
Food &
Function

PAPER

Cite this: Food Funct., 2025, 16,
3904

Received 12th November 2024,
Accepted 16th January 2025

DOI: 10.1039/d4fo05556j

rsc.li/food-function

Human milk peptide MAMP-1 alleviates
necrotizing enterocolitis via inhibition of the
TLR4-mediated PI3K-AKT-NF-κB signaling
pathway†

Rui Long, ‡a,b Shimei Lu,‡a,b Xiuhui Chen,c Weijun Ye,c Tengfei Wang,d

Xingyun Wang,*d Fengdan Xu*a,b,c and Ning Li*a,b

Background: Necrotizing enterocolitis (NEC) is a disease with prevalent and serious intestinal inflam-

mation that poses a significant threat to the lives of newborns. Human milk has been shown to prevent

and treat the occurrence of NEC; however, the underlying mechanisms remain unclear. MAMP-1 is a sig-

nificantly overexpressed endogenous peptide derived from β-casein extracted from the human milk of

premature mothers, which is resistant to gastrointestinal conditions and exhibits favorable physico-

chemical properties. This study aims to investigate the mechanism by which the human milk-derived

peptide MAMP-1 mitigates NEC in mice, offering new insights for clinical treatment. Methods: The C57BL/

6 mice were categorized into three distinct groups randomly on the 7th day after birth, with 40 mice in

each group. The NEC model was established using “artificial feeding + hypoxia + cold”, and the

MAMP-1 group received daily MAMP-1 gavage during NEC modeling. Ileum tissues and feces were col-

lected. Pathological damage in the intestines was evaluated by H&E staining. ZO-1 expression was ana-

lyzed through immunofluorescence staining and western blot. Apoptosis in the intestine was assessed

using western blot and TUNEL staining. The effects of signaling pathways were confirmed through

western blot and RNA sequencing. The expression of inflammatory factors was assessed using RT-PCR.

16S high-throughput sequencing was used to determine the diversity and abundance of the gut micro-

biota. Results: MAMP-1 reduced the mortality rate of NEC mice, alleviated ileum injury, increased the

ZO-1 expression of the intestinal barrier, reduced the apoptotic protein expression, lowered the TUNEL

positive area, increased anti-apoptotic protein expression, and reduced the levels of TLR4, P-PI3K, P-AKT,

and NF-κB, leading to a reduction in the release of inflammatory cytokines. Furthermore, MAMP-1

decreased the abundance of harmful bacteria and increased the abundance of beneficial bacteria at both

the phylum and genus levels. Conclusion: MAMP-1 might inhibit the TLR4-PI3K-AKT-NF-κB signaling

pathways, further reducing inflammation factor release, and might decrease intestinal cell apoptosis.

Results indicated that MAMP-1 might alleviate intestinal damage in NEC mice. Meanwhile, MAMP-1 might

positively modulate the composition of the microbiota of NEC mice and further achieve the preventive

and therapeutic effect of MAMP-1 on NEC.

Introduction

Necrotizing enterocolitis (NEC) is a disease with severe intesti-
nal inflammation that poses a significant threat to the lives of
newborns, with a mortality rate of up to 50% among patients
requiring surgery.1 Multiple risk factors, including prematur-
ity, enteral feeding in newborns, immature immune system
development, and alterations of the gut microbiota, can even-
tuate the onset of NEC.2,3 Currently, the primary treatment
approaches for NEC include antibiotic therapy, symptomatic
support, and surgical treatment.4,5 However, these treatment
methods are associated with a poor prognosis for NEC, result-
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ing in malnutrition and long-term neurodevelopmental dis-
orders in newborns.6

Intestinal injury in NEC is related to inflammation and
apoptosis. TLR4 (Toll-like receptor 4) is activated by lipopoly-
saccharides from Gram-negative bacteria, increasing the
release of inflammatory cytokines that make intestinal wall
thinner and lead to increased intestinal permeability and
disrupt intestinal tight junction, thereby accelerating intestinal
cell apoptosis.7 Apoptotic intestinal cells in NEC may exacer-
bate the disruption of intestinal barrier function, allowing
more microorganisms to enter the submucosal area and
trigger more severe inflammatory responses.8 The imbalance
between intestinal injuries and repair further forms a vicious
cycle of inflammation and apoptosis and finally causes intesti-
nal mucosal necrosis.

Related studies have shown that breastfeeding could effec-
tively reduce the incidence of neonatal NEC and the risk of
mortality associated with diseases such as sepsis and
pneumonia.9,10 Compared to formula feeding, breastfeeding is
more effective in protecting newborns from NEC, promoting
intestinal immunity, improving intestinal lesions, repairing
intestinal barriers, decreasing intestinal cell apoptosis, and
reducing the occurrence of intestinal inflammation.11 Human
milk contains numerous bioactive components (including
human milk oligosaccharides, lactoferrin, β-casein, and
immunoglobulin) that not only nourish babies but also
protect them from various diseases.12 β-Casein exhibits a high
expression of free peptides in the breast milk of premature
mothers, which is very important for the development of intes-
tinal health in premature infants.13 Therefore, exploring
endogenous peptides derived from β-casein that exhibit protec-
tive effects on the intestine could provide new insights into the
prevention and cure of NEC.

