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Introduction: Fermented egg-milk peptides (FEMPs) could enhance the
colon-intestinal barrier and upgrade the expression of zonula occludens-1 and
mucin 2. Besides, the underlying biological mechanism and the targets FEMPs
could regulate were analyzed in our study.

Methods: Herein, the immunofluorescence technique and western blot were
utilized to evaluate the repair of the intestinal barrier. Network pharmacology
analysis and bioinformatics methods were performed to investigate the targets
and pathways affected by FEMPs.

Results and discussion: Animal experiments showed that FEMPs could restore
intestinal damage and enhance the expression of two key proteins. The
pharmacological results revealed that FEMPs could regulate targets related
to kinase activity, such as AKT, CASP, RAF, and GSK. The above targets could
interact with each other. GO analysis indicated that the targets regulated
by FEMPs could participate in the kinase activity of the metabolic process.
KEGG enrichment revealed that the core targets were enriched in pathways
related to cell apoptosis and other important procedures. Molecular docking
demonstrated that FEMPs could bind to the key target AKT via hydrogen bond
interactions. Our study combined the experiment in vivo with the method in
silico and investigated the interaction between peptides and targets in a pattern
of multi-targets and multi-pathways, which offered a new perspective on the
functional validation and potential application of bioactive peptides.
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Introduction

To protect the body from the environment, the intestinal tract—one of the largest
luminal interaction areas—contributes more to the body. The intestinal barrier was
reported to be vital in regulating the immune system, improving nutrition absorption,
and maintaining intestinal health (1). Among the treatments for intestinal diseases,
many potential therapies aimed to develop new drugs to protect the intestinal barrier
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and repair damage to the intestinal mucosa. It is essential to
keep the intestinal barrier intact and healthy. The weakness
of the intestinal barrier has been linked to fat, bile acids,
emulsifiers, and gliadin (2). Damage to the intestinal barrier
could cause abdominal pain, diarrhea, and indigestion. As the
previous paper reviewed, the intestinal barrier might drive a
wide association with other chronic metabolic diseases (3), such
as upper gastrointestinal diseases, inflammatory bowel disease
(IBD), celiac disease, and non-alcoholic fatty liver disease. In
the body of patients with IBD, the damaged intestinal barrier
could upgrade the expression of pro-inflammatory cytokines,
such as tumor necrosis factor-a (TNF-a) and interleukin—1f
(IL-1B), which exacerbated the inflammatory response (4, 5).
Thus, the intestinal barrier is a crucial point linked to IBD.
Research on celiac disease indicated that increased intestinal
tract permeability might cause negative secondary effects, such
as vicious cycles of intestinal cell damage (6). In addition to
the diseases listed above, the intestinal barrier is also related to
obesity and diabetes.

A reference has confirmed that the changing of the intestinal
barrier might be a pathological cause of obesity. A type of
intestinal microbial metabolite called short-chain fatty acids was
found to regulate intestinal dysfunction and ameliorate obesity
(7). Another study reported that the disruption of the intestinal
biological barrier could cause the aggregative symptoms of
diabetes (8). Based on the association between the intestinal
barrier and other metabolic diseases, it is of great significance
to maintain stability and repair the intestinal barrier. Different
kinds of tight junctions, mucosa, and numerous mucosal
epithelia, which constitute the intestinal barrier (3), were
beneficial in enhancing the powerful protective function of the
intestinal. Zonula occludens—1 (ZO-1), one of the vital tight
junctions (TJs), was reported to have an integral effect on
intestinal barrier function and mucosal permeability (9). Mucin
2 (MUC-2), a vital element of mucus components, is secreted
by the intestinal goblet cells (10). Therefore, these two proteins
have become one of the indicators to determine whether the
intestinal composition is complete and whether the barrier
function is sound.

On the basis of the consequences of the intestinal barrier
on the health of the body, people have become increasingly
interested in functional and effective food ingredients. Protein
derived from egg white was claimed as the feature of repairing
the damaged intestinal barrier (11). Bioactive peptides, obtained
under the effects of hydrolysis and fermentation (12), have the
potential to be functional ingredients to enhance the intestinal
barrier and cure intestinal diseases. Peptides derived from eggs
have been widely reported as having biological functions, and
they could be functional ingredients to enhance body health
(13). As we expected, egg white peptides were reported for their
effect on the intestinal wall, which represented intestinal barrier
repair and gut microbiota regulation. Ge has demonstrated the
alleviative effect of egg white peptides on the colon in colitis
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mice. The results confirmed that egg white peptides could
repair the mucosa and intestinal structure of the damaged tissue
(14). Our previous research also investigated the protective
function of fermented egg milk on colitis induced by dextran
sulfate sodium (DSS) in mice (15). However, the underlying
mechanism and potential targets of the fermented egg-milk
peptides’ (FEMPs) action on the damaged intestinal barrier need
further research.

In extensive research on the mechanism of bioactive peptides
regulating the intestinal barrier, researchers mostly mentioned a
single target and pathway. Unlike the traditional idea, network
pharmacology, a novel, and powerful tool provide evidence for
the possible mechanism of action of multi-target and multi-
pathway disease regulation (16). It has been utilized in the
research of colonic diseases (17, 18). Molecular docking is
a justified and proven instrument to analyze the interaction
between receptors and ligands. Recently, molecular docking has
been widely utilized in the field of computer-aided binding
for predicting peptides with bioactive functions (19). Herein,
we used the idea and methods of network pharmacology to
analyze the possible and potential targets FEMPs could affect,
and the interaction and relationship between targets were
further investigated. Gene ontology (GO) analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis, as the emphasis of network pharmacology, were often
used to carry out and illustrate the function of the core targets.

In our study, the DSS-induced colitis mouse model was
applied to evaluate the repair of the intestinal barrier. The
Z0-1 and MUC-2 were focused on as the factors. Besides,
the potential pharmacological mechanism under the FEMPs
effect on the intestinal barrier was performed via the idea
of network pharmacology and the method of molecular
docking. This study combines in vivo assessment with in
silico evaluation, which could provide a new perspective
for intestinal barrier enhancement and colonic disease
treatment and broaden the horizons of egg products
functional applications.

