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Abstract
Intestinal dysbiosis is believed to play a role in the development of necrotizing 
enterocolitis (NEC). The efficacy of JNK-inhibitory peptide (CPJIP) in treating NEC 
was assessed. Treatment with CPJIP led to a notable reduction in p-JNK expression 
in IEC-6 cells and NEC mice. Following LPS stimulation, the expression of RNA and 
protein of claudin-1, claudin-3, claudin-4 and occludin was significantly decreased, 
with this decrease being reversed by CPJIP administration, except for claudin-3, which 
remained consistent in NEC mice. Moreover, the expression levels of the inflammatory 
factors TNF-α, IL-1β and IL-6 were markedly elevated, a phenomenon that was 
effectively mitigated by the addition of CPJIP in both IEC-6 cells and NEC mice. CPJIP 
administration resulted in improved survival rates, ameliorated microscopic intestinal 
mucosal injury, and increased the total length of the intestines and colon in NEC mice. 
Additionally, CPJIP treatment led to a reduction in serum concentrations of FD-4, D-
lactate and DAO. Furthermore, our results revealed that CPJIP effectively inhibited 
intestinal cell apoptosis and promoted cell proliferation in the intestine. This study 
represents the first documentation of CPJIP's ability to enhance the expression of 
tight junction components, suppress inflammatory responses, and rescue intestinal 
cell fate by inhibiting JNK activation, ultimately mitigating intestinal severity. These 
findings suggest that CPJIP has the potential to serve as a promising candidate for the 
treatment of NEC.
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1  |  INTRODUC TION

Necrotizing enterocolitis (NEC) is a serious condition that affects 
premature neonates and is marked by heightened intestinal inflam-
mation, elevated levels of cytokines including interleukin 1α (IL-1α), 
IL-1β, IL-6 and tumour necrosis factor-alpha (TNF-α), and rapid necro-
sis of the intestinal tissue, leading to mortality in more than one-third 
of cases.1,2 Multiple factors contribute to the hyperinflammatory in-
testinal features in NEC, including the immaturity of the intestinal 
immune system, intestinal ischemia, barrier dysfunction, motility and 
local circulatory disorders and intestinal dysbiosis.3,4 Despite numer-
ous advancements in experimental research on the pathogenesis of 
NEC, the exact mechanisms are not yet fully elucidated.

The intestinal epithelial cells, in conjunction with the tight junction 
(TJ), constitute the inherent intestinal epithelial barrier, which func-
tions as a physical and functional barrier against the trans-epithelial 
permeation of luminal substances.5 Prior research has suggested that 
the build-up of pro-inflammatory cytokines such as TNF-α and IL-1β 
can trigger antigenic penetration, resulting in an increase in intestinal 
TJ permeability.6–8 The established literature indicates that the com-
promised integrity of the intestinal TJ barrier, coupled with height-
ened inflammation, facilitates the transcellular passage of luminal 
antigens, thereby exacerbating intestinal damage and inflammatory 
responses in conditions characterized by increased intestinal permea-
bility, such as inflammatory bowel disease and NEC.9–11 Studies have 
shown that maintaining the integrity of the intestinal TJ barrier is ef-
fective in mitigating intestinal inflammation and enhancing intestinal 
permeability in cases of NEC.12,13 Cytoplasmic and transmembrane TJ 
proteins, such as occludin, ZO, claudin family and junctional adhesion 
molecules, have been demonstrated to function as sealing elements 
and participate in signal transduction, regulation of cellular motility 
and intracellular trafficking.14,15

The activation of the c-Jun N-terminal kinase (JNK) family by cy-
tokine stimulation and physiological stressors is implicated in the dis-
assembly of TJ proteins and the regulation of intestinal permeability, 
which are associated with the pathogenesis of NEC.16,17 Nevertheless, 
further investigation is required to elucidate the precise mechanism 
by which TJ proteins interact with the JNK pathway to contribute to 
the development of NEC.

