee of Zunyi Medical 
University (Zunyi, China; approval no. IACUC‑20191025028) 
and were in accordance with the Zunyi Medical University 
Guidelines for Animal Care. Animals were maintained under 
a 12‑h light/dark cycle at a temperature of 22±2˚C in an 
air‑conditioned room, and were given access to food and water 
ad libitum. Male and female mice were raised separately. A 
total of eight mice survived more than 5 weeks; however, 
two mice died of abdominal distension, diarrhea, and severe 
dehydration before the date of sacrifice in the Ednrb‑/‑ group 
infected with E. coli. All mice were sacrificed 5 weeks after 
modeling. Isoflurane inhalation anesthesia was used (induction 
concentration, 3%; maintenance concentration, 1%), followed 
by collection of the colon and blood. Subsequently, mice were 
sacrificed by CO2 asphyxia (50% CO2 volume displacement 

rate). When cessation of the heartbeat and breathing of the 
mice was verified, and no reflexes were detected, the death of 
mice was confirmed.

Bacterial strains. The E. coli JM83 (Jackson Laboratory) strain 
was cultured on trypsin soybean agar plates (BD Biosciences) 
supplemented with 5% sheep blood (BD Biosciences), 
which was in turn supplemented with 0.2% yeast extract 
(Merck KGaA) at 37˚C with 5% CO2 (durations indicated in 
individual experiments).

Establishment of the HAEC model. WT and Ednrb‑/‑ mice were 
infected with 0.1 ml Lb broth containing 1x109 colony‑forming 
units of E. coli JM83 (Jackson Laboratory) by oral gavage to 
establish the WT+E. coli (n=5) and Ednrb‑/‑+E. coli (n=5) 
groups. The colon samples from Ednrb‑/‑+E. coli mice were 
stored at ‑80˚C and embedded in paraffin for subsequent H&E 
as well as immunofluorescence staining analysis (described 
below) to verify the establishment of the HAEC model. 
Inflammatory cell infiltration of the crypts (cryptitis and crypt 
abscesses) was lighter in HAEC mice than in human patients 
with HAEC. The WT and Ednrb‑/‑ mice were used as the control 
groups. The severity of HAEC was evaluated according to the 
modified grading system reported by Porokuokka et al (20) 
to reflect the epithelial pathology in HAEC mice. Parts of 
the small bowel (jejunum and ileum) or large bowel (cecum 
and colon) were excised by separation from the mesentery to 
prepare a single intestinal cell suspension.

si‑RNA transfection. In order to knockdown TLR4 expression 
in WT+E. coli and Ednrb‑/‑+E. coli mice, small interfering 
RNA (siRNA) targeting TLR4 (si‑TLR4) and the corre‑
sponding negative control (siRNA‑NC) were used to generate 
WT+siRNA‑NC+E. coli (n=5), WT+si‑TLR4+E. coli (n=5) 
and Ednrb‑/‑+si‑TLR4+E. coli (n=5) mouse groups  (21). In 
brief, after anesthetization with isoflurane (induction concen‑
tration, 3%; maintenance concentration, 1%), 20  nmol/kg 
siRNA was injected into the caudal vein twice a week to target 
TLR4. The sequences of the siRNAs were as follows: si‑TLR4 
sense, 5'‑UUC​GAG​ACU​GGA​CAA​GCC‑3' and antisense, 
5'‑UGG​CUU​GUC​CAG​UCA​CGA‑3'; siRNA‑C sense, 5'‑UUC​
UCC​GAA​CGU​GUC​ACG​UTT‑3' and antisense, 5'‑TTA​AGA​
GGC​UUG​CAC​AGU​GCA‑3' (100 nM; Guangzhou RiboBio 
Co., Ltd.). Ednrb‑/‑+E. coli mice were used as a control group. 
Knockdown of the TLR4 gene was confirmed at the protein 
level by western blot analysis.