Materials and methods

Materials

FEMPs were acquired in our lab according to the previous
method. DSS (Mw, 50000 Da) was purchased from Sigma-
Aldrich Trading Co., Ltd. (Shanghai).
clear solution, 4’,6—diamidino—2—phenylindole (DAPI), and
ethylenediamine tetraacetic acid (EDTA) (pH 8.0) antigen
retrieval solution were bought from Wuhan Servicebio

Biodewax and

Technology Co., Ltd. Ethanol was purchased from Sinopharm
Chemical Reagent Co., Ltd, and BCA protein quantitative
detection kit, B-actin, and TBS buffer solution were bought from
Wuhan Servicebio Technology Co., Ltd.
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Animal experiments design

A total of 60 Balb/c mice (male, 8 weeks old, SPF level) were
obtained from Beijing Charles River Co., Ltd (Beijing, China)
and housed in the lab in the Animal Model Laboratory Building
at Jilin University. The housing condition was adjusted to 20—
23°C of temperature, 40-70% of humidity, and a light-dark cycle
of 12h per day. Before the beginning of the experiment, the
mice were made to acclimate to the environment and were given
food and water freely. All the animal procedures in the whole
experiment were implemented in accordance with the guidelines
for laboratory animal care and use at Jilin University. The
animal experiments were reviewed and confirmed by the Jilin
University animal ethics committee (Approval No. 20200483).
The entire experiment’s anesthetic-required procedures were
performed under the influence of isoflurane.

For the allocation of the 60 mice (22-24 g), the five groups
were settled, which were named CK (the short name of control
check), CK + FDP (control check and drink FEMPs freely), DSS
+ FDW (dextran sulfate sodium and drink water freely), DSS +
GP (DSS and gavage FEMPs), and DSS + FDP (DSS and drink
FEMPs freely). The integral experiment period was divided into
the intestinal damage-making period (period 1, days 0-7) and
the treatment period (period 2, days 7-21). During period 1, the
DSS, the DSS + GP, and the DSS + FDP groups were made to
drink 3% DSS solution instead of making them drink water to
run the intestinal-damaged colitis model. Meanwhile, the CK
and the CK + FDP groups were provided with free food and
water. During period 2, the DSS + GP group was asked to obtain
200 mg/kg/day FEMPs by gavage. The CK + FDP and the DSS
+ FDP were required to drink FEMPs freely for 4h and drink
water for the other 20h per day. The DSS + FDW group was
asked to drink water. All the groups were given free mouse
food, and the body status of all the mice was recorded during
the experiment periods. The mice were euthanized according to
animal procedures and guidelines. The colons were harvested
and weighted, then cryopreserved at —80 °C.

Immunohistochemistry staining

Incubate sections were deparaffinized and rehydrated with
xylene and absolute ethanol before being placed in an EDTA
antigen retrieval buffer with a pH value of 8.0. Maintained at
a sub-boiling temperature for 8 min, we washed the sections
three times with PBS (pH 7.4). Then, 3% BSA was added here
to cover the marked tissue and block non-specific binding in
30 min. After that, the primary antibody and the secondary
antibody were provided. DAPI counterstain was carried out
in the nucleus, threw away the liquid carefully, then the
slips were covered with the anti-fade mounting medium.
The incubated sections were detected and envisioned by
fluorescent microscopy.
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Western blot analysis

The western blot analysis was developed under the protocol
of a previous study with some modifications (20). The
key proteins (ZO-1 and MUC-2) in colon tissue lysates
were removed by an SDS-polyacrylamide gel and transferred
electrophoretically to a polyvinylidene difluoride (PVDF)
membrane. We placed the transferred membrane into the
TBST incubation tank for a quick wash before blocking the
membrane for 30 min with a blocking buffer (5% milk) at room
temperature. After that, the membrane was incubated with
appropriate dilutions of primary antibodies. The membrane was
incubated with a dilution of 1:5000 of conjugated secondary
antibody in blocking buffer at a temperature condition in
a room for 30 min. After that, the film was washed three
times (5min each time) with TBST. The acquired pictures
were obtained with darkroom development techniques for
chemiluminescence. The performance of ECL was in accordance
with the manufacturer’s description, adding ECL reagents for 1-
2 min at room temperature, and the WB images were captured
under the various times of exposure.

FEMPs information preparation and
target gene prediction

The sequence information for FEMPs was based on
the database in our lab and silicon digestion. The ExPASy
PeptideCutter program, a database available at https://web.
expasy.org/peptide_cutter/, was used here to collect the FEMPS’
information. All the proteins and peptides in fermented egg
milk and the sequences of LC-MS/MS results were collected
based on our previous study (15) and uploaded into the
PeptideCutter database. Pepsin and trypsin were selected as
the digestive enzymes to perform the digestion process. All
sequences of FEMPs were uploaded to the Pharmmapper
platform at http://www.lilab-ecust.cn/pharmmapper/index.php.
To screen the targets, FEMPs could be regulated (21). The targets
were recorded according to the Fit score. The Uniprot platform
(http://www.uniprot.org/) was utilized here to filter the Homo
targets. Intestinal barrier-related targets were obtained from the
GeneCard database (https://www.genecards.org). Besides, the
targets obtained from references linked to intestinal health were
used to supplement the targets set.

Construction of the protein-protein
interaction (PPI) network

To clarify whether FEMPs could regulate the relationship

between targets, we established and analyzed a PPI network of
the targets. The STRING database (http://string-db.org/) (22), a
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powerful platform for analyzing current and possible protein-
protein interactions, was used to establish functional protein
association networks based on computational prediction,
knowledge conversion between different organisms, and
interactions aggregated with other related databases. The top
53 targets were input to the STRING database to analyze the
potential co-interaction, and the STRING database depicted the
figure of the PPI network.

GO and KEGG enrichment analysis

To understand the underlying effect and mechanism of
intestinal barrier functions of the core targets, we performed
the GO and KEGG enrichment analysis based on the Metascape
software (https://metascape.org) (23). In the custom analysis
process, homo sapiens was set as the analysis species. GO
biological processes (BP), GO cellular components (CC), and
GO molecular functions (MF) were ticked in this part. The
parameters of the analysis were shown: Min overlap, 3. P-
value cutoff, 0.01, Min enrichment, 1.5. All the results were
visualized by a free online bioinformatics database (http://www.

bioinformatics.com.cn/).

Pathway regulation

FEMPs' regulation of the pathway was analyzed by
Metascape software, and the related genes were marked by
the website of the KEGG pathway (https://www.genome.jp/
kegg/pathway.html). The targets FEMPs could influence in the
pathway were marked in a different color, and the figure was
visualized via Adobe Illustrator software.

Molecular docking

Based on the computer calculation, molecular docking, a
considerable tool widely used to reveal the relationship and
interaction between receptors and ligands, was used here to
analyze the action of FEMPs on the targets. The calculation
has been extensively utilized and confirmed to predict the
interaction energy between different molecules. In the current
research, molecular docking was performed based on the
Autodock Tools and Autodock Vina software. Based on the node
degree analyzed by the PPI network (Supplementary Table S1),
the AKT showed the highest degree. Herein, the AKT target
was selected as the receptor to perform the molecular docking
process, and the FEMPs were developed as ligands. All the files
of receptors and ligands with the PDBQT format were set as
the input files for molecular docking experiments. The crystal
structure of AKT (1UNQ, PDB doi: 10.2210/pdb1UNQ/pdb)
was downloaded from the database of the RCSB Protein
Data Bank (http://www.rcsb.org/pdb), and the organism of the
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protein was selected as “Homo.” All the molecules of water were
excluded from the crystal structure of AKT (1UNQ) to prepare
for the molecular docking process. The binding site detection
was according to the reference. In this study, a grid box of
25 x 25 x 25 A was established at the surrounding binding
site location, and the grid was generated suitably for peptide
docking. The flexible style of the peptides was selected. The
hydrogen bonds and cooperative interactions between the AKT
residues (1IUNQ) and ligands were visualized and analyzed.