Various prevention methods, including the administration of 
probiotics, proteins, and amino acids such as antimicrobial peptides, 
whey-derived antioxidative peptide, intestinal alkaline phosphatase, 
casein-derived peptide and lactoferrin, have been utilized as feed-
ing interventions to mitigate intestinal inflammation-induced tis-
sue injury, promote intestinal epithelial cell migration, and maintain 
epithelial barrier integrity in NEC.18–20 In this study, we utilized a 
cell-permeable JNK-inhibitory peptide (CPJIP) known for its ability 
to regulate glucose metabolism and improve diabetes, to investigate 
its effectiveness in regulating experimental NEC both in  vitro and 
in vivo. This study aims to assess the efficacy of this pharmaceutical 
approach and elucidate the underlying pathological mechanisms of 
NEC, with the ultimate goal of identifying a novel therapeutic candi-
date for this condition.

2  |  MATERIAL S AND METHODS

2.1  |  Peptide synthesis

Peptide CPJIP was synthesized by Shanghai Science Peptide Co. Ltd. 
The purity of peptides was determined by high-performance liquid 
chromatography (HPLC) and exceeded 95%. The peptides were 
dissolved in endotoxin-free water and stored at −80°C.

2.2  |  Cell culture

The rat small intestinal crypt cell line (IEC-6) was obtained from the 
typical culture preservation commission cell bank of the Chinese 
Academy of Sciences in China and cultured in Dulbecco's Modified 
Eagle's Medium (Gibco, USA), supplemented with fetal bovine serum 
(FBS) (10%, Gibco, USA) and penicillin–streptomycin (1%, Gibco, 
USA). Cells were maintained in a humidified incubator at 37°C 
with 5% CO2. Lipopolysaccharides (LPS, 100 μg/mL, Sigma-Aldrich, 
USA) was used for establishment of in  vitro NEC model. CPJIP 
was pretreated at the concentrations of 100 μM for 3 h before LPS 
stimulation.

2.3  |  Evaluation of cellular uptake and in vivo 
distribution

CPJIP was labelled with fluorescein isothiocyanate (FITC). For 
in vitro assessment, CPJIP (4 μM) was added into the medium IEC-6 
cells for 1 h. Then IEC-6 cells were washed three times with 1 × PBS 
and fixed in 4% paraformaldehyde (Solarbio, China), and stained 
with DAPI (Solarbio, USA). Fluorescence images were obtained 
using a microscope (Nikon, Japan). In vivo biodistribution of CPJIP 
in intestinal tract was carried out using small animal live imaging 
system (IVIS Spectrum, Perkin-Elmer, USA). Briefly, two group of 
mice were given orally with or without a single dose (10 mg/kg) of 
FITC-labelled CPJIP for 1 h. After that, the fluorescence images of 
intestinal tissues dissected and separated from mice were captured.

2.4  |  Establishment of neonatal NEC mouse 
model and evaluation of clinical sickness score

Experimental NEC was induced in 7-day-old mice of either gender, 
which were randomly divided into four groups: Control, NEC, CPJIP 
and NEC + CPJIP. The mice in the control and CPJIP groups were 
allowed to nurse their mothers freely, while CPJIP group mice were 
fed with additional CPJIP. For NEC group, mice were daily intra-
gastric administrated with hypertonic milk (Wyeth Stage 1:Abbott 
Birth Puppy Formula 2:1, at 50 μL/mg body weight and 200 μg of 
CPJIP was added per ml of hypertonic milk in NEC + CPJIP group). 
After the pups in the experimental group and the intervention group 
were fed the hypertonic milk, they were subjected to hypoxia (5% 
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O2–95% N2) for 10 min in a hypoxia chamber twice daily for 4 days. 
The severity of disease was determined on histologic sections of the 
small intestines stained with haematoxylin and eosin. Furthermore, 
the clinical disease score was assessed daily by an impartial ob-
server based on the mice natural physical activity, body colour, re-
sponse to tactile stimulus, and overall appearance during feeding 
times. Each category was assigned a score ranging from 0 to 3, with 
a total clinical disease score ranging from 0 (best) to 12 (worst). The 
animal study was reviewed and approved by the Institutional Animal 
Care and Use Committee at Affiliated Wuxi Children's Hospital of 
Jiangnan University (No. WXCH2021-09-012).