H&E staining and immunohistochemistry (IHC). The colon 
sections were removed following euthanasia and cut into 3‑mm 
sections, stained with H&E at room temperature and imaged 
using light microscopy (Nikon Corporation; magnification, 
x200). The stained sections were assigned an inflammatory 
score in a blinded manner, as previously described (20). TLR4 
protein expression levels were detected by IHC. The IHC 
sections were incubated overnight at 4˚C in primary antibody 
solution containing anti‑human TLR4 antibody (cat. no. A0456; 
final dilution, 2  µg/l; 1:200; OriGene Technologies, Inc.), 
and a biotin‑streptavidin HRP detection system for 12 h. The 
sections were incubated with biotinylated goat anti‑rabbit IgG 
(cat. no. 2019629; 1:200 dilution; OriGene Technologies, Inc.) 
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at room temperature for 30 min, and followed by probing with 
an HRP‑conjugated anti‑rabbit IgG secondary antibody (cat. 
no. 40295G; 1:200; BIOSS) at room temperature for 30 min. 
Negative controls were treated with PBS instead of primary 
antibodies. All sections were observed using a light microscope 
(Olympus BH‑2; Olympus Corporation; magnification, x100).

Immunofluorescence. For immunofluorescence staining, colon 
tissues were separated from mice. Colon tissues were fixed 
in PBS/4% paraformaldehyde and 10% sucrose solution at 
4˚C for 1 h, followed by cryoprotection in PBS/30% sucrose 
(Merck KGaA) for 3 days at 4˚C. Tissue sections were cut into 
20‑mm sections using a Leica Cryostat Microtome, blocked 
using a Streptavidin/Biotin Blocking kit (Vector Laboratories, 
Inc.) according to the manufacturer's protocol and stored at 
‑80˚C until required. Colon tissue samples were stained with 
either mouse or rabbit anti‑F‑actin antibodies (cat. no. 8927; 
1:2,000 dilution; Merck KGaA) for 3 h at room temperature 
and counterstained with DAPI (cat no. 6982; BioLegend, Inc.) 
for 5 min at room temperature. Sections were observed using 
a FV1000 laser‑scanning confocal microscope (Olympus 
Corporation; magnification, x200).

Western blot analysis. Western blot analysis was performed 
following protein extraction using RIPA lysis buffer (Beijing 
Solarbio Science & Technology Co., Ltd.) according to the 
manufacturer's protocol, and protein concentrations were 
measured using an Enhanced Bicinchoninic Acid Protein Assay 
kit (Beyotime Institute of Biotechnology). Tissue protein extracts 
(120 µl) were mixed with SDS buffer (Beyotime Institute of 
Biotechnology) and heated at 90˚C for 5 min. Proteins (30 µg 
per lane) were resolved using 12% SDS‑PAGE and were subse‑
quently transferred to PVDF membranes (MilliporeSigma). The 
membranes were blocked with 5% fat‑free milk in Tris‑buffered 
saline (TBS) for 45 min at room temperature and washed with 
TBS containing Tween‑20 (TBST), and then incubated with 
the following primary rabbit anti‑mouse antibodies: Anti‑TLR4 
(cat. no. ab22048), anti‑NF‑κBp65 (cat. no. ab16502), anti‑p‑p38 
(cat. no. ab31828), anti‑p38 (cat. no. ab2749) (all from Abcam; 
1:200 dilution) and anti‑GAPDH (cat. no. ab60004; Abcam; 
1:200 dilution) at 4˚C for 16 h. The membranes were washed 
with TBST three times and subsequently incubated with 
secondary antibodies [anti‑rabbit IgG (cat. no. sc‑2357; 1:1,000 
dilution) or anti‑mouse IgG (cat. no. sc‑2942; 1:1,000 dilution), 
both from Beyotime Institute of Biotechnology] for 2 h at room 
temperature. The protein bands were visualized using an ECL 
Plus kit (cat. no. E1116; Beyotime Institute of Biotechnology) 
and the Fusion FX7 Spectra multifunction imaging system 
(Vilber Lourmat) was used to detect bands. ImageJ version 1.8.0 
(National Institutes of Health) was used for densitometric 
analysis.

Reverse transcription‑quantitative PCR (RT‑qPCR). For 
RT‑qPCR, total RNA was extracted from colon tissues and 
macrophages using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. A 
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, 
Inc.) was used for RNA concentration analysis. qPCR ampli‑
fication was subsequently performed on an ABI  7900HT 
Real‑Time PCR Detection system (Applied Biosystems; 