Results

FEMPs enhance the expression of ZO-1
and MUC-2

Previous references have confirmed the significance and
effect of TJs in the occurrence and preservation of UC (24, 25).
Z0-1, a kind of vital peripheral membrane protein in the colon,
maintained the junction network’s relationship. It could enhance
the colon barrier by linking claudins, occludin, and other
proteins. MUC-2 was the vital component of mucus, with the
effect of forming an indispensable barrier against the pathogen
in the tissue of the intestine. Besides, MUC-2 was reported to
preserve the mucus layers of colon tissue. The content of MUC-
2 was also related to the number of intestinal goblet cells (26),
which might benefit the immune function of the colon. Our
study investigated the expression of these two vital proteins by
immunohistochemistry staining and western blotting.

The results of immunohistochemistry staining revealed the
two vital proteins locally. As Figure 1 depicts, the nucleus in
intestine epithelial cells was blue, ZO-1 was red, and MUC-2 was
green. The intensity and area of immunofluorescence staining
represented the expression levels of the two proteins. Figure 1
shows that in the CK and CK+FDP groups, ZO-1 and MUC-2
were distributed around the nucleus, which meant the normal
expression of the two proteins. The intestinal structure was
complete and sound, and the intestinal barrier function could
be normal and powerful. By contrast, DSS treatment induced an
obvious loss in the content of ZO-1 and a considerable decrease
in the expression of MUC-2, which showed that the gut structure
was damaged and weak. Without the protection of the intestinal
barrier, the function of the gut might be influenced. FEMP
treatment could repair the colonic damage induced by DSS and
enhance the expression of two vital proteins. In addition, the
expression of ZO-1 and MUC-2 was upregulated. As the picture
depicts, the fluorescence intensity of ZO-1 and MUC-2 was
enhanced, which indicated that the location and expression of
these two significant proteins were restored.

To further determine the relationship between the observed
proteins and FEMPs treatment in experimental colitis, an
experiment with the western blot was performed in our study.
The proteins were extracted from the colons of the mice.
As shown in Figure 2, both ZO-1 and MUC-2 displayed a
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FIGURE 1

different samples.

Effects of fermented egg-milk peptides (FEMPs) treatment on the expression of ZO-1 (red) and MUC-2 (green) in colitis mice. The pictures were
observed by a fluorescence microscope of 400x. CK, control check. CK + FDP, control check and drink FEMPs freely. DSS 4+ FDW, DSS and drink
water freely. DSS + GP, DSS and gavage FEMPs. DSS + FDP, DSS and drink FEMPs freely. The different labels a-x represented for the

decreasing trend in the DSS group, which meant these two
proteins weakened in the colitis body. The proteins in the
DSS+GP group and the DSS+FDP group were restored, which
indicated that FEMPs might benefit from the increased levels
of ZO-1 and MUC-2. Both the immunohistochemistry staining
and western blotting revealed the positive effect of FEMPs on the
damaged intestinal barrier.

Analysis of the PPI network

To acquire information on targets that FEMPs could
regulate, we developed target matching based on the
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Pharmmapper website. According to the network pharmacology
method, a total of 52 targets (the top 52) were contained in the
FEMPs targets database. The STRING website was applied to
perform the PPI network. After that, a network containing 52
nodes and 223 edges was received, and the enrichment p-value
of this network was 1.0e—16 (Figure 3). In the structure of
the PPI network, the nodes represented the targets, and the
edges represented the interactions. The more edges a node
emerged, the more important role it would play in the network.
Notably, the targets AKT1, CASP3, SRC, HPGDS, and MMP9
were connected with other targets, which revealed that these
targets could generate more interaction and play a linkage role.
Meanwhile, the node degree illustrated the same results that

frontiersin.org


https://doi.org/10.3389/fnut.2022.1068877
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Lyu et al.

10.3389/fnut.2022.1068877

A XQQQ
St
250kDa—

130kDa—
100kDa—

55kDa—

40kDa—|

Q
QQ

) e
140kDa—
110kDa—

90kDa—
55kDa—

—— \—

40kDa—

FIGURE 2

DSS and drink FEMPs freely.

e Py N s W /0-1

b BB Ne

T aEmeE (NN

Western blot analysis of tight junction proteins. Zonula occludens—1 (ZO-1) (A) and Mucin 2 (MUC-2) (B) from mice colon tissues. CK, control
check. CK + FDP, control check and drink FEMPs freely. DSS + FDW, DSS and drink water freely. DSS 4+ GP, DSS and gavage FEMPs. DSS + FDP,

s
>

5
Q%

Q
%XQQ

N >

L2

-
Q
%X@

9 >

ey MUC-2

the above-mentioned targets have the potential to affect other
targets (Supplementary Table S1).

To further demonstrate the information on interactions
and functions of the PPI, the interaction analysis of the edges
was calculated by the STRING database. The edges with a
combined score larger than 0.90 are listed in Table 1. The
results indicated that the interaction between CASP3 and
XIAP, GLO1 and HAGH, INSR and PTPNI, PIK3R1 and
SRC showed a strong relationship, with a combined score of
0.999. Besides, the co-interactions between PTPNI and SRC,
AKT1 and GSK3B, AKT1 and PIK3R1, and INSR and PIK3R1
revealed an intensive influence in the PPI network. All of
these results demonstrated the potential interaction among
the targets.
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GO and KEGG enrichment analysis

The GO and KEGG enrichment analyses of the above targets
were carried out by Metascape software to further find out
their potential biological functions. The parts of BP, CC, and
MF were performed. The top 35 results (14 highly enriched
in BP, 10 highly enriched in CC, and 11 highly enriched in
MF) are shown in Figure 4. For BPs, the results indicated the
core targets participated in the endopeptidase activity involved
in the apoptotic process with an enrichment score of 52.8.
Meanwhile, the glutathione metabolic process was enriched with
an enrichment score of 50.7. The regulation of cysteine-type
endopeptidase activity (with an enrichment score of 47.8) was
shown here. Besides, the results also illustrated the process of
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FIGURE 3

Protein-protein interaction (PPI) network of the targets could be regulated by fermented egg-milk peptides (FEMPs). The nodes represented for
the targets, and the edges represented for the interactions between the targets.
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response to peptides and the peptide metabolic process, which
corresponds to the FEMPs. For the parts of CC, tertiary granule
lumen, ficolin-1-rich granule lumen, and ruffle membrane were
contained with enrichment scores of 31.7, 23.4, and 18.0,
respectively. These results indicated that the targets could
participate in the regulation of cell structures. We could observe
from the MF enrichment results that the core targets could
affect the regular activity involved in the apoptotic process with
an enrichment score of 43.5, metallopeptidase activity with an
enrichment score of 22.0, and protein serine/threonine/tyrosine
kinase activity with an enrichment score of 10.4.