2.5  |  Histology and scoring

The intestine was dissected from the body of each group of mice, 
and small segments of colon were obtained and fixed with 4% 
paraformaldehyde for 24 h at room temperature. Then, collected 
samples were dehydrated and embedded in paraffin and were cut 
into 4 μm of slices, serially stained with haematoxylin and eosin (HE, 
Solarbio, China). The histopathological examination of haematoxylin 
and eosin stained sections revealed changes that were scored on 
a scale ranging from 0 to 4: (0) Normal histology; (1) Focal mild 
changes limited to intestinal villi; Hydropic degeneration, minimal 
detachment of superfcial epithelial cells from the lamina propria 
and/or detachment from the submucosa; (2) Villus epithelial necrosis 
and thinning of the intestinal wall; (3) Necrosis extending to the 
submucosa; (4) Transmural necrosis.

2.6  |  Immunohistochemistry

Paraffin sections used for immunohistochemistry were depar-
affinized and rehydrated with xylene and ethanol, respectively. 
Antigen retrieval was performed for sections using citric acid an-
tigen retrieval buffer. Then, the sections were incubated in 3% 
hydrogen peroxide at room temperature in the dark for 25 min 
and washed with PBS. Sections were blocked in 1% normal goat 
serum and incubated overnight at 4°C with antibodies specific for 
claudin-1, claudin-3, claudin-4 and occludin (ThermoFisher, USA), 
followed by incubation with horseradish peroxidase (HRP)-coupled 
secondary antibodies. A chromogenic reaction was performed with 
DAB colour developing solution (Solarbio, China) and staining im-
ages were visualized using an optical microscope (Nikon Eclipse Ni, 
Japan). Mean integral optical density was obtained using Image J 
software and statically analysed.

2.7  |  TUNEL (terminal deoxyribonucleotide 
transferase-mediated nick-end labeling) assay

The TUNEL assay was performed on mouse intestine sections using 
a TUNEL BrightGreen Apoptosis Detection Kit (Vazyme, China) 

according to the manufacturer's protocols. Intestinal colon tissues 
were fixed in 4% formaldehyde, dehydrated by a graded ethanol 
series, embedded in paraffin, and sliced into sections. Then sections 
were dewaxed, rehydrated, permeabilized with proteinase K. After 
washing with PBS, the slides were stained with 2 μg/mL DAPI for 
5 min in the dark. Sections were observed with a confocal laser 
scanning microscope (Ti2, Nikon).

2.8  |  EdU staining assays

The proliferation of intestinal cells in four individual groups was 
evaluated using an EdU cell proliferation detection kit (Beyotime, 
China) according to the manufacturer's protocol. Mean integral 
optical density was obtained using Image J software.

2.9  |  Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of the inflammatory cytokines IL-1β, IL-6 and TNF-α were 
measured in the supernatant of culture medium in IEC-6 cells with 
rat IL-1β, IL-6 and TNF-α ELISA kits (MEIMIAN, China), respectively, 
according to the manufacturer's instructions. In addition, serum 
was harvested from mice 4 h after LPS treatment, and the levels of 
diamine oxidase (DAO) and D-lactate were examined using ELISA 
kits (Bioswamp) following the manufacturer's instructions.

2.10  |  Fluorescein isothiocyanate-dextran 
permeability assay

Two hours after LPS administration at last day during model 
embellishment, mice were given 750 mg/kg FITC-dextran 4 kDa (FD-
4) by oral gavage and blood samples were collected 2 h after gavage. 
Then, the serum was separated and the concentration of FD-4 in 
the serum was measured using a fluorescence spectrophotometer 
(Thermo Fisher Scientific, USA) at excitation and emission 
wavelengths of 490 and 520 nm, respectively.