Thermo Fisher Scientific, Inc.) to measure the mRNA expres‑
sion levels. The thermocycling conditions were as follows: 
Initial denaturation at 50˚C for 2 min and 95˚C for 10 min; 
followed by 40 cycles of 95˚C for 15 sec and 60˚C for 60 sec. 
Expression levels were calculated using the 2‑ΔΔCq method (22). 
Relative expression levels were normalized to GAPDH. 
The primer sequences for each gene were as follows: TLR4 
forward, 5'‑CATGGATCA GAAACTCAGCAAAGTC‑3' and 
reverse, 5'‑CAT​GCC​ATG​CCT​TGT​CTT​CA‑3'; p38 forward, 
5'‑CGA​CTT​GCT​GGA​GAA​GAT​GC‑3' and reverse, 5'‑TCC​
ATC​TCT​TCT​TGG​TCA​AGG‑3'; NF‑κB forward, 5'‑AGA​
CCT​GGA​GCA​AGC​CAT​TAG‑3' and reverse, 5'‑CGG​ACC​
GCA​TTC​AAG​TCA​TAG‑3'; and GAPDH forward, 5'‑GAC​
GGC​CGC​ATC​TTC​TTG​T‑3' and reverse, 5'‑CAC​ACC​GAC​
CTT​CAC​CAT​TTT‑3'.

ELISA. The levels of IL‑10, TNF‑α and TGF‑β in colon 
tissues were measured using commercially available ELISA 
kits [IL‑10 (cat. no. H009), TNF‑α (cat. no. H052) and TGF‑β 
(cat. no. H034); all from Nanjing Jiancheng Bioengineering 
Institute] according to the manufacturer's instructions.

Muscularis macrophage (MM) culture, treatment and 
transfection. The colons of WT and Ednrb‑/‑ mice were 
carefully excised and separated from the mesentery, cleaned 
and washed with Hank's Balanced Salt Solution (HBSS) 
Mg2+Ca2+ (Gibco; Thermo  Fisher Scientific, Inc.). The 
colon tissues were opened in two, cut into 2‑mm pieces and 
digested with 400 U/ml collagenase D (Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with HBSS Mg2+Ca2+, 2% FBS 
(Gibco; Thermo Fisher Scientific, Inc.) 1X NaPyr + 25 mM 
HEPES + 50 µg/ml DNase I + 2.5 U/ml dispase (Shanghai 
Maokang Biotechnology Co., Ltd.) at 4˚C for 20 min. The 
digested tissue was homogenized and washed. Subsequently, 
the dissociated tissue was filtered through a 70‑µm mesh cell 
strainer, washed with HBSS Mg2+Ca2+ and incubated with 
PBS containing 1% BSA, 10 mM EDTA, 0.02% sodium azide 
containing Fc block and antibodies against CD16/CD32 (cat. 
no. A0847; 1:200 dilution) (all from Gibco; Thermo Fisher 
Scientific, Inc.) at 4˚C for 30 min (23), washed and stained 
with fluorophore‑conjugated antibodies in PBS/2% FBS for 
30 min at 4˚C. The obtained MMs were maintained in DMEM 
(Gibco; Thermo Fisher Scientific, Inc.). siRNAs targeting 
TLR4 for knockdown TLR4 expression in Ednrb‑/‑ MMs, 
and corresponding siRNA‑NC for WT MMs, synthesized 
by Guangzhou RiboBio Co., Ltd. were transfected into the 
cells. The cell groups included: WT+ siRNA‑NC group, WT 
group, Ednrb‑/‑ group and Ednrb‑/‑ + si‑TLR4 group. A total 
of 2 µg/ml siRNA was transfected into MMs at 37˚C for 10 h 
using Lipofectamine® 2000 transfection reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. At 48 h post‑transfection, the WT+siRNA‑NC MMs 
were supplemented with 10% PBS, while the WT, Ednrb‑/‑ and 
Ednrb‑/‑+si‑TLR4 MMs were supplemented with 100 ng/ml 
E. coli JM83. All cells (2,000 cells per well) were seeded 
in 96‑well culture plates. WT+E. coli and Ednrb‑/‑+E. coli 
were control groups. Cell Counting Kit‑8 reagent was used 
according to the manufacturer's instructions (Beyotime 
Institute of Biotechnology) after 0, 24 or 48 h to assess cell 
proliferation. The expression of TLR4/p‑p38/NF‑κB signaling 
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pathway members was assessed by western blot analysis and 
RT‑qPCR, and the collected media were analyzed for IL‑10, 
TNF‑α and TGF‑β protein levels by ELISA.