In this study, we found a significantly overexpressed
endogenous peptide derived from β-casein isolated from
human milk of premature mothers, which was named
MAMP-1. MAMP-1 was analyzed using the ExPASy ProtParam
online (https://web.expasy.org/protparam/), which revealed that
the molecular weight of MAMP-1 is 1471.2 Da, with a half-life
of 100.0 h, a lipid solubility index of 125.0, and a hydrophili-
city index of 0.44 (Fig. 1A). Using mass spectrometry, the
content of this peptide in human milk from premature
mothers was found to be 2.74 times higher than that in the
milk of normal mothers (Fig. 1B). Analysis using Spiral Wheel
software (https://rzlab.ucr.edu/Scripts/wheel/wheel.cgi) indi-
cated that MAMP-1 exhibits hydrophilicity (Fig. 1C). Analysis
through UniProt (https://www.uniprot.org/) and the
SWISS-MODEL model server (https://swissmodel.expasy.org/
interactive) shows that MAMP-1 is derived from β-casein and
consists of 14 amino acids, located at positions 213–226
(VTQPLAPVHNPISV) (Fig. 1D). Given the physicochemical pro-
perties and tolerance to the gastrointestinal environment of
MAMP-1, we inferred that MAMP-1 may have a protective effect
on the intestine, potentially aiding in the prevention and cure
of NEC. To investigate the role of MAMP-1 in preventing and
treating NEC in mice, we conducted relevant experiments.

Materials and methods
MAMP-1 synthesis

The process begins with the preparation of Wang resin, which
is soaked in dichloromethane (DCM) and then washed and
dried with N,N-dimethylformamide (DMF). The C-terminal
first amino acid, valine (Val), is coupled to the resin using
1-hydroxy-benzotriazole (HOBt), N,N-diisopropylcarbodiimide
(DIC), and 4-dimethylaminopyridine (DMAP) at 30 °C. After
capping with acetic anhydride, the resin is washed and dried.
The Fmoc protecting group is removed using 20% piperidine in
DMF, followed by washing and drying. The ninhydrin test is
used to confirm successful deprotection. Subsequent amino
acids are coupled in a similar manner, with each coupling step
followed by a ninhydrin test to ensure complete reaction. After
all amino acids are coupled, the Fmoc group of the terminal
glycine (Gly) is removed, and the resin is dried with methanol.
The peptide is cleaved from the resin using a 95% trifluoroacetic
acid-based cleavage solution, followed by precipitation with cold
ether. The crude peptide is purified by high-performance liquid
chromatography (HPLC) and then lyophilized to yield a peptide
of a certain purity (GRKKRRQRRRPPQQVTQPLAPVHNPISV).

Mice for NEC modeling and drug intervention

All animal procedures were conducted in accordance with the
Guidelines for Care and Use of Laboratory Animals of
Guangdong Medical University and were approved by the
Animal Ethics Committee of Guangdong Medical University.
The ethical permission number is GDY2302208. As described
in the previous methods,14 7 days after the birth of the C57BL/
6 mice, they were separated from the mother mice, and artifi-
cial feeding was started. A mixture of baby milk powder (Abbott
Similac) and puppy milk powder (PetAg Esbilac) in a ratio of
2 : 1 (3 g of baby milk powder and 1.5 g of puppy milk powder
were dissolved in 10 mL of distilled water) was orally fed four
times per day, and then the mice were subjected to hypoxia and
hypothermia (95%N2, 5%O2 for 10 min and 4 °C for 10 min
twice a day) for 4 days to induce NEC. Meanwhile, MAMP-1 was
administered through gavage at 100 μg kg−1 for NEC modeling
(Fig. 2A). Therefore, mice were divided into three groups (the
Control group, the NEC group, and the MAMP-1 group).
Untreated mice of same age that lived with their mothers were
in the Control group. After 4 days, mice were dissected and
intestinal tissues were obtained for further experiments.

Tissue collection and injury evaluation

We evaluated the intestines grossly and a 1–2 cm segment of
intestinal tissue was extracted from the distal ileum. This tissue
was then immersed in a 4% PFA solution for 72 hours. Following
this process, the tissues underwent dehydration and were sub-
sequently embedded in paraffin. The samples were sectioned into
4 μm slices. Then the sections were stained with Hematoxylin and
Eosin, which facilitated the assessment of pathological injury
scores by two independent, blinded pathologists with an estab-
lished pathological scoring criterion (6 mice per group). Tissues
with histologic scores ≥ 2 were considered as exhibiting NEC.15

Food & Function Paper

This journal is © The Royal Society of Chemistry 2025 Food Funct., 2025, 16, 3904–3917 | 3905

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

11
:4

8:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
https://rzlab.ucr.edu/Scripts/wheel/wheel.cgi
https://rzlab.ucr.edu/Scripts/wheel/wheel.cgi
https://www.uniprot.org/
https://www.uniprot.org/
https://swissmodel.expasy.org/interactive
https://swissmodel.expasy.org/interactive
https://swissmodel.expasy.org/interactive
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo05556j