2.11  |  Quantitative Real-Time PCR

RNA was extracted from the cultured IEC-6 cells and experi-
mental mice using RNA-easy™ Isolation Reagent (Vazyme, China) 
and subjected to reverse transcription (RT) with HiScript® III RT 
SuperMix for qPCR (+gDNA wiper) (Vazyme, China). The obtained 
cDNA was used for subsequent qRT-PCR with Taq Pro Universal 
SYBR qPCR Master Mix (Vazyme, China). Relative quantities of 
mRNA and circRNAs were determined by the 2−ΔΔCT method with 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the in-
ternal control. qRT-PCR assay was conducted using the ABI 7500 
system (ABI, USA) and the primer sequences of all targets were 
shown in Table S1.
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2.12  |  Western blot

Whole-cell lysates were prepared from IEC-6 cells and intestinal 
tissues treated with various external stimulation to collect protein. 
Proteins were quantified using a bicinchoninic acid (BCA) protein 
assay kit (Vazyme, China), which were then subjected to sodium 
dodecyl sulfate polyacrylamide gel electrophoresis gel (SDS-PAGE) 
and transferred to polyvinylidene fluoride (PVDF, Millipore, USA) 
membranes using an electroporation system. The membranes were 
blocked with 5% bovine serum albumin (Solarbio, China) in tris-
buffered saline with 0.1% Tween-20 for 1 h at room temperature 
then incubated with specific primary antibodies against JNK 
(CST, USA), p-JNK (CST, USA), claudin-1 (ThermoFisher, USA), 
claudin-3 (ThermoFisher, USA), claudin-4 (ThermoFisher, USA), 
occludin (ThermoFisher, USA) and β-actin (CST, USA) at 4°C 
overnight, followed by incubation in the presence of a horseradish 
peroxidase-conjugated secondary antibody (CST, USA) for 2 h at 
room temperature. β-actin was used as the internal reference for 
normalization. The protein bands were detected using an enhanced 
chemiluminescence kit (Millipore, USA) and visualized using a Bio-
Rad ChemiDoc XRS+ imaging system. The Image Lab and ImageJ 
software (Rockville, USA) was used for analysis.

2.13  |  Statistical analysis

All data are presented as the mean ± standard deviation (SD). SPSS 
version 22 software (IBM, USA) was used for statistical analyses, 
while the GraphPad Prism 9 software (La Jolla, USA) was used to 
acquire images. Survival analysis was performed using the Kaplan–
Meier method. Differences among groups were compared using 
One-way analysis of variance (anova) followed by Dunnett's test. 
p < 0.05 was the significance threshold.

3  |  RESULTS

3.1  |  Characteristics and distribution of CPJIP

CPJIP is a synthesized peptide conjugated with FITC composed of 30 
amino acids including a 20 amino acid listed from the JNK-binding 
domain of JIP-1 (RPKRPTTLNLFPQVPRSQDT) and a 10 amino 
acid derived from the HIV-TAT sequence (GRKKRRQRRR), with a 
molecular weight of 3610 (Figure 1A). To assess in vivo distribution 
of CPJIP, mice were administrated with orally gavage of FITC-labelled 
CPJIP for 1 h. As shown in Figure  1B, strong fluorescence signal 
was detected in intestinal tract of CPJIP-FITC group, which implied 
a direct regulation of CPJIP on intestinal function in  vivo. Since 
intestinal epithelial cells serve as an intestinal barrier component 
and play a critical role in NEC aetiology, we subsequently examined 
the cellular uptake efficiency of FITC-CPJIP in IEC-6 cells. Following 
a 1-h incubation, a notable fluorescence expression of FITC-CPJIP 
was observed in the cytoplasm and nucleus (Figure  1C). These 
results demonstrate that CPJIP is capable of entering into the target 
area with an advantage to act its biological function.

3.2  |  CPJIP inhibits JNK activation and ameliorates 
inflammation response as well as intestinal barrier 
in vitro

It is well-recognized that impaired intestinal barrier function, along 
with excessive inflammation, is widely observed in NEC. We first in-
vestigated whether CPJIP played regulatory roles in the activation of 
JNK pathway. The western blot results showed that LPS incubation 
for 3, 6 and 24 h all upregulated the phosphorylation of JNK (p-JNK), 
however, CPJIP did not inhibit the increased p-JNK level induced by 
LPS stimulation at 3 and 6 h (Figure  2A,B). Intriguingly, the p-JNK 