Statistical analysis. SPSS version 19.0 (IBM Corp.) and 
GraphPad Prism version 8.0 (GraphPad software Inc.) were 
used for statistical analysis. Normally distributed data are 
presented as the mean ± standard deviation and were statisti‑
cally analyzed using one‑way ANOVA, followed by Tukey's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

The TLR4/p‑p38/NF‑κB signaling pathway participates in 
the pathogenesis of HAEC in Ednrb‑/‑ mice. The Ednrb‑null 
mouse (Fig. S1A and B) was used to resemble the pathological 
features of HSCR, including aganglionosis in the rectum and 
distal colon, as well as enterocolitis (21). First, WT and Ednrb‑/‑ 
mice were infected with E. coli JM83 and inflammation scores 
in the colon were histologically assessed. As presented in 
Fig. 1, naive Ednrb‑/‑ mice developed enterocolitis spontane‑
ously after 5 weeks (Fig. 1C), whereas Ednrb‑/‑ mice infected 
with E. coli devloped enterocolitis after 3 weeks. The degree of 
epithelial damage and leukocyte infiltration in E. coli‑infected 

Ednrb‑/‑ mice were more than naive Ednrb‑/‑ mice when they 
were sacrificed at 5 weeks (Fig. 1D). By contrast, WT mice 
infected with E. coli (Fig. 1B) only developed mild inflamma‑
tion in the colon compared with WT mice (Fig. 1A).

Ednrb increases TLR4/p‑p38/NF‑κB signaling to promote 
enterocolitis. As presented in Fig. 2, IHC analysis revealed 
intense brown staining, resembling TLR4 expression in the 
colon of Ednrb‑/‑ (Fig. 2C) and E. coli‑infected Ednrb‑/‑ mice 
(Fig. 2D), compared with WT (Fig. 2A) and E. coli‑infected 
WT mice (Fig. 2B). The average optical density values of 
TLR4 in E. coli‑infected Ednrb‑/‑ mice were higher than those 
in the Ednrb‑/‑ and WT mice (Fig. 2E). Western blot analysis 
and RT‑qPCR further confirmed that the protein and mRNA 
levels of TLR4, NF‑κB and p‑p38 were significantly increased 
in Ednrb‑/‑ and E. coli‑infected Ednrb‑/‑ mice (P<0.05 vs. WT 
and E. coli‑infected WT mice), with no significant difference 
identified between the Ednrb‑/‑ and E. coli‑infected Ednrb‑/‑ 
mice (P>0.05; Fig. 3A‑C). In addition, the expression levels 
of TNF‑α, TGF‑β and IL‑10 were increased in Ednrb‑/‑ and 
E. coli‑infected Ednrb‑/‑ mice, compared with those in WT 
and E. coli‑infected WT mice (P<0.05; Fig. 3D). Of note, 
E.  coli‑infected Ednrb‑/‑ mice exhibited markedly higher 
TNF‑α, TGF‑β and IL‑10 levels than Ednrb‑/‑ mice (P<0.05; 
Fig. 3D).

Figure 1. E. coli and Ednrb deficiency promote the development of Hirschsprung‑associated enterocolitis. The colon tissues were collected at 5 weeks after 
modeling. (A) WT group; (B) E. coli‑infected WT group; (C) Ednrb‑/‑ group; and (D) E. coli‑infected Ednrb‑/‑ group (5 mice per group). Hematoxylin and eosin 
staining was performed to assess histopathological changes (scale bar, 100 µm). Ednrb, endothelin receptor B; WT, wild‑type.
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TLR4 knockdown reverses intestinal inflammation. To assess 
the extent of damage to the intestinal mucosal barrier and 
the role of TLR4/p‑p38/NF‑κB signaling in E.  coli JM83 
infection‑induced HAEC, the severity of enterocolitis and 
cytoskeletal F‑actin expression was assessed following TLR4 
knockdown in WT and Ednrb‑/‑ mice. It has been reported 
that changes in F‑actin in the intestinal epithelial cytoskeleton 
may occur as a mechanism of damage to intestinal barrier 
function (24). As indicated in Fig. 4, a marked interruption 
in mucosal structures was present, and large numbers of 

inflammatory cells and abscesses were observed to have 
infiltrated the mucosa and sub‑mucosa upon E. coli infection 
in Ednrb‑/‑ mice (Fig. 4C), whereas the severity of E. coli 
infection‑induced enterocolitis was markedly alleviated in 
Ednrb‑/‑ mice following TLR4 knockdown (Fig. 4D). In addi‑
tion, the mild degree of inflammation in the colon observed in 
E. coli‑infected WT+siRNA‑NC mice (Fig. 4A) was almost 
completely reversed by TLR4 knockdown (Fig. 4A). F‑actin 
expression was increased in the cytoplasm of intestinal 
epithelial cells, alongside increased tight junction integrity 