Immunofluorescence

The intestinal paraffin sections of the three groups (4 mice per
group) were deparaffinized with xylene × 2 for 10 min, anhydrous
ethanol × 2 for 5 min, 90% ethanol for 5 min, and 80% ethanol
for 5 min and then subjected to treatment with EDTA antigen
repair buffer (pH = 8.0) for 10 min in a microwave oven.
Following a wash with phosphate-buffered saline (PBS), endogen-
ous peroxidases were eliminated using a 3% hydrogen peroxide
solution. The slices were blocked with 5% bovine serum albumin
for 30 minutes to inhibit nonspecific binding. The slices were
subsequently incubated with primary anti-ZO-1 (1 : 50, Invitrogen,
USA) at 4 °C overnight. The slices were washed with PBS and then
incubated with a Goat anti-Rabbit IgG Highly Cross-Adsorbed
Secondary Antibody (1 : 200, Alexa Fluor 488, Invitrogen, USA) at
room temperature for a duration of 30 minutes. The entire
process needs to be kept away from light. Finally, DAPI (Beyotime,

China) was used to cover the slices. Images were observed under
a fluorescence microscope after sealing.

Western blot

Freshly extracted intestinal tissues (4 mice per group) were pro-
portionally treated with RIPA lysis buffer (Beyotime, China),
with a protease inhibitor and a phosphatase inhibitor. Then
tissues were ground using a tissue homogenizer to obtain
homogenates and kept on ice for 30 min. The mixture was cen-
trifuged for 15 minutes and the supernatant was collected.
The protein concentrations were ascertained using a Pierce
BCA Protein Assay Kit (Beyotime, China). The supernatant was
then amalgamated with sodium dodecyl sulfate sample buffer
(EpiZyme, China) in a 4 : 1 ratio and denatured at 100 °C for
10 minutes. Mixtures were separated using 7.5% and 12.5%
polyacrylamide gels (EpiZyme, China), transferred to 0.45 μm/

Fig. 1 Basic characteristics of MAMP-1. (A–C) Physicochemical properties and structure of MAMP-1. (D) Prediction construction of MAMP-1.
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0.22 μm PVDF membranes (Millipore, USA), and detected
using primary anti-β-actin (1 : 10 000, Abclonal, China), anti-
TLR4 (1 : 1000, Santa, US), anti-NF-κB, anti-Bax, anti-Bcl2, anti-
Cleaved-Caspase3, anti-PPI3K, anti-PAKT (1 : 1000, CST, US),
and anti-ZO-1 (1 : 500, Invitrogen, USA) at 4 °C overnight.
Membranes were incubated with the corresponding secondary
antibody (1 : 4000, Abclonal, China) at room temperature for
60 min. Signals were detected using chemiluminescence (ECL,
Mce, USA). The Image J analysis system was employed to quan-
tify the relative intensity of target bands.

mRNA expression analysis

RNA was extracted from the terminal ileum (6 mice per group)
using a SteadyPure Universal RNA Extraction kit (AG, China).

The RNA quality was detected by a nanodrop spectrophoto-
meter. The quantified RNA was reversed into cDNA using Evo
M-MLVRT Mix Kit (AG, China). And the cDNAs were used for
RT-PCR assay by SYBR Green Premix Pro Taq HS qPCR Kit (AG,
China). The relative expression of IL-1β, IL-6, and TNF-α was
normalized to β-actin. Data were calculated using the ΔΔCt
method. The sequence of primers of RT-PCR is shown in
Table S1.†

mRNA sequencing analysis

mRNA was extracted following the above step and RNA
sequencing was performed. The libraries were sequenced
on an Illumina Novaseq 6000 platform and 150 bp paired-
end reads were generated. Raw reads for the three groups

Fig. 2 General situation of three groups of mice and the effect of MAMP-1 on the gross and pathological changes of the ileum in NEC-induced
mice. (A) NEC modeling and MAMP-1 administration process. (B) The percent of survival in each group. n = 40 in each group. (C) The general situ-
ation of three groups of mice. Comparison of physique, activity, and defecation among the three groups of mice. (D) Comparison of pathological
scores among three groups of mice. (E) The macroscopic situation of the intestinal tract in three groups of mice. In the Control group, the appear-
ance of the intestine was transparent. In the NEC group, severe intestinal swelling is accompanied by bleeding. In the MAMP-1 group, mild swelling
of the intestine occurs. (F) Characteristics of intestinal pathological staining in three groups of mice. Complete intestinal structure in the Control
group. In the NEC group, thinning of the intestinal wall, separation of the lamina propria and mucosal layer, edema and shedding of ileum epithelial
cells. In the MAMP-1 group, slight separation of intestinal wall lamina propria and mucosal layer. n = 6 in each group. Data are expressed as mean ±
SD, magnification × 200. *: P < 0.05, ***: P < 0.005, and ****: P < 0.001.
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(6 mice per group) of fastq format were firstly processed
using fastp and the low-quality reads were removed to
obtain the clean reads. Then each sample was retained for
subsequent analyses. The clean reads were mapped to the
reference genome using HISAT2. FPKM of each gene was
calculated and the read counts of each gene were obtained
by HTSeq-count. Gene Set Enrichment Analysis (GSEA) was
performed using GSEA software. The analysis used a pre-
defined gene set, and the genes were ranked according to
the degree of differential expression in the two types of
samples. Then it is tested whether the predefined gene set
was enriched at the top or bottom of the ranking list. The
raw sequence data have been submitted to the NCBI short
Read Archive (SRA) with accession number (BioProjectID:
PRJNA1199205, https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA1199205).