For the KEGG pathway enrichment analysis, various
signaling pathways related to cell proliferation, differentiation,
morphogenesis, and apoptosis were analyzed. The results
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demonstrated that there were 23 pathways with a number
< 5, as listed in Figure 5. The typical signaling pathway
might influence the intestinal epithelial cells and intestinal
barrier functions mentioned in this study. The PI3K-Akt
signaling pathway, with a p-value of 4.41e—10, was enriched
with the largest count of 10. These results showed that the
targets could participate more in the PI3K-Akt signaling
pathway. VEGF signaling pathway and EGFR tyrosine kinase
inhibitor resistance were listed here with an enrichment
score of 59.06 and 51.46, respectively. Meanwhile, many
pathways related to intestinal health, such as the TLR
signaling pathway (27), MAPK signaling pathway (28),
and Rapl signaling pathway, were enriched with a high
enrichment score.
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TABLE 1 The line information in protein-protein interaction network (PPI).

10.3389/fnut.2022.1068877

Nodel Node2 Coexpression Interaction Combined score Nodel Node2 Coexpression Interaction Combined score
CASP3  XIAP 0.062 0.984 0.999 HGF MMP1 0.067 0 0.952
GLO1  HAGH 0.145 0 0.999 CASP3  EIF4E 0 0 0.948
INSR PTPN1 0.062 0.985 0.999 EPHA2  PIK3R1 0 0.316 0.943
PIK3RI  SRC 0 0.889 0.999 AKT1  INSR 0.052 0.182 0.942
PTPN1  SRC 0.086 0.875 0.997 PIK3RI ~ PTPNI 0 0.095 0.940
AKTI  GSK3B 0.049 0.934 0.996 RAF1 SRC 0 0.620 0.940
AKTl  PIK3R1 0.062 0.7 0.996 AKT1 ~ CASP3 0 0.475 0.935
INSR PIK3R1 0.062 0.895 0.995 GSR HPGDS 0.064 0 0.933
PIK3R1  PTK2 0 0.875 0.995 RAF1  XIAP 0.053 0.859 0.931
PTK2  SRC 0.062 0.931 0.994 GSTP1  GSTZ1 0.064 0.161 0.929
AKT1  RAF1 0 0.880 0.992 CASP1  CASP3 0 0 0.928
BIRC7 ~ CASP3 0.058 0.726 0.987 EPHA2  SRC 0.096 0 0.927
AKT1  SRC 0.098 0.683 0.985 HGF PTPN1 0 0.056 0.924
AKT1  PTPNI 0.091 0.284 0.975 L2 PIK3R1 0 0 0.920
HGF MMP9 0.062 0 0.970 HGF PIK3RI1 0 0 0.919
MMP9  SRC 0.089 0 0.970 GSTT2B  HPGDS 0.065 0.147 0914
AKT1 112 0 0 0.966 GSTZ1 ~ HPGDS 0.064 0.161 0913
HGF SRC 0 0.056 0.963 GSTP1  GSTT2B 0.065 0.352 0912
MMP1  MMP9 0518 0 0.961 GSTM1  GSTZ1 0.064 0.161 0.908
AKT1  XIAP 0 0.759 0.955 FGG PTPN1 0 0.103 0.907
EPHA2  PTK2 0.098 0.298 0.954 CASP1  EIF4E 0 0 0.906
CASP3  PTK2 0 0 0.953 PAPSSI  RAF1 0.049 0.061 0.903

Regulation of PI3K-Akt signaling pathway

As a central and vital signal transduction pathway in many
biological and physiological processes, the PI3K-Akt signaling
pathway has a relationship with cell proliferation, morphology,
apoptosis, migration, and synthesis (29). Besides, the PI3K-Akt
signaling pathway has been confirmed to produce a relationship
between intestinal health and colonic mucosa by previous
references (30, 31). In our research, the connection between
intestinal barrier function and the PI3K-Akt signaling pathway
was confirmed again. The core targets of FEMPs could regulate
and participate more in the PI3K-Akt signaling pathway.
As Figure 6 depicts, cytokines, GE RTK, FAK, PI3K, AKT,
RAF1, GSK3, 4EBPs, and EIF4E were included in the PI3K-
Akt signaling pathway. The result illustrated that the targets
that FEMPs could regulate were distributed both upstream
and downstream in the pathway, which could influence focal
adhesion, protein synthesis, and cell cycle progression.

Molecular docking
According to the result of the PPI network analysis, the

target AKT revealed the highest degree, which indicated that this
target might play a significant role in the PPI network and could
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affect other targets easily. Thus, the AKT target was chosen as
the receptor in the molecular docking process. A widely known
and powerful method, molecular docking, was developed here
to demonstrate the interaction between the target and ligands.
There have been many studies that have utilized molecular
docking to define the interactions between different targets and
peptides (19, 32, 33). The crystal structure of AKT (1UNQ, PDB
doi: 10.2210/pdb1UNQ/pdb) was downloaded from the RCSB
Protein Data Bank (http://www.rcsb.org/pdb) of the “Homo”
organism (Figure 7A). The water molecules were removed
during the molecular docking process. After the consummation
of the calculation, the binding site was constructed. The ligands
were set to bind at the site (Figure 7B). As the figure shows, the
peptide was embedded in the active cavity at the docking site
of the protein receptor and was fixed at the site by chemical
force, forming a stable composite structure. The docking energy
can numerically reflect how tightly the ligand binds to the
receptor. Herein, the docking energy between peptides and the
target was recorded. The result showed that FEMPs could bind
to the receptor with a stable status and the top 15 FEMPs
with their interaction information, as listed in Table 2. The
docking energy ranged from —8.576 to —6.048 kcal mol~!. The
peptide with the sequence ESQNK showed a docking energy of
—8.576 kcal mol~!, which formed nine hydrogen bonds and
two salt bridges in the combined interaction structure. For the
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enrichment scores were marked in the picture.

Gene ontology (GO) enrichment of key targets. Biological processes, cellular components, and molecular functions were mentioned. The

interaction analysis of the combined structure, many residues
contributed to the chemical bonds. The interactions between
the peptide ESQNK and the target were visualized in Figure 7C.
The interaction result revealed that GLU 114 and NH;‘ ion,
LYS 111 and O~ ion formed one salt bridge, respectively. Six
residues (GLU 114, LEU 111, ALA 58, GLN 59, CYS 60, and
ARG 76) could produce hydrogen bonds in conformation with
other atoms.