F I G U R E  1 Characteristics and 
distribution of CPJIP. (A) Structure of 
CPJIP. (B) Fluorescence images of mice 
treated with FITC-labelled CPJIP after 
1 h of the oral test and control mice. (C) 
Cellular uptake of CPJIP in IEC6 cells. Cells 
were incubated with FITC-labelled CPJIP 
(green) for 1 h and stained with DAPI 
(blue).
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expression was significantly decreased following CPJIP treatment 
for 24 h. Hence, we performed subsequent in vitro experiments em-
ploying an actuation duration for 24 h. To determine whether CPJIP 
improved intestinal epithelial barrier of NEC cell model, we then de-
tected the protein expression of TJ components (claudin-1, claudin-
3, claudin-4 and occludin). The western blot results showed that the 

expression of all four TJ proteins were notably reduced after LPS 
treatment, which was significantly reversed except for claudin-3 by 
administration of CPJIP (Figure 2C,D). In addition, we found that the 
production of the inflammatory factors TNF-α, IL-1β and IL-6 was sig-
nificantly increased, while CPJIP could attenuate the levels of three 
cytokines to inhibit inflammatory response. Collectively, all above 

F I G U R E  2 CPJIP inhibits JNK 
activation and ameliorates inflammation 
response as well as intestinal barrier 
in vitro. (A) Representative immunoblots 
images showing the protein expression 
of p-JNK and JNK, (B) accompanied 
by quantification analysis of relative 
activation level of JNK. (C) Representative 
immunoblots images showing the protein 
expression of claudin-1, claudin-3, 
claudin-4 and occludin in control, LPS, 
CPJIP and LPS + CPJIP groups, (D) along 
with quantification analysis; β-Actin 
was used as a loading control. (E) The 
concentrations of inflammatory cytokines 
including TNF-α, IL-1β and IL-6 in four 
groups were detected by ELISA kits. Data 
were shown as the mean ± SD. One-way 
anova. n.s., not significant; *p < 0.05; 
**p < 0.01; ***p < 0.001.
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data indicate that CPJIP suppresses JNK activation and restores in-
testinal barrier function by reducing inflammatory response in vitro.

3.3  |  CPJIP reduces the severity in a mouse 
NEC model

To assess whether the experimental NEC was successfully established, 
haematoxylin and eosin staining was performed to intuitively observe 
pathological structural changes. As shown in Figure 3A,B, NEC mouse 
displayed progressive deterioration of intestinal tract characterized by 
swollen and broken villi, and disordered arrangement of lamina pro-
pria cells in days 1, 2 and 3. For another indication of NEC model, we 
found that the survival rate of NEC group was gradually decreased, but 
was significantly upregulated by administration of CPJIP in NEC mice 
(Figure 3C). Moreover, we performed clinical sickness scoring and found 

that NEC mice exhibited higher score, while CPJIP treatment could re-
gain relatively low score indicating the alleviation of intestinal charac-
ters (Figure 3D). In addition to evaluating the overall features among 
four groups, we also measured the total intestinal and colon length. The 
results showed that both the total intestinal and colon lengths were 
lower in the NEC group than in the control and CPJIP groups, while that 
of NEC mice with CPJIP treatment was higher than in NA mice and con-
trol mice (Figure 3E,F). Haematoxylin and eosin staining data showed 
that the intestinal tissue of NEC mice exhibited an aberrant organiza-
tion of epithelial cells, broken villi, partial necrosis, edema and slightly 
broken muscle and mucosal layer compared to control and CPJIP only 
groups. However, ameliorative microscopic intestinal mucosal injury 
and reduced pathological severity along with restored histopathologi-
cal scores were observed in the NEC + CPJIP group (Figure 3G,H). In 
summary, these findings indicate that CPJIP improves intestinal devel-
opment and ameliorates NEC severity in mouse model.

F I G U R E  3 CPJIP lessened the severity 
of NEC mice. (A) Haematoxylin and eosin 
micrographs and (B) histopathological 
score of intestinal colon newborn 
rats subjected to procedure used to 
establish experimental NEC in gradually 
increasing days. (C) Survival curves 
fitted by a Kaplan–Meier plot showing 
the change tendency in control, NEC, 
CPJIP and NEC + CPJIP among which 
control and CPJIP group represented 
obvious overlap. (D) Clinical scores 
representing the baseline characteristics 
and clinical outcomes in control, NEC, 
CPJIP and NEC + CPJIP. (E) Representative 
photographs of the whole intestines 
of newborn mice followed by (F) 
quantification analysis of the total 
intestinal and colon length in four groups. 
(G) Representative photomicrographs 
and (H) histopathological score of colons 
derived from four individual groups 
showing the pathological changes and 
ameliorated manifestation. Data were 
shown as the mean ± SD. One-way anova. 
*p < 0.05; **p < 0.01; ***p < 0.001.



    |  7 of 11BU et al.