Fecal sample collection and microbiota analysis

Feces were collected from the rectum after dissecting. The
CTAB method was used to extract total DNA from microbial
samples of feces among the three groups (6 mice per group)
and the quality of extracted DNA was detected by agarose gel
electrophoresis, while the DNA was quantified using a ultra-
violet spectrophotometer. PCR amplification was carried out
with the V3–V4 amplification fragment. The PCR product was
purified by AMPure XT beads (Beckman Coulter Genomics,
Danvers, MA, USA), quantified by Qubit (Invitrogen, USA) and
confirmed by 2% agarose gel electrophoresis. The purified
PCR products were evaluated using an Agilent 2100
Bioanalyzer (Agilent, USA) and an Illumina Library
Quantification Kit (Kapa Biosciences, Woburn, MA, USA) and
sequenced using a NovaSeq6000 sequencer. The resulting raw
sequence files were submitted to the NCBI Sequence Read
Archive (SRA) database (BioProjectID: PRJNA1199133, https://
submit.ncbi.nlm.nih.gov/subs/sra/SUB14934388). Data were
subsequently subjected to bioinformatics analysis. The primer
sequence was removed and the base sequence was balanced
from RawData, each pair of paired-end reads was concatenated
into a longer tag based on the overlap region, and a window-
based quality scan was performed on the sequencing reads.
The default scanning window is 100 bp. When the average
quality value within the window is below 20, the portion of the
read from the beginning of the window to the end of 3′ was cut
off, sequences with a length less than 100 bp after truncation
were removed, sequences with a content of N (uncertain fuzzy
base) of more than 5% after truncation were removed, and chi-
meric sequences were removed. ASV (feature) sequences and
ASV (feature) abundance tables were obtained. α-diversity ana-
lysis and β-diversity analysis were performed based on the
obtained ASV (feature) sequence and ASV (feature) abundance
tables and according to the ASV (feature) abundance table, the
abundance of each species in each sample is statistically ana-
lyzed. Based on the statistical information of the obtained
species abundance, the differences at the phylum and genus
levels were analyzed between each comparison group.

Results
MAMP-1 improved the general condition and reduced the
mortality rate of mice with NEC

We initially investigated whether the oral administration of
MAMP-1 could improve the general situation of NEC mice. We
established a model of 4-day mice with NEC with simul-
taneous administration of MAMP-1. The survival rate statistics
for each group (Fig. 2B) clearly showed differences between
these three groups: 100% (40/40) in the Control group, 55.0%
(22/40) in the NEC group, and 80% (32/40) in the
MAMP-1 group. In our experiment, compared with the Control
group, mice in the NEC group were thinner, less active, insen-
sitive to tail stimulation, and exhibited urinary retention and
difficulty in defecation (Fig. 2C). Although mice in the
MAMP-1 group exhibited urinary retention, they showed better
mobility and were more sensitive to tail stimulation than those
in the NEC group (Fig. 2C). Overall, these findings indicated
that MAMP-1 could improve the general condition of NEC
mice. We next explored the effect of MAMP-1 on the intestine
of NEC mice.

Effect of MAMP-1 on the gross and histopathological
morphology of the intestine of NEC mice

MAMP-1 has been shown to improve the general condition
and reduce the mortality rate of NEC mice. After modeling, the
terminal ilea were harvested. We observed that no apparent
lesions were present in the Control group (Fig. 2E). In contrast,
intestines in the NEC group exhibited decreased elasticity,
accompanied by swelling, bleeding, and continuous bead-like
vacuoles (Fig. 2E). Only slight swelling and pneumatosis were
observed in the MAMP-1 group (Fig. 2E). Subsequent obser-
vations under an optical microscope using H&E staining
showed intact villi and no oedema or shedding of ileum epi-
thelial cells of a complete intestine in the Control group
(Fig. 2F). The intestinal structure of NEC mice was flimsy with
separation between the lamina propria and the mucosal layer
and exhibited edema of the intestinal villi along with shedding
of epithelial cells (Fig. 2F). However, the intestinal wall in the
MAMP-1 group was thicker than that in mice in the NEC
group, and both epithelial cell edema and shedding were
reduced (Fig. 2F). The histopathological scores indicated stat-
istical differences among the three groups, with the
MAMP-1 group showing significantly lower scores than the
NEC group (Fig. 2D). These findings indicate that MAMP-1
could reduce the degree of intestinal edema and shedding of
ileum epithelial cells, thereby improving intestinal injury. To
further investigate the effect of MAMP-1 on the intestine in
NEC mice, we next explored the mechanisms underlying the
protective effects of MAMP-1 on intestinal injury.