Discussion
In recent years, the intestine’s role as a protective organ

of the body has brought it to the forefront of medical
research. In addition, intestinal immune capacity has become
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a hot and well-known topic in recent research (34, 35). As
a crucial part of the intestinal tract, the intestinal mucosal
barrier contributes greatly to intestinal digestion, absorption,
and barrier protection. More and more evidence has confirmed
that the intestinal barrier not only acts as a medium for
absorbing and exchanging nutrients and other substances but
also plays an essential role in keeping external antigens and
harmful armamentariums away from entering the body (1).
Intestinal was also related closely to the immune system.
Previous studies have reported that the intestinal mucosal
barrier was associated with the toll-like receptor (TLR) signal
pathway, which represented the significant processes of the
immune system and its functions (36). Tight junctions, made
up of Zonula occludens 1 (ZO-1), claudin, and occluding,
were reported to contribute beneficially to the structure and
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function of the intestinal epithelial cells in the colon (37). The
previous paper demonstrated that the disorder of ZO-1 might
cause the intestinal barrier to weaken and become dysfunctional,
aggravating the inflammation of the intestine (38). MUC-2, one
of a family of different gel-forming mucins, was considered an
important component of the loose outer layer and the inner
mucus layer that is firmly adhered to epithelial cells (39). It could
provide nutrients to the intestinal epithelial cells and intestinal
flora in the colon, contributing to intestinal protection. Based on
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the significance of the two vital proteins, they were always seen
as the key factors related to the intestinal barrier and intestinal
function. In the current study, these two proteins were used as
the evaluation indicators to assess the damage to the intestinal
barrier, and DSS-induced colitis was performed here.

Bioactive peptides derived from the raw material or
other food ingredients were reported as having intestinal
protective functions and features. Our previous research found
that fermented egg-milk peptides could alleviate intestinal
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inflammation symptoms and establish the gut microbiota in
colitis mice (15). However, the protective function of the
damaged intestinal tissue barrier and the underlying biological
mechanism are not clear now. In the current study, the core idea
of network pharmacology was utilized to develop the analysis of
FEMPs on the potential targets related to the intestinal barrier.
Network pharmacology, a widely used method with the idea of
“multi-targets and multi-pathways,” would naturally become a
widely used strategy and unbiased method for developing the
underlying and potential mode of action of natural foods and
their functional ingredients (40). We mapped the interaction
figure of possible interactions between the targets not only to
investigate the application potential of functional ingredients
but also to develop their possible interactions, thereby increasing
the speed of the development process (41). FEMPs, with
their characteristic multicomposition, were suitable for the
application of network pharmacology. Herein, the assessment
model of colitis mice and bioinformatics methods such as
network pharmacology and molecular docking technology were
co-utilized to find out the pathological mechanism FEMPs could
exert on the targets. It could provide a new view for intestinal
barrier damage restoration, and colonic disease treatment
broadens the horizon of egg products’ functional applications.
The expression and location of key proteins such as ZO-
1 and MUC-2 could influence the function and condition of
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the colon. To further demonstrate the effect of FEMPs on the
reconstruction of the two key proteins, the commonly used
method of evaluating intestinal damage, immunofluorescence
analysis, was performed here. At present, many studies have
used immunofluorescence to analyze the location, distribution,
and function of such proteins in the intestinal. Bian and
his partner used immunofluorescence analysis to clarify the
effect of Akkermansia muciniphila on two important evaluation
markers of the intestinal barrier, ZO-1 and Occludin (42).
Kim performed immunofluorescence to analyze the influence
of short-chain fatty acids (SCFAs) on ZO-1 in the colon
tissue of inflammatory mice (43). In addition to using
immunofluorescence analysis, in this paper, we also employ
western blotting to detect the expression of these two vital
proteins. Herein, the results showed that FEMPs could enhance
the expression of ZO-1 and MUC-2, which benefited the
construction of an intestinal barrier.

Manu studies have shown that bioactive peptides can
improve the intestinal barrier and that bioactive peptides
can regulate the expression of ZO-1 and MUC-2. Zou has
researched the protective function of the intestinal tight junction
with tissue factor-related peptides (44). The effect of shrimp
peptide on the intestinal barrier of cyclophosphamide-treated
mice was detected, and the results revealed the peptide could
increase tight-junction-associated proteins (45). Our study also
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FIGURE 7
The results of molecular docking. (A) The crystal structure of AKT (PDB: 1UNQ). (B) The binding site location of the composite structure. (C) The
interaction between ligand (ESQNK) and the receptor (AKT).

demonstrated the beneficial influence of FEMPs on damaged in the PPI network, which indicated that the interaction of the
intestinal barrier repair and construction in colitis mice induced target set of FEMPs was complete and consummate. GO analysis
by DSS, making the study of bioactive peptides in the intestinal (BP) revealed that the targets could regulate the endopeptidase
barrier more complete and holistic. activity associated with the apoptotic process, glutathione

Based on the idea of multi-targets and multi-pathways, metabolic process, and cysteine-type endopeptidase activity
network pharmacology, a novel method used to analyze the regulation. A previous paper demonstrated the relationship
pharmacological effects of multi-ingredient compounds, was between the biological process and intestinal epithelial cells
performed here to further define the regulation of FEMPs. (47). In the part of CC, the biological function included
PPI networks, GO, and KEGG analyses were developed in this the tertiary granule lumen and ruffle membrane. The MF
research to investigate the underlying biological mechanisms. results indicated that kinds of kinase activity were mentioned.
The PPI network enrichment results revealed that AKT, CASP3, These results demonstrate that FEMPs can be a functional
SRC, HPGDS, and MMP?9 play vital roles, and many references ingredient applied to intestinal damage by targeting the kinase,
confirmed the significance of such targets. Akt acted as a central the same as Yan’s paper (48). KEGG analysis revealed the
and core part in the regulation of cellular anti-apoptosis effect core targets mostly participated in the PI3K-Akt pathway, focal
on a majority of body diseases, which might influence the adhesion, the TLR signaling pathway, the MAPK signaling
proliferation and metabolism of intestinal epithelial cells (46). pathway, the EGFR tyrosine kinase inhibitor resistance, and
CASP3 is a key enzyme that regulates the process of apoptosis. the VEGF signaling pathway. The aforementioned pathways
SRC might regulate cell growth, differentiation, and survival were related to the intestinal barrier and colonic health, which
through unequal signal transduction, which affects cell adhesion, could regulate the vital biological processes of the intestinal
migration, and invasion. Such significant targets were enriched epithelial cells.
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TABLE 2 The molecular docking energy between fermented egg-milk
peptides (FEMPs) and AKT (The top 15).