Figure 2. Representative immunohistochemical staining for TLR4. (A) WT group; (B) E. coli‑infected WT group; (C) Ednrb‑/‑ group; and (D) E. coli‑infected 
Ednrb‑/‑ group (5 mice per group; scale bar, 200 µm). (E) Quantification of the immunohistochemical staining for TLR4. *P<0.05 vs. WT group; &P<0.05 vs. 
E. coli‑infected WT group; #P<0.05 vs. Ednrb‑/‑ group. Ednrb, endothelin receptor B; WT, wild‑type; TLR4, toll‑like receptor 4; AOD, average optical density.
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in the intestinal mucosal barrier in both WT+siRNA‑NC and 
si‑TLR4‑transfected WT mice 5 weeks after E. coli infec‑
tion (Fig. 5A and B). By contrast, Ednrb‑/‑ mice exhibited a 
substantially decreased density of F‑actin protein and severely 
disordered tight junction structures in response to E. coli 
infection (Fig. 5C). Of note, TLR4 knockdown in Ednrb‑/‑ mice 
gradually increased the density of F‑actin and partly reversed 
tight junction integrity (Fig. 5D).

TLR4 knockdown reduces inflammatory response in Ednrb‑/‑ 
mice and suppresses downstream TLR4/p‑p38/NF‑κB 
signaling. To ascertain whether TLR4/p‑p38/NF‑κB signaling 
was critical to the progression of HAEC, TLR4‑mediated 
downstream pathways and inflammatory cytokines were 
examined following TLR4 knockdown in WT and Ednrb‑/‑ 
mice after E. coli infection. The activation of downstream 
TLR4/p‑p38/NF‑κB signaling pathways, including NF‑κB 

Figure 3. TLR4/p‑p38/NF‑κB signaling is involved in the pathogenesis of Hirschsprung‑associated enterocolitis following Ednrb knockout. (A and B) Western 
blot analysis of TLR4, p‑p38, p38 and NF‑κB protein expression in colonic tissues. (A) Representative western blot image and (B) quantified expression levels 
(n=5 per group). (C) mRNA expression of TLR4, p38 and NF‑κB in colonic tissues. (D) Secreted TNF‑α, TGF‑β and IL‑10 levels in colonic tissues. *P<0.05 
vs. E. coli‑infected Ednrb‑/‑ group; #P<0.05 vs. WT and E. coli‑infected WT groups; &P<0.05 vs. E. coli‑infected WT and Ednrb‑/‑ groups. Ednrb, endothelin 
receptor B; WT, wild‑type; p‑, phosphorylated; TLR, Toll‑like receptor.
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and p‑p38/p38, was further examined. As presented in 
Fig.  6A, transfection of both WT and Ednrb‑/‑ mice with 
si‑TLR4 efficiently knocked down TLR4 protein expres‑
sion. The TLR4 protein was significantly upregulated 
in E.  coli‑infected Ednrb‑/‑ mice, which were subjected 
to a rescue experiment (P<0.05 vs. WT+siRNA‑NC and 
E. coli‑infected Ednrb‑/‑+si‑TLR4 mice). Of note, TLR4 knock‑
down in E. coli‑infected Ednrb‑/‑ mice markedly suppressed 
NF‑κB and p‑p38 expression at the protein level (P<0.05 vs. 
E. coli‑infected Ednrb‑/‑ mice; Fig. 6B and C). Furthermore, 
TLR4 knockdown significantly attenuated TNF‑α, TGF‑β and 
IL‑10 expression in E. coli‑infected Ednrb‑/‑ mice (P<0.05 vs. 
E. coli‑infected Ednrb‑/‑ mice; Fig. 6D). However, the expres‑
sion levels of p‑p38, TNF‑α, TGF‑β and IL‑10 were increased 
in si‑TLR4‑transfected E.  coli‑infected Ednrb‑/‑ mice, 
compared with those in si‑TLR4‑transfected E. coli‑infected 
WT mice (P<0.05; Fig. 6C and D).