3.4  |  CPJIP improves intestinal barrier function by 
increasing TJ expression in NEC model

This study indirectly evaluated intestinal barrier function through 
measuring intestinal permeability using serum FD-4 and D-lactate 
concentrations. Although D-lactate is a metabolite of intestinal flora 

that cannot pass intact barriers, both FD-4 and D-lactate can enter 
the bloodstream through damaged or compromised intestines. The 
significant increase levels of serum FD-4 (Figure 4A) and D-lactate 
(Figure  4B) were observed, while these elevations were reversed 
using CPJIP. Meanwhile, we evaluated alterations of TJ proteins. The 
qRT-PCR results showed that the mRNA expression of all TJ proteins, 

F I G U R E  4 CPJIP improves intestinal 
barrier function by increasing tight 
junction (TJ) expression in NEC model. 
Detection of the levels of (A) FITC-
dextran 4 kDa and (B) D-lactate in the 
serum of different groups reflecting 
the intestinal permeability. (C) qRT-PCR 
analysis of TJ proteins including claudin-1, 
claudin-3, claudin-4, occludin and ZO1. (D) 
Representative sections from colon tissue 
of control, NEC, CPJIP and NEC + CPJIP 
stained with anti-claudin-1, anti-
claudin-3, anti-claudin-4 and anti-occludin 
antibodies, along with (E) quantification 
analysis of mean integral optical densities. 
Scale bar: 100 μm. Data were shown 
as the mean ± SD. One-way anova. n.s., 
not significant; *p < 0.05; **p < 0.01; 
***p < 0.001.
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including claudin-1, claudin-3, claudin-4, occludin and ZO1, was re-
markably decreased in NEC mice. Unexpectedly, administration of 
CPJIP significantly restored the mRNA levels of TJ proteins except 
for claudin-3 (Figure 4C). We also employed immunohistochemistry 
(IHC) to investigate the expression of TJ components (Figure  4D). 
Compared with the control group, the NEC mice exhibited notably 
reduced expression of claudin-1, claudin-3, claudin-4 and occludin. 
Consistent with qRT-PCR results, the mean integral optical densities 
of claudin-1, claudin-4 and occludin were elevated in NEC + CPJIP 
group compared to NEC group (Figure 4E). In addition, immunofluo-
rescence of ZO-1 and tricellulin was implemented to further support 
the alleviation of NEC symptoms following CPJIP administration 
(Figure S1). Taken together, these results suggested that CPJIP could 
enhance intestinal TJ function.

3.5  |  CPJIP attenuates intestinal inflammation and 
promotes intestinal cell growth partially via 
JNK pathway

Normally, ciliated epithelial cells in the small intestinal mucosa ex-
press DAO, which is released into systemic circulation after massive 
epithelial damage. ELISA results showed a significant increase of DAO 
concentrations in NEC mice, but this augmentation was reversed by 
administering CPJIP (Figure 5A), implying that CPJIP has a protective 
effect against intestinal epithelial injuries. We then investigated the 
effect of CPJIP on cytokine production in NEC mouse intestinal tissue 
using qRT-PCR and found that the production of the inflammatory fac-
tors IL-1β, IL-6 and TNF-α was significantly increased in NEC than that 
in control group (Figure 5B). Importantly, when mice were treated with 
CPJIP during NEC modelling, the expression of these three cytokines 
was markedly decreased. To evaluate involvement of the JNK pathway 
in aetiology of NEC in vivo, Western blot was carried out (Figure 5C). 
The results showed that the phosphorylation of JNK (p-JNK) was in-
creased in NEC mice, while CPJIP inhibited the elevation of p-JNK lev-
els associated with NEC development (Figure 5D). Subsequently, we 
determined whether the aberrant cell viability of intestinal colon asso-
ciated with pathogenesis of NEC was affected by CPJIP. The cell pro-
liferation and apoptosis were measured using EdU staining and TUNEL 
assay. As shown in Figure 5E,F, the intestinal tissue of NEC mice exhib-
ited significantly reduced cell proliferation compared to control mice, 
which was restored by administration of CPJIP under NEC condition. 
Moreover, TUNEL staining further revealed augmented cell apoptosis 
in NEC mice, whereas CPJIP elicited the opposite effect by inhibiting 
intestinal cell apoptosis (Figure 5G). Collectively, CPJIP improves intes-
tinal inflammation-induced injury and facilitates intestinal cell growth 
partially partly through JNK pathway.