MAMP-1 promoted tight junction proteins in the intestines of
NEC mice and improved intestinal barrier function

Researchers have found that one of the most important fea-
tures of NEC is intestinal barrier injury. We accordingly investi-
gated the effect of MAMP-1 on intestinal tight junction pro-
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teins in NEC mice. The expression of ZO-1 which is included
in tight junction (TJ) proteins was observed in each group
using immunofluorescence staining (IF) under an optical
microscope. Compared with other groups, the NEC group
showed significantly lower expression levels of ZO-1 (Fig. 3A
and B), and western blot analysis suggested that the ZO-1
expression was reduced in the NEC group (Fig. 3C and D). In
contrast, ZO-1 expression was increased in the MAMP-1 group
(Fig. 3C and D). These results revealed that MAMP-1 could
repair the damage to intestinal barrier function caused by
NEC in mice. TJ proteins were known to regulate intestinal
mucosal apoptosis, therefore, we further explored the effect of
MAMP-1 on apoptosis in NEC mice.

MAMP-1 inhibited ileum mucosal cell apoptosis in NEC mice

The intestinal injury associated with NEC is closely related to
cellular apoptosis. To investigate the effect of MAMP-1 on
intestinal epithelial cell apoptosis in mice with NEC, we
employed TUNEL staining and western blot analysis to detect
apoptosis in the intestinal cells. The results of TUNEL staining
(488 nm fluorescence) under a fluorescence microscope
showed that the positive area expression in NEC mice was sig-
nificantly increased compared with other groups (Fig. 4A and
B). Western blot analysis showed that in the NEC group, the
expression levels of Bax and Cleaved-Caspase3 were increased
(Fig. 4C and D), while the expression of Bcl2 was decreased
(Fig. 4C and E). In contrast, the expression levels of Bax and
Cleaved Caspase 3 were decreased (Fig. 4C and E), while Bcl2
expression increased in the MAMP-1 group (Fig. 4C and E).

These results indicate that the apoptosis of intestinal tissue in
the NEC group was significantly greater than in mice in the
MAMP-1 group. In summary, we conclude that MAMP-1 could
inhibit ileum mucosal cell apoptosis, thereby repairing the
injured gut barrier in NEC mice. However, these results are
preliminary and have not been thoroughly studied. We next
employed RNA sequencing and additional experiments to
explore the mechanism of MAMP-1 in NEC mice.

MAMP-1 inhibited the activation of the TLR4/NF-κB pathway
in NEC mice and reduced the release of inflammatory
cytokines

Previous studies have demonstrated the significant role of toll-
like receptor 4 (TLR4) in immunity. The intestine is stimulated
by pathogens, during which TLR4 is highly expressed and acti-
vates intestinal immunity. The nuclear factor kappa B (NF-κB)
signaling pathway is activated, and NF-κB acts as a transcrip-
tion factor that releases inflammatory factors, coordinating the
development of inflammation.16 To determine the effect of
MAMP-1 on the TLR4/NF-κB signaling pathway in NEC mice,
the protein expressions of TLR4 and NF-κB were assessed by
western blot analysis, while mRNA expression of inflammatory
factors (IL-6, IL-1β, TNF-α) was detected by RT-PCR. Western
blot analysis showed that the expression of TLR4 and NF-κB
increased in the NEC group (Fig. 5E, F and H). However, TLR4
and NF-κB expression levels were significantly decreased in the
MAMP-1 group (Fig. 5E, F and H). RT-PCR results indicated
that compared to the Control group, NEC caused a dramatic
increase in mRNA expression levels of IL-6, IL-1β, and TNF–α

Fig. 3 Effect of MAMP-1 on the tight junction protein (ZO-1) in the intestine of NEC-induced mice. Red fluorescence indicates a ZO-1 positive
expression area in the intestine, while blue fluorescence indicates nuclear staining. (A) ZO-1 was assessed in the ileum tissue of the three groups by
immunofluorescence staining. (B) The expressions of ZO-1 by immunofluorescence staining in each group. (C and D) Protein expression of ZO-1
was proved by western blot analysis among the three groups. n = 4 in each group. Data are expressed as mean ± SD, magnification × 200. *: P <
0.05, **: P < 0.01, ***: P < 0.005, and ****: P < 0.001.
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(Fig. 5J). Conversely, MAMP-1 treatment significantly reversed
this tendency (Fig. 5J). These results suggested that MAMP-1
could lower TLR4 and NF-κB expression, inhibiting the TLR4/
NF-κB signaling pathway, subsequently leading to a reduction
in the release of inflammatory factors and ultimately improv-
ing the intestine damage in NEC mice.

MAMP-1 inhibited TLR4-mediated PI3K/AKT signaling
pathway activation in NEC mice to reduce NF-κB expression

We verified the TLR4/NF-κB classical pathways of the effect of
MAMP-1 in NEC mice. Gene GSEA of the RNA sequencing
showed that, compared to the NEC group, genes in the PI3K/

AKT pathway were downregulated in the MAMP-1 group
(Fig. 5A). Notably, Pik3r1 and Akt3 were significantly downre-
gulated in the MAMP-1 group (Fig. 5B and C). Previous
research has demonstrated that the PI3K/AKT signaling
pathway plays a significant role in the inflammatory response.
Researchers have found a link between TLR4 and PI3K/AKT
activation; moreover, the PI3K/AKT signaling pathway exhibits
a significant correlation with NF-κB.17 Therefore, to determine
whether PI3K/AKT signaling pathway activation was inhibited
by MAMP-1 treatment, we conducted an enrichment analysis
of GSEA in the PI3K/AKT pathway and assessed the expression
of TLR4, P-PI3K, P-AKT, and NF-κB by western blot analysis.