Ednrb suppresses MM proliferation via activation of 
TLR4/p‑p38/NF‑κB signaling to promote inflammation. 
As presented in Fig. 7A‑D, a large number of pseudopods 
were observed in both WT and si‑TLR4‑transfected Ednrb‑/‑ 
MMs in response to E.  coli infection compared with the 
WT+siRNA‑NC group. By contrast, a small number of pseudo‑
pods was present in Ednrb‑/‑ MMs upon E. coli infection. The 

proliferative ability of MMs in the Ednrb‑/‑ group was signifi‑
cantly decreased compared with that in the Ednrb‑/‑+si‑TLR4 
group (P<0.05; Fig.  7E). WT MMs exhibited upregulated 
expression of NF‑κB and p‑p38 with significantly increased 
TGF‑β and TNF‑α levels, but diminished IL‑10 levels in 
response to E. coli infection compared with WT+siRNA‑NC 
MMs (P<0.05; Fig. 8A‑C). Of note, in the presence of E. coli 
infection, Ednrb‑/‑ MMs exhibited downregulated expres‑
sion of NF‑κB and p‑p38, as well as lower TNF‑α and 
TGF‑β levels and increased IL‑10 levels (P<0.05 vs. WT 
and Ednrb‑/‑+si‑TLR4; Fig. 8B and C). Knockdown of TLR4 
in Ednrb‑/‑ MMs resulted in substantially increased levels of 
TNF‑α and TGF‑β, and decreased levels of IL‑10 upon E. coli 
infection (P<0.05 vs. Ednrb‑/‑; Fig. 8B and C).

Discussion

HAEC may occur at any time prior to, during or even after 
endorectal pull‑through surgery, which is the definitive proce‑
dure for HSCR (25). There exists a wide variation in the reported 
incidence of HAEC, which occurs in 2‑33% of patients with 
common‑type and 50% of patients with long‑type HSCR (4). 
Clinically, HAEC is characterized by discomfort, a loss of 
appetite, abdominal distention, loose foul‑smelling stools, fever 
and sepsis (26). Previous studies suggested that postoperative 

Figure 4. TLR4 knockdown reverses intestinal inflammation. The colon tissues were collected at 5 weeks after modeling. (A) WT+siRNA‑NC+E. coli group; 
(B) si‑TLR4‑transfected WT+E. coli group; (C) Ednrb‑/‑+E. coli group; and (D) si‑TLR4‑transfected Ednrb‑/‑+E. coli group. Hematoxylin and eosin staining 
was performed to assess histopathological changes (n=5 per group; scale bar, 100 µm). Ednrb, endothelin receptor B; WT, wild‑type; siRNA, small interfering 
RNA; NC, negative control; si‑TLR4, siRNA targeting TLR4; TLR, Toll‑like receptor.
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HAEC was related to surgical factors, such as anastomotic 
stricture or leak, and bowel obstructions (1,5,11,27‑29). More 
recent studies have indicated that the pathogenesis of HAEC 
is related to the mucosal barrier, intestinal microbiota and 
immune function (10,30,31). At least partly due to the wide 
use of Ednrb‑/‑ animal models in HAEC research, the order 
in which these HAEC‑related etiological features change 
is gradually becoming increasingly understood, which has 
promoted improvements in the treatment and prevention of 
HAEC  (32‑34). A previous multicenter study determined 
that HAEC patients exhibited a reduced abundance of the 
phyla Firmicutes and an increased abundance of the phyla 
Bacteroidetes and Proteobacteria, by comparing the bacterial 
microbiome composition of pediatric patients with HSCR to 
those who had a history of HAEC (9). These results strongly 
indicate a dysequilibrium in the gut microbial ecosystem 
of patients with HAEC, such that the dominance of bacteria 
(E. coli) predisposes a patient to the development of HAEC.

In the present study, E. coli JM83 was used as the patho‑
genic bacterium to infect the intestines of Ednrb‑/‑ mice to 
establish a mouse model of HAEC. A previous study reported 

that Ednrb‑/‑ mice developed HAEC on post‑natal days 24‑26 
and 100% mortality was recorded by day 28 after birth (32). 
Clinical histopathological features of patients with HAEC 
mainly include colon crypt dilatation, mucin retention, 
enterocyte adherence of bacteria, epithelial damage, leukocyte 
infiltration and ulceration, and in the terminal stages, trans‑
mural necrosis and perforation (35,36). In the present study, 
the histopathological results indicated that a certain amount 
of inflammatory cells infiltrated the mucosa and submucosa of 
the intestinal wall, and even abscesses were observed in E. coli 
JM83‑infected Ednrb‑/‑ mice, in accordance with the manifes‑
tation observed in humans. Ten Ednrb‑/‑ mice developed HAEC 
3 weeks after E. coli JM83 infection; eight mice survive for 
more than 5 weeks, with two mice dying of abdominal disten‑
tion, diarrhea and dehydration; the 80% survival rate was 
higher than that reported in a previous study (20).