Peptides  Docking energy  Hydrogen bond Salt bridge
(kcal mol~1)
ESQNK ~8.576 9 2
ESIIN ~7.749 7 0
DEY —7.140 7 1
DSNVN ~7.066 8 1
DEK —7.044 7 2
ENR —6.757 8 1
YAEER —6.638 6 1
EGTT —6.596 8 0
QWQV —6.576 7 1
ESN —6.419 6 1
LYAEER —6.354 6 0
VEDI —6.267 5 2
DGGQA —6.210 8 1
AEERY —6.146 6 1
DSTR —6.048 8 1

Previous references have reported that the PI3K/Akt
pathway could have a relationship with the proliferation of
transformed intestinal epithelial cells (49, 50). Bian and his
partners also demonstrated that the PI3K/Akt signaling pathway
could affect the distribution of ZO-1 in epithelial cells (51). Our
results were consistent with the above papers. TLR, as former
research described, could mediate the process of intestinal
barrier breakdown (52). Our KEGG results also demonstrated
the relationship between TLR and the intestinal barrier. MAPK
signaling pathway, according to Zheng’s paper, was linked to
intestinal barrier disruption and colonic inflammation occurred
in the colon (53). In brief, we speculated that such a pathway
could occur in relation to the key proteins ZO-1 and MUC-2
in the colon and then play important roles in the regulation of
intestinal barrier function.

To further research the interaction between FEMPs and
the key protein, molecular docking, a powerful and widely
used method, was developed in the current study. It could
be a significant strategy based on the computer calculation of
receptor-ligand interaction for predicting peptides with the core
target (19). Akt, with the highest degree in our study, was used
as the receptor in the molecular docking part. Akt could affect
the transcriptional regulation of cellular genetic information and
cell survival, metabolism, differentiation, growth, migration, and
angiogenesis in the bodies. Besides, it has a close relationship
with the intestinal barrier, and its activity regulation was
seen as an effective way to enhance it (54). A reliable paper
demonstrated the regulation style of “Akt-in” peptides, and
their binding sites were described in this research (46). As we
expected, the FEMPs could bind to the receptor with a lower
docking score and less energy in our study, indicating that
FEMPs could combine with the receptor in a stable condition.
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Moreover, hydrogen bonds and salt bridges play vital roles
in maintaining the structure of the ligand receptor. According
to the results, we inferred that FEMPs might be able to closely
chimera with Akt, thus occupying its active site and affecting
the enzyme activity. This may enhance the distribution and
expression of tight junction proteins in intestinal epithelial cells
and result in the repair of the damaged intestinal barrier.

Conclusion

In this study, the protective function and underlying
targets of FEMPs on the damaged intestinal barrier were
investigated based on immunofluorescence analysis, western
blot, and network pharmacology. The potential mechanism
appeared to affect the peptidase activity in the apoptotic
process, serine/tyrosine kinase activity, and cellular metabolism-
related pathways such as the PI3K-Akt signaling pathway,
TLR signaling pathway, and MAPK signaling pathway. Besides,
FEMPs could combine the key protein Akt with hydrogen
bonds and salt bridges. Based on the analysis of multiple targets
and multiple pathways, this study could offer evidence for the
regulation of peptides on the damaged intestinal barrier and
provide a new perspective and ideas for the research of bioactive
peptides and their biological functions.

Data availability statement

The original contributions presented in this study are
included in the article/Supplementary material, further inquiries
can be directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by Animal
Ethics Committee of Jilin University (Approval No0.20200483).

Author contributions

SL: writing—original draft preparation. QY, XD, SL, and
XL: data curation and formal analysis. ZD, TZ, and XS:
writing—reviewing and editing. MX: sample collection. JL and
FP: supervision. TZ, JL, and FP: conceptualization. All authors
contributed to the article and approved the submitted version.

Funding

This work was funded by the National Natural Science
Foundation of China (No. 32272346), the Jilin Province Science
and Technology Youth Talent Support Project (QT202021), the
Education Department of Jilin Province (No. JJKH20211127K]J).

frontiersin.org


https://doi.org/10.3389/fnut.2022.1068877
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Lyu et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Turner JR. Intestinal mucosal barrier function in health and disease. Nat Rev
Immunol. (2009) 9:799-809. doi: 10.1038/nri2653

2. Camilleri M. What is the leaky gut? Clinical
in humans. Curr Opin Clin Nutr Metab Care.
82. doi: 10.1097/MC0.0000000000000778

3. Vancamelbeke M, Vermeire S. The intestinal barrier: a fundamental
role in health and disease. Expert Rev Gastroenterol Hepatol. (2017) 11:821-
34, doi: 10.1080/17474124.2017.1343143

4. Wang F, Graham WV, Wang Y, Witkowski ED, Schwarz BT, Turner JR.
Interferon-y and tumor necrosis factor-a synergize to induce intestinal epithelial
barrier dysfunction by up-regulating myosin light chain kinase expression. Am J
Pathol. (2005) 166:409-19. doi: 10.1016/S0002-9440(10)62264-X

5. Noth R, Stiiber E, Hisler R, Nikolaus S, Kiihbacher T, Hampe J, et al. Anti-
TNF-a antibodies improve intestinal barrier function in Crohn’s disease. ] Crohn’s
Colitis. (2012) 6:464-9. doi: 10.1016/j.crohns.2011.10.004

considerations
(2021)  24:473-

6. Fasano A. Zonulin and its regulation of intestinal barrier function: the
biological door to inflammation, autoimmunity, and cancer. Physiol Rev. (2011)
91:151-75. doi: 10.1152/physrev.00003.2008

7.You H, Tan Y, Yu D, Qiu S, Bai Y, He J, et al. The therapeutic effect of SCFA-
mediated regulation of the intestinal environment on obesity. Front Nutr. (2022)
9:1-16. doi: 10.3389/fnut.2022.886902

8. Su L, Xin C, Yang J, Dong L, Mei H, Dai X, et al. Polysaccharide
from Inonotus obliquus ameliorates intestinal barrier ~ dysfunction
in mice with type 2 diabetes mellitus. Int ] Biol Macromol. (2022)
214:312-23. doi: 10.1016/j.ijbiomac.2022.06.071

9. Christina M. Van Itallie, Alan S. Fanning, arlene bridges and JMA ZO-1
stabilizes the tight junction solute barrier through coupling to the perijunctional
cytoskeleton. Mol Biol Cell. (2009) 20:4524-30. doi: 10.1091/mbc.e09-04-0320

10. Birchenough GMH, Nystrom EEL, Johansson MEV, Hansson GC. A sentinel
goblet cell guards the colonic crypt by triggering Nlrp6-dependent Muc2 secretion.
Science. (2016) 352:1535-42. doi: 10.1126/science.aaf7419