Fig. 4 Effect of MAMP-1 on apoptosis in the intestine in NEC-induced mice. Red dot fluorescence represents TUNEL positive expression area, and
blue fluorescence represents nuclear staining. (A) Images of TUNEL (Flour488) staining among the three groups. (B) The expressions of TUNEL stain-
ing in each group. (C–E) Protein expressions of Bax, Bcl2 and Cleaved-Caspase 3 were assessed by western blot analysis and were analyzed in inten-
sity. n = 4 in each group. Data are expressed as mean ± SD, magnification × 200. *: P < 0.05, **: P < 0.01, and ****: P < 0.001.
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Fig. 5 Effects of MAMP-1 on the TLR4/NF-κB signaling pathway and the TLR4/PI3K/AKT/NF-κB signaling pathway and on the inflammatory cyto-
kines in NEC-induced mice. (A) PI3K/AKT signaling pathway through GSEA between the NEC group and the MAMP-1 group. n = 6 in each group. (B)
Heatmap of expression of Pik3r1 and Akt3 between the NEC group and the MAMP-1 group. (C and D) Bar chart analysis of expression of Pik3r1 and
Akt3. (E–I) Protein expressions of TLR4, P-PI3K, P-AKT, and NF-κB in the three groups were assessed by western blot analysis and were analyzed for
intensity. n = 4 in each group. (J) The mRNA expression of IL-1β, IL-6, and TNF-α. n = 6 in each group. Data are expressed as mean ± SD *: P < 0.05,
**: P < 0.01, ***: P < 0.005, and ****: P < 0.001.
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The results showed that the expression levels of TLR4, P-PI3K,
P-AKT, and NF-κB were increased in the NEC group (Fig. 5F–
H). However, in the MAMP-1 group, the expression levels of
TLR4, P-PI3K, P-AKT, and NF-κB were significantly lower than
in the NEC group (Fig. 5F–H). These results indicated that
MAMP-1 reduced NF-κB expression by inhibiting TLR4-
mediated PI3K/AKT signaling pathway activation in NEC mice.
Overall, we elucidated the mechanism by which MAMP-1 acts
on NEC mice, specifically the TLR4-mediated activation of the
PI3K/AKT signaling pathway. Additionally, we gathered fecal
samples from the mice to analyze the gut microbial commu-
nity, as the disruption of the gut microbiota is also a risk
factor for NEC.

MAMP-1 participates in the colonization of the gut microbiota
in NEC mice

We used 16s rRNA sequencing to investigate the effect of
MAMP-1 on the gut microbiota in NEC mice. The α-diversity
including Shannon, Chao1, and Simpson indices did not
exhibit any significant differences between the NEC and
MAMP-1 groups (Fig. 6A–C), indicating that MAMP-1 did not
affect the overall community diversity and bacterial richness in
NEC mice. PCoA analysis revealed an overlap between the NEC
and MAMP-1 groups. However, both groups differed from the
Control group in ASV clusters (Fig. 6D), indicating that
MAMP-1 may affect the abundance of certain microbial com-
munities within the gut microbiota in NEC mice. The bar
chart of relative abundance at the phylum level showed that
the main compositions of the gut microbiota in neonatal mice
were Proteobacteria, Firmicutes, and Bacteroidetes (Fig. 6E).
Similarly, compared to the Control and MAMP-1 group, the
relative abundance of Proteobacteria increased, whereas the
relative abundances of both Firmicutes and Bacteroidetes
decreased (Fig. 6F). Furthermore, at the genus level, the rela-
tive abundance of Citrobacter and Acinetobacter increased,
while the relative abundance of Ligilactobacillus, Streptococcus,
and Rodentibacter decreased in the NEC group (Fig. 6G and H).
After MAMP-1 intervention, the relative abundance of
Citrobacter decreased, while the relative abundance of
Ligilactobacillus, Streptococcus, and Rodentibacter also
decreased (Fig. 6G and H). These results indicate that
MAMP-1 may be involved in the colonization of the gut micro-
biota in mice of NEC, reducing the abundance of pathogenic
bacteria while increasing that of probiotics to maintain intesti-
nal homeostasis.

Discussion

Necrotizing enterocolitis (NEC) is one of the main causes of
death in newborns in clinical practice, with complex course,
severe condition, and poor prognosis. Studies have confirmed
that feeding human milk could effectively reduce the inci-
dence of NEC, and some neonates with NEC through feeding
with human milk could alleviate the severity of NEC.18,19

However, due to the complex composition of human milk,

newborns cannot sufficiently and efficiently obtain active
ingredients in human milk. Therefore, it is particularly impor-
tant to find components in human milk that fulfill a role in
preventing and treating NEC.