A previous study indicated passive transport of E. coli 
through the mucosal barrier in Ednrb‑/‑ mice and E. coli trans‑
port was significantly reduced in the proximal colon compared 
with the distal colon (37). Previous studies also suggested 
that the dysfunction of the intestinal epithelium contributed 

Figure 5. Representative F‑actin immunofluorescence staining images of colonic sections. (A) WT+siRNA‑NC+E. coli group; (B) si‑TLR4‑transfected 
WT+E. coli group; (C) Ednrb‑/‑+E. coli group; and (D) si‑TLR4‑transfected Ednrb‑/‑+E. coli group (n=5 per group; scale bar, 200 µm). Ednrb, endothelin 
receptor B; WT, wild‑type; siRNA, small interfering RNA; NC, negative control; si‑TLR4, siRNA targeting TLR4; TLR, Toll‑like receptor.
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to the reduction in expression and changes in distribution of 
F‑actin, influencing barrier function and increasing perme‑
ability  (24,38). The results of the present study indicated 
that the expression of F‑actin gradually decreased with the 
activation of the TLR4/p‑p38/NF‑κB signaling pathway and 

thus eventually led to intestinal mucosal damage, and the 
levels of IL‑10 gradually increased, consistent with the degree 
of intestinal barrier damage. These results are supported by 
those of previous studies (39,40), suggesting that IL‑10 is a 
pleiotropic cytokine, the activity of which attempts to limit 

Figure 6. TLR4 knockdown inhibits the secretion of intestinal inflammatory cytokines. (A and B) Western blot analysis of TLR4, p‑p38, p38 and NF‑κB 
protein expression levels in colonic tissues. (A) Representative western blot image and (B) quantified expression levels. (C) mRNA expression levels of 
TLR4, p38 and NF‑κB in colonic tissues. (D) Secreted TNF‑α, TGF‑β and IL‑10 expression in the colonic tissues. *P<0.05 vs. WT+siRNA‑NC+E. coli, 
Ednrb‑/‑+E. coli and si‑TLR4‑transfected Ednrb‑/‑+E. coli groups; #P<0.05 vs. si‑TLR4‑transfected Ednrb‑/‑+E. coli group; &P<0.05 vs. WT+siRNA‑NC+E. coli, 
si‑TLR4‑transfected WT+E. coli and Ednrb‑/‑+E. coli groups (n=5 per group). Ednrb, endothelin receptor B; WT, wild‑type; p‑, phosphorylated; siRNA, small 
interfering RNA; NC, negative control; si‑TLR4, siRNA targeting TLR4; TLR, Toll‑like receptor.
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inflammatory responses. TNF‑α and TGF‑β expression were 
also significantly increased in HAEC mice in the present 
study, which supported the finding of a previous study that 
the secretion of pro‑inflammatory cytokines, such as TNF‑α, 
IFN‑γ, TGF‑β and IL‑6, and other inflammatory mediators and 
the resultant cascade reactions aggravate inflammation and 
destroy intestinal barrier function in patients with HAEC (41). 
Certain studies have indicated that IL‑10 decreased the secre‑
tion of TNF‑α. However, the high levels of TNF‑α reported in 
inflammatory bowel diseases are produced by recruitment of 

immune cells rather than by resident colitogenic cells (41,42). 
Studies have reported that TLR4 activated by bacteria may be 
a major mediator of activating intestinal mucosal immunity, 
progression of intestinal inflammation and promotion of the 
immune response (16,43). Therefore, the results of the present 
study correspond with the fact that HAEC may occur after 
postoperative pull‑through surgery.