11. Yang Q, Ting L. Siwen L, Huifang G, Meng Y, Xuanting L, et al. Ovalbumin
and its Maillard reaction products ameliorate dextran sulfate sodium- induced
colitis by mitigating the imbalance of gut microbiota and metabolites. Int J Biol
Macromol. (2022) 222:715-24. doi: 10.1016/j.ijbiomac.2022.09.224

12. Choi J, Sabikhi L, Hassan A, Anand S. Bioactive peptides in dairy products.
Int ] Dairy Technol. (2012) 65:1-12. doi: 10.1111/j.1471-0307.2011.00725.x

13.Wen H, Li Z, Li Y, Hao Y, Du Z, Liu X, et al. Aggregation of egg white peptides
(EWP) induced by proanthocyanidins: A promising fabrication strategy for EWP
emulsion. Food Chem. (2022) 400:134019. doi: 10.1016/j.foodchem.2022.134019

14. Ge H, Cai Z, Chai J, Liu J, Liu B, Yu Y, et al. Egg white
peptides  ameliorate ~ dextran  sulfate  sodium-induced acute  colitis
symptoms by inhibiting the production of pro-inflammatory cytokines
and modulation of gut microbiota composition. Food Chem. (2021)
360:129981. doi: 10.1016/j.foodchem.2021.129981

15. Lyu S, Pan E Ge H, Yang Q, Duan X, Feng M, Liu X, Zhang T, Liu J.
Fermented egg-milk beverage alleviates dextran sulfate sodium-induced colitis in
mice through the modulation of intestinal flora and short-chain fatty acids. Food
Funct. (2022) 13, 702-15. doi: 10.1039/D1FO03040]

Frontiersin Nutrition

14

10.3389/fnut.2022.1068877

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fnut.2022.1068877/full#supplementary-material

16. Ge H, Zhang B, Li T, Yang Q, Tang Y, Liu J, et al. In vivo and in silico studies
on the mechanisms of egg white peptides in relieving acute colitis symptoms. Food
Funct. (2021) 12:12774-87. doi: 10.1039/D1FO03095G

17. Liu X, Fan Y, Du L, Mei Z, Fu Y. In Silico and in vivo studies
on the mechanisms of Chinese Medicine Formula (Gegen Qinlian
Decoction) in the treatment of ulcerative colitis. Front Pharmacol. (2021)
12:1-19. doi: 10.3389/fphar.2021.665102

18. Ge H, Zhang B, Li T, Yu Y, Men E Zhao S, et al. Potential
targets and the action mechanism of food-derived dipeptides on colitis:
network pharmacology and bioinformatics analysis. Food Funct. (2021) 12:5989-
6000. doi: 10.1039/D1FO00469G

19. Yu Z, Kang L, Zhao W, Wu S, Ding L, Zheng F, et al. Identification of novel
umami peptides from myosin via homology modeling and molecular docking.
Food Chem. (2021) 344:128728. doi: 10.1016/j.foodchem.2020.128728

20. Huang G, Wang Z, Wu G, Zhang R, Dong L, Huang F, et al. Lychee
(Litchi chinensis Sonn) pulp phenolics activate the short-chain fatty acid-free fatty
acid receptor anti-inflammatory pathway by regulating microbiota and mitigate
intestinal barrier damage in dextran sulfate sodium-induced colitis in mice. ] Agric
Food Chem. (2021) 69:3326-39. doi: 10.1021/acs.jafc.0c07407

21. Liu X, Ouyang S, Yu B, Liu Y, Huang K, Gong ], et al. PharmMapper server : a
web server for potential drug target identification using pharmacophore mapping
approach. Nucleic Acids Res. (2010) 38:5-7. doi: 10.1093/nar/gkq300

22. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S. Huerta-cepas J, et al.
STRING v11 : protein—protein association networks with increased coverage,
supporting functional discovery in genome-wide experimental datasets. (2019)
47:607-13. doi: 10.1093/nar/gky1131

23. Wang X, Xing Z, Chen H, Yang H, Wang Q, Xing T. High expression of
nectin-1 indicates a poor prognosis and promotes metastasis in hepatocellular
carcinoma. Front Oncol. (2022) 12:1-17. doi: 10.3389/fonc.2022.953529

24.Zhao B, Wu J, LiJ, Bai Y, Luo Y, Ji B, et al. Lycopene alleviates DSS-induced
colitis and behavioral disorders via mediating microbes-gut-brain axis balance. J
Agric Food Chem. (2020) 68:3963-75. doi: 10.1021/acs.jafc.0c00196

25. Mayangsari Y, Suzuki T. Resveratrol ameliorates intestinal barrier defects
and inflammation in colitic mice and intestinal cells. ] Agric Food Chem. (2018)
66:12666-74. doi: 10.1021/acs.jafc.8b04138

26. Birchenough GMH, Johansson MEV, Gustafsson JK, Bergstrom JH, Hansson
GC. New developments in goblet cell mucus secretion and function. Mucosal
Immunol. (2015) 8:712-9. doi: 10.1038/mi.2015.32

27.Xia E LiY, Deng L, Ren R, Ge B, Liao Z, et al. Alisol B 23-acetate ameliorates
lipopolysaccharide-induced intestinal barrier dysfunction by inhibiting TLR4-
NOXI1/ROS signaling pathway in caco-2 cells. Front Pharmacol. (2022) 13:1-
12. doi: 10.3389/fphar.2022.911196

28. Martin R, Lenoir M, Chain F, Langella P, Bermudez-Humaran LG. The
dual role of MAPK pathway in the regulation of intestinal barrier: the role of
the commensal bacterium faecalibacterium prausnitzii on this regulation. Inflamm
Bowel Dis. (2014) 20:17-8. doi: 10.1097/MIB.0000000000000070

29. Lauring J, Park BH. and Wolff AC. The phosphoinositide-3-Kinase- Akt-
mTOR pathway as a therapeutic target in breast cancer. ] Natl Compr Canc Netw.
(2013) 11:670-8. doi: 10.6004/jnccn.2013.0086