Researchers have identified β-casein as an active ingredient
in human milk that participates in immune responses in new-
borns, regulates the gastrointestinal microbiota environment,
and has a protective effect on the intestines.20 Our group had
identified a series of bioactive peptides sourced from human
milk. These peptides were associated with various functions,
including the regulation of energy metabolism, the promotion
of fat function, and the modulation of immune balance.21,22

Different amino acid sequences had different activities;23

therefore, we concentrated on a sequence that comprised
unique, milk-derived peptides, specifically MAMP-1. In this
study, MAMP-1 is a significantly overexpressed endogenous
peptide extracted from the human milk of premature mothers,
with good physicochemical properties that can tolerate the gas-
trointestinal environment. This article identifies that
MAMP-1 has significant effects in alleviating intestinal inflam-
mation, inhibiting intestinal cell apoptosis, repairing gut
barrier damage, and participating in the modulation of the gut
microbiota in NEC mice.

The intestine is the biggest immune organ in humans and
other animals, which can isolate harmful factors brought by
the environment to the body with effect. The intestinal barrier
is regulated by tight junction proteins (TJs). ZO-1 is a key
protein of TJs that can effectively regulate intestinal per-
meability.24 Intestinal barrier damage is one of the pathogenic
factors of NEC, increasing intestinal permeability and leading
to the invasion of external pathogens into the intestine and
the release of inflammatory factors, which further increases
intestinal permeability and exacerbates intestinal inflam-
mation.25 Prior research has indicated that the expression of
inflammatory factors is reduced in NEC newborns who are fed
human milk, enhancing the ability of Paneth cells and Goblet
cells to reshape the gut barrier.26 This study found that com-
pared with the NEC group, mice in the MAMP-1 group showed
significantly increased ZO-1 expression, indicating that
MAMP-1 may repair the gut barrier by increasing ZO-1
expression to achieve its preventive and therapeutic effects on
NEC.

As NEC progresses, there is widespread necrosis and apop-
tosis of intestinal epithelial cells. Apoptosis is the outcome of
non-periodic cell death, causing more severe intestinal
damage in NEC newborns.27 Bcl2 and Bax are key factors
released by mitochondria to regulate cell apoptosis, and they
antagonize each other.28 Caspase-3 is cleaved within mito-
chondria, assisting in the process of cell apoptosis.29 The prin-
ciple of TUNEL staining is that when cells undergo apoptosis,
some DNA endonucleases are activated. The 3′-OH exposed fol-
lowing DNA cleavage can be enzymatically catalyzed by
Terminal Deoxynucleotide Transferase (TdT) to incorporate
fluorescein-labeled dUTP, which can detect cell apoptosis
through fluorescence microscopy.30 Related studies have
shown that Bax expression increases, while Bcl2 expression
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Fig. 6 Effect of MAMP-1 on the diversity, composition and differential expression of the gut microbiotas at the phylum and genus levels in NEC-
induced mice. (A–C) The α-diversity of the gut microbiota was determined using Chao, Shannon and Simpson indices. (D) Unweighted UniFrac-
based principal coordinate analysis (PCoA) based on the ASV levels. (E) Bar chart of relative abundance at the phylum level in the three groups of gut
microbiotas. (F) Difference relative at the Phylum level in the three groups of gut microbiotas. (G) Bar chart of relative abundance at the genus level
in the three groups of gut microbiotas. (H) Difference relative at the genus level in the three groups of gut microbiotas. n = 6. Data are expressed as
mean ± SD. *: P < 0.05. #: P < 0.01. and ##: P < 0.001. Data are expressed as mean ± SD. ***: P < 0.005 and ****: P < 0.001.
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decreases. TUNEL staining shows an increase in positive area
expression.7,31 An active peptide derived from breast milk
effectively improves NEC apoptosis by weakening the PERK-
eIF2α-QRICH1 pathway.32 This study found that in comparison
with the NEC group, the proportion of apoptosis of intestinal
cells in the MAMP-1 group was decreased, Bax and Cleaved
Caspase 3 protein expression was reduced, Bcl2 expression was
increased, and TUNEL positive area expression was reduced.
The findings suggest that MAMP-1 may mitigate intestinal
damage by inhibiting apoptosis in intestinal cells, thereby pre-
venting and treating NEC in mice.