The TLR4/p‑p38/NF‑κB signaling pathway is transmitted 
through adaptor proteins and signaling through MyD88 
may be necessary to drive phagocytosis (15,44,45). Studies 

Figure 7. Proliferation of MM cells was assessed using a CCK‑8 assay. Images of MM cells from the (A) WT+siRNA‑NC group; (B) WT+E. coli group; 
(C) Ednrb‑/‑+E. coli group; and (D) si‑TLR4‑transfected Ednrb‑/‑+E. coli group (scale bar, 50 µm). (E) CCK‑8 assay. *P<0.05 Ednrb‑/‑+E. coli vs. si‑TLR4‑trans‑
fected Ednrb‑/‑+E. coli groups. Ednrb, endothelin receptor B; WT, wild‑type; siRNA, small interfering RNA; NC, negative control; si‑TLR4, siRNA targeting 
TLR4; TLR, Toll‑like receptor; MM, Muscularis macrophage; CCK‑8, Cell Counting Kit‑8.
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have indicated that the primary function of TLR4 signaling 
in macrophages is to induce inflammatory responses and 
protect the host from pathogenic bacteria (19,46). The in vivo 
experiments of the present study revealed that TLR4 protein 
expression was upregulated in the colon for 3 weeks following 
stimulation with E.  coli JM83. TLR4 stimulated NF‑κB 
through MyD88 in a mouse model and the levels of NF‑κB 
and p‑p38/p38 were increased in the colon wall following 
stimulation with E. coli JM83. Likewise, NF‑κB induced an 
increase in TNF‑α and TGF‑β expression with the degree of 

enterocolitis in Ednrb‑/‑ mice, and therefore eventually led to 
intestinal mucosal damage. The above results indicate that the 
TLR4/p‑p38/NF‑κB signaling pathway has a central role in the 
initiation of innate cellular immune responses and in the devel‑
opment of subsequent adaptive immune responses to invading 
bacterial infection, and eventually promote intestinal mucosal 
tissue damage in HAEC. This process is consistent with the 
pathogenesis of inflammatory bowel disease in previous adult 
studies  (47,48). By contrast, mucosal barrier integrity was 
maintained without the development of enterocolitis following 

Figure 8. TLR4/p‑p38/NF‑κB signaling is primarily responsible for induction of the anti‑inflammatory activity in MMs. (A) Protein expression levels of 
NF‑κB, p38 and p‑p38. (B) mRNA levels of p38 and NF‑κB. (C) Secretion levels of TNF‑α, TGF‑β and IL‑10 in the culture supernatants. *P<0.05 vs. 
WT+siRNA‑NC+E. coli, Ednrb‑/‑+E. coli and si‑TLR4‑transfected Ednrb‑/‑+E. coli groups; #P<0.05 vs. si‑TLR4‑transfected Ednrb‑/‑+E. coli group; &P<0.05 
vs. WT+siRNA‑NC, WT+E. coli and Ednrb‑/‑+E. coli groups (n=5 per group). Ednrb, endothelin receptor B; TLR, Toll‑like receptor; NC, negative control; 
si‑TLR4, siRNA targeting TLR4; WT, wild‑type; p‑, phosphorylated; siRNA, small interfering RNA; MM, Muscularis macrophage.
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TLR4 knockdown. A previous study indicated that upregu‑
lated TLR4 expression is related to mortality in a model of 
sepsis (46).

However, siRNA‑mediated knockdown of TLR4 to 
inhibit TLR4/p‑p38/NF‑κB signaling reversed the inflam‑
matory effects caused by E. coli infection, indicating that 
TLR4/p‑p38/NF‑κB signaling has a central role in main‑
taining the balance of gut homeostasis during the pathogenesis 
of HAEC. Under certain conditions, this downregulation of 
TLR4 signaling may ameliorate the degree of immune‑medi‑
ated enterocolitis, providing a novel idea for the treatment and 
prevention of HAEC.

The limitation of the present study was that it did not 
analyze the side effects of inhibition of the TLR4/p‑p38/NF‑κB 
signaling pathway. Since the TLR4 receptor is expressed in a 
number of cells, we aim to focus on intestine‑specific inhibitors 
of the TLR4/p‑p38/NF‑κB pathway and assess their protective 
effect on HAEC in future studies.

In conclusion, the present study highlighted the response 
of the intestinal mucosal barrier to HAEC induced by patho‑
genic E. coli. In addition, the activation of TLR4/p‑p38/NF‑κB 
signaling in Ednrb‑/‑ mice by E. coli JM83 led to the devel‑
opment of inflammation and the underlying mechanism was 
indicated to be this signaling pathway. Furthermore, inhibition 
of TLR4/p‑p38/NF‑κB signaling may be of potential benefit 
for the treatment and prevention of HAEC, highlighting a 
novel means for improving intestinal mucosal integrity.
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