frontiersin.org


https://doi.org/10.3389/fnut.2022.1068877
https://www.frontiersin.org/articles/10.3389/fnut.2022.1068877/full#supplementary-material
https://doi.org/10.1038/nri2653
https://doi.org/10.1097/MCO.0000000000000778
https://doi.org/10.1080/17474124.2017.1343143
https://doi.org/10.1016/S0002-9440(10)62264-X
https://doi.org/10.1016/j.crohns.2011.10.004
https://doi.org/10.1152/physrev.00003.2008
https://doi.org/10.3389/fnut.2022.886902
https://doi.org/10.1016/j.ijbiomac.2022.06.071
https://doi.org/10.1091/mbc.e09-04-0320
https://doi.org/10.1126/science.aaf7419
https://doi.org/10.1016/j.ijbiomac.2022.09.224
https://doi.org/10.1111/j.1471-0307.2011.00725.x
https://doi.org/10.1016/j.foodchem.2022.134019
https://doi.org/10.1016/j.foodchem.2021.129981
https://doi.org/10.1039/D1FO03040J
https://doi.org/10.1039/D1FO03095G
https://doi.org/10.3389/fphar.2021.665102
https://doi.org/10.1039/D1FO00469G
https://doi.org/10.1016/j.foodchem.2020.128728
https://doi.org/10.1021/acs.jafc.0c07407
https://doi.org/10.1093/nar/gkq300
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.3389/fonc.2022.953529
https://doi.org/10.1021/acs.jafc.0c00196
https://doi.org/10.1021/acs.jafc.8b04138
https://doi.org/10.1038/mi.2015.32
https://doi.org/10.3389/fphar.2022.911196
https://doi.org/10.1097/MIB.0000000000000070
https://doi.org/10.6004/jnccn.2013.0086
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Lyu et al.

30. Kang Y, Park H, Choe BH, Kang B. The role and function of mucins
and its relationship to inflammatory bowel disease. Front Med. (2022) 9:1-
7. doi: 10.3389/fmed.2022.848344

31.Li C, Wang L, Zhao J, Wei Y, Zhai S, Tan M, et al. Chen C. Lonicera rupicola
Hookfet Thoms flavonoids ameliorated dysregulated inflammatory responses,
intestinal barrier, and gut microbiome in ulcerative colitis via PI3K/AKT pathway.
Phytomedicine. (2022) 104:154284. doi: 10.1016/j.phymed.2022.154284

32. Yu Z, Cao Y, Kan R, Ji H, Zhao W. Identifi cation of egg protein-
derived peptides as xanthine oxidase inhibitors : virtual hydrolysis, molecular
docking, and in vitro activity evaluation. Food Sci Hum Wellness. (2022) 11:1591-
7. doi: 10.1016/j.fshw.2022.06.017

33. Yu Z, Kan R, Ji H, Wu S, Zhao W, Shuian D, et al. Identification
of tuna protein-derived peptides as potent SARS-CoV-2 inhibitors via
molecular docking and molecular dynamic simulation. Food Chem. (2021)
342:128366. doi: 10.1016/j.foodchem.2020.128366

34. Yap YA, Marifio E. An insight into the intestinal web of mucosal
immunity, microbiota, and diet in inflammation. Front Immunol. (2018) 9:1-
9. doi: 10.3389/fimmu.2018.02617

35.  Simecka JW.  Mucosal
tract and oral tolerance. Adv
59. doi: 10.1016/S0169-409X(98)00042-8

36. Vijay K. Toll-like receptors in
diseases: past, present, and future.
59:391-412. doi: 10.1016/j.intimp.2018.03.002

the
Rev.

gastrointestinal
(1998)  34:235-

immunity  of
Drug  Deliv

immunity and
Int  Immunopharmacol.

inflammatory
(2018)

37. Buckley A, Turner JR. Cell biology of tight junction barrier
regulation and mucosal disease. Cold Spring Harb Perspect Biol. (2018)
10:314. doi: 10.1101/cshperspect.a029314

38. Chelakkot C, Ghim J, Ryu SH. Mechanisms regulating intestinal
barrier integrity and its pathological implications. Exp Mol Med. (2018)
50:126. doi: 10.1038/s12276-018-0126-x

39. Hansson GC, Johansson MEV. The inner of the two Muc2 mucin-
dependent mucus layers in colon is devoid of bacteria. Gut Microbes. (2010)
1:51-4. doi: 10.4161/gmic.1.1.10470

40. Liu Y, Ai N, Keys A, Fan X, Chen M. Network pharmacology for traditional
chinese medicine research: methodologies and applications. Chinese Herb Med.
(2015) 7:18-26. doi: 10.1016/51674-6384(15)60015-6

41. Kibble M, Saarinen N, Tang J, Wennerberg K, Mikeld S, Aittokallio
T. Network pharmacology applications to map the unexplored target space
and therapeutic potential of natural products. Nat Prod Rep. (2015) 32:1249-
66. doi: 10.1039/C5NP00005]

42. Bian X, Wu W, Yang L, Lv L, Wang Q, Li Y, et al. Administration of
akkermansia muciniphila ameliorates dextran sulfate sodium-induced ulcerative
colitis in mice. Front Microbiol. (2019) 10:1-18. doi: 10.3389/fmicb.2019.02259

Frontiersin Nutrition

15

10.3389/fnut.2022.1068877

43. Kim MH, Kang SG, Park JH, Yanagisawa M, Kim CH. Short-
chain fatty acids activate GPR41 and GPR43 on intestinal epithelial cells
to promote inflammatory responses in mice. Gastroenterology. (2013)
145:56. doi: 10.1053/j.gastro.2013.04.056

44. Zou XL, Wang GF Li DD, Chen JX, Zhang CL Yu YZ, Zhou W], Zou YP, et al.
Protection of tight junction between RPE cells with tissue factor targeting peptide.
Int ] Ophthalmol. (2018) 11:1594-9.

45. Khan Al Rehman AU, Farooqui NA, Siddiqui NZ, Ayub Q, Ramzan MN,
et al. Effects of shrimp peptide hydrolysate on intestinal microbiota restoration
and immune modulation in cyclophosphamide-treated mice. Molecules. (2022)
27:1-19. doi: 10.3390/molecules27051720

46. Hiromura M, Okada F, Obata T, Auguin D, Shibata T, Roumestand C, et al.
Inhibition of Akt kinase activity by a peptide spanning the BA strand of the proto-
oncogene TCLI. ] Biol Chem. (2004) 279:53407-18. doi: 10.1074/jbc.M403775200

47. Benard O, Madesh M, Anup R, Balasubramanian KA. Apoptotic process in
the monkey small intestinal epithelium: I. Association with glutathione level and its
efflux. Free Radic Biol Med. (1999) 26:245-52. doi: 10.1016/S0891-5849(98)00164-6

48. Yan Y, Merlin D. Ste20-related proline/alanine-rich kinase: a novel
regulator of intestinal inflammation. World ] Gastroenterol. (2008) 14:6115-
21. doi: 10.3748/wjg.14.6115

49. Li JD, Feng W, Gallup M, Kim JH, Gum J, Kim Y, et al. Activation of NF-
kB via a Src-dependent Ras-MAPK-pp90rsk pathway is required for Pseudomonas
aeruginosa-induced mucin overproduction in epithelial cells. Proc Natl Acad Sci U
S A. (1998) 95:5718-23. doi: 10.1073/pnas.95.10.5718

50. Laprise P, Chailler P, Houde M, Beaulieu JE, Boucher M], Rivard
N