Due to incomplete development of the intestines in new-
borns, TLR4 receptors in intestinal epithelial cells are the
main target of inflammatory response.33 TLR4/NF-κB is a
classic signaling pathway that activates the body’s immune
response. Increased intestinal permeability in NEC newborns
leads to external pathogens, most of which are Gram-negative
bacteria. The released LPS from Gram-negative bacteria binds
to TLR4 and increases TLR4 expression, inducing nuclear
translocation of NF-κB in intestinal cells and transcriptional
release of amplified inflammatory factors.34,35 Breast milk
polysaccharides (HMOs) have been found to inhibit the TLR4/
NF-κB pathway activated, accelerate crypt cell renewal, and
protect mice intestinal epithelial cells.36 In this study, after
intervention with MAMP-1, the expression of TLR4 in NEC
mice decreased, resulting in a decrease in NF-κB expression
and a reduction in the release of proinflammatory factors.
Other studies found that TLR4 activation increases expression,
leading to downstream PI3K/AKT pathway activation, NF-κB
nuclear translocation releasing inflammatory factors, and acti-
vation of inflammatory response.37,38 Xiangyun Yan et al.
found that the peptide [Tat (48–60) YVEEL] extracted from
human milk whey can inhibit the PI3K/AKT pathway activated
and prevent the occurrence of NEC by suppressing the
expression of TLR4 protein.39 In this study, compared with the
NEC group, RNA sequencing showed that Pik3r1 and Akt3
declined in the MAMP-1 group. Pik3r1 (p85α) is a regulatory
subunit of phosphoinositol 3-kinase (PI3K), and Akt3 is a
member of the AKT protein kinase family; these participate in
immune response and are involved in the TLR4 pathway.17,40

WB showed that the expression of TLR4 decreased, PI3K and
AKT protein phosphorylation was inhibited in the
MAMP-1 group, and PI3K/AKT pathway activation was inhib-
ited, leading to a reduction in the NF-κB expression. These
results indicate that MAMP-1 may alleviate gut inflammation
in NEC mice by inhibiting the TLR4/NF-κB pathway and redu-
cing proinflammatory cytokine expression. MAMP-1 may also
inhibit PI3K/AKT activation by lowering TLR4 expression,
resulting in reduced NF-κB expression.

The gut microbiota constitutes a crucial component exter-
nal to the intestinal barrier, activating the intestinal immune
response and regulating intestinal metabolism. Due to the
initial stage of intestinal development in newborns, the gut
microbiota is of paramount importance.41 Clinical studies
have found that premature infants have physiological imma-
turity throughout the body, leading to disrupted colonization

of the gut microbiota, disruption of intestinal homeostasis,
and pathogen invasion ultimately resulting in NEC.42,43

Newborns with NEC will experience changes in their gut
microbiota before onset, characterized by an elevated relative
abundance of Proteobacteria and a diminished relative abun-
dance of Firmicutes and Bacteroidetes. At the phylum level,
Proteobacteria, Firmicutes, and Bacteroidetes play key roles in
NEC. As the dominant Gram-negative bacterial community in
the gut microbiota of premature infants, Proteobacteria stimu-
lates the gut to activate pro-inflammatory immune responses
through TLR4 signaling before NEC occurs;44 Firmicutes and
Bacteroidetes are related to the maturation and support of
intestinal barrier function and they can promote the pro-
duction of anti-inflammatory cytokine IL-10, thereby improv-
ing intestinal inflammation.44 In NEC mice, analysis of the gut
microbiota demonstrated a heightened relative abundance of
Proteobacteria at the phylum level, a decrease in the relative
abundance of Firmicutes and Bacteroidetes, and a 25% increase
in the relative abundance of Klebsiella at the genus level.34

Further research on the microbiota has revealed that
Citrobacter is a specific pathogen used to simulate human
pathogenic Escherichia coli infection and inflammatory bowel
disease;45 Lactobacillus is crucial for maintaining intestinal
health and overall well-being and it can promote the balance
of the gut microbiota and enhance the formation of tight junc-
tions between intestinal epithelial cells;46 also, Streptococcus
may interact with other bacteria through their metabolites that
maintain intestinal health.47 Our study found that compared
with the Control group, the gut microbiota of NEC group mice
changed. At the phylum level, there was a notable increase in
the abundance of Proteobacteria, while Firmicutes and
Bacteroidetes exhibited a decrease. At the genus level, an
increase was observed in the abundance of Citrobacter,
whereas Lactobacillus, Rodentibacter, and Streptococcus demon-
strated a decline. On the contrary, in the MAMP-1 group, the
abundance of Proteobacteria and Citrobacter was reduced;
while the abundance of Firmicutes, Bacteroidetes, Lactobacillus,
Rodentibacter, and Streptococcus was increased.

Human milk feeding has been shown to provide superior
regulation of modulating the composition of the microbiota of
NEC mice. Kannikar Vongbhavit et al. found that breastfeeding
can shape the gut microbiota of premature infants, regulate
gut microbiota dysbiosis, and reduce the risk of NEC.48 In
summary, MAMP-1 may be involved in the regulation of the
gut microbiota in NEC mice, maintaining intestinal homeosta-
sis, reducing pathogen invasion, and further preventing and
treating NEC.

In conclusion, MAMP-1 might inhibit the TLR4-
PI3K-AKT-NF-κB signaling pathways, further reducing inflam-
mation factor release, and it might decrease intestinal cell
apoptosis. Results indicated that MAMP-1 might alleviate
intestinal damage in NEC mice. Meanwhile, MAMP-1 might
positively modulate the composition of the microbiota of NEC
mice and further achieve the preventive and therapeutic effect
of MAMP-1 on NEC. The mechanism diagram, drawn with
FIGDRAW, is depicted in Fig. 7. However, it just showed the
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effect of MAMP-1 in vivo, and further clarification of the
detailed mechanism of MAMP-1 needs to be explored in cell
experiments.
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