4  |  DISCUSSION

NEC, a serious medical condition that primarily impacts newborns, ex-
hibits a limited efficacy in treatment. Studies utilizing animal models 

demonstrate that enteral nutritional interventions have the poten-
tial to mitigate the occurrence, severity and manifestations of NEC. 
Furthermore, these interventions have been shown to ameliorate 
various pathological mechanisms associated with the progression of 
NEC, including intestinal inflammation and impairment of intestinal 
barrier function. In the present study, synthesized CPJIP was utilized 
in the context of the pathological progression of NEC, revealing its 
capacity to enhance the maintenance of the intestinal barrier by at-
tenuating immune response and reducing the severity of NEC. It is 
noteworthy that the synthesized poly-peptide CPJIP was an effec-
tive JNK inhibitor that was deeply investigated in the study of type 
2 diabetes.21 Intriguingly, JNK signal pathway was demonstrated in 
a few articles to be implicated in the aetiology and pathogenesis of 
NEC. Moreover, JNK activity was associated with the regulation of 
inflammatory response that was also widely recognized as dominant 
contributor for NEC development. Hence, we here implemented ex-
perimental investigation on the regulatory function and underlying 
mechanism of CPJIP in the development of NEC. As to specificity, 
CPJIP is a derivative of the JNK binding domain of JNK-interacting 
protein-1 (JIP-1), also referred to as islet-brain-1 (IB-1), and has been 
first documented to act as a potent inhibitor of the JNK Pathway.22 
Furthermore, our findings suggest that CPJIP may act as a potential 
therapeutic agent, in part through modulation of the JNK pathway. 
Therefore, it is hypothesized that the improved intestinal barrier func-
tion and reduced inflammation resulting from CPJIP administration 
may contribute to the amelioration of NEC severity.

The identification of a malfunctioning intestinal epithelial TJ 
barrier, coupled with aberrant expression of TJ proteins, has been 
recognized as a primary factor in the development of intestinal in-
flammation.13,23,24 Studies indicate that an increase in intestinal per-
meability due to the disruption of TJ barrier function, coupled with 
elevated levels of inflammatory cytokines, leukocyte infiltration and 
epithelial necrosis, may predispose premature infants to inflammatory 
diseases such as NEC and inflammatory bowel disease. Despite this 
risk, the valuable nutritional components present in maternal milk are 
beneficial for neonates.25–28 In our study, we observed a consistent 
pattern of intestinal dysbiosis characterized by morphological dam-
age, decreased expression of TJ proteins, heightened inflammatory 
response, impaired cell proliferation, and increased cell apoptosis in 
colon tissue. We hypothesize that bioactive peptides may serve a pro-
tective function in the gastrointestinal tract by resisting hydrolysis, 
promoting the maturation of the intestinal barrier and facilitating the 
absorption of peptides into systemic circulation and target tissues.29,30 
Peptides have been identified as potential anti-oxidative agents that 
may mitigate the exacerbation of intestinal abnormalities,19,31 imply-
ing the pivotal role of peptides in the pathogenesis of NEC. Previous 
studies have indicated that peptides with elevated isoelectric points, 
increased hydrophobicity or hydrophilicity, and reduced molec-
ular weight exhibit a higher likelihood of traversing the CaCO2 cell 
monolayer via nonspecific fluid-phase endocytosis, specific receptor-
mediated endocytosis, and carrier-mediated transport.32–34 Our ob-
servations indicate that CPJIP can be transported into the intestinal 
local area in mice and the cytoplasmic domain in the CaCO2 cell line. 
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Our current study demonstrates that CPJIP reduces inflammation in 
NEC and improves pathological features. Additionally, we found that 
CPJIP enhances overall survival and decreases the incidence of NEC. 
It is well-established that defective intestinal barrier function contrib-
utes to NEC, and previous evidence suggests that there is no direct 
evidence of CPJIP's involvement in the re-establishment of the un-
derdeveloped physical barrier in NEC. Interestingly, CPJIP has been 
shown to enhance intestinal barrier function.

Studies have shown that inflammatory cytokines including TNF 
are increased in NEC, leading to activation of NF-κB, JNK and p38 
signalling pathways.35,36 It is widely acknowledged that an impaired 
intestinal barrier function is associated with heightened JNK activity, 
resulting in dysbiosis and an exaggerated immune response, which can 
be ameliorated by inhibiting JNK.37 Moreover, the JNK pathway has 
the capacity to modulate the disassembly of TJ proteins. Activation 
of JNK can lead to the disruption of adherent junction protein 

F I G U R E  5 CPJIP attenuates intestinal 
inflammation and promotes intestinal 
cell growth partially via JNK pathway. 
(A) Measurement of serum levels of 
DAO using ELISA kit in different groups. 
(B) Detection of mRNA expression of 
inflammatory cytokines in intestinal colon 
tissues including IL-1β, IL-6 and TNF-α by 
qRT-PCR. (C) Representative immunoblots 
images showing the protein expression 
of p-JNK, JNK and β-actin, accompanied 
by (D) quantification analysis of relative 
activation level of JNK. (E) Representative 
sections from colon tissue of control, 
NEC, CPJIP and NEC + CPJIP stained 
with EdU incorporation, along with (F) 
quantification analysis of mean integral 
optical densities. (G) Representative 
image of TUNEL staining, green indicating 
TUNEL-positive cells and blue indicating 
DAPI. Scale bar: 100 μm. Data were 
shown as the mean ± SD. One-way anova. 
*p < 0.05; **p < 0.01; ***p < 0.001.
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interactions, phosphorylation of β-catenin, and aberrant expression 
levels of TJ proteins, exacerbating the breakdown of epithelial junc-
tions.16,38 Concurrently, the administration of a JNK inhibitor enhanced 
the assembly of TJ proteins and improved the function of the intes-
tinal barrier.39,40 In addition to the regulatory effect of CPJIP on the 
enhancement of TJ protein levels, the permeable function related to 
TJ proteins also sparking the insight into the establishment procedure 
of NEC mice model about using hypertonic milk. It is well-recognized 
that hypertonic microenvironment predisposes intestines of infant es-
pecially premature to mucosal injury, leading to progressive intestinal 
lesion. The procedure using hypertonic milk in mice for experimental 
NEC establishment was originally used by Jilling,41 which resulted in 
severe intestinal injury. Subsequent investigators combined hypertonic 
milk with combining with other manipulation including hypoxia and/or 
cold stimulation to further simulate pathological features characterized 
by disrupted intestinal structure and excessive inflammatory responses.

In the present study, a consistent increase in JNK activation and 
compromised intestinal barrier function in NEC was observed in both 
in vivo and in vitro. Additionally, the protective effect of CPJIP against 
NEC was shown to be associated with a reduction in JNK activation. 
However, the extent to which CPJIP improves disrupted intestinal 
function solely through the JNK pathway is not definitively supported 
by existing evidence, necessitating further experimental validation. 
These findings suggest that CPJIP may function as a potential JNK 
inhibitor in the context of NEC.

5  |  CONCLUSION

In summary, our study demonstrated that CPJIP effectively exerted 
anti-inflammatory effects and improved intestinal barrier function 
by upregulating TJ protein expression in both in  vivo and in  vitro 
models. These effects were mediated, at least in part, by the inhibi-
tion of the JNK pathway and enhancement of intestinal cell viability, 
ultimately leading to a reduction in the severity of NEC. Our findings 
suggest that CPJIP may serve as a promising prophylactic treatment 
option for enhancing intestinal barrier function in infants at risk for 
NEC and preventing the onset of the disease. Additional evidence-
based support is required to elucidate the specific and exclusive 
mechanisms through which CPJIP acts as an effective regulator in 
protecting the intestinal system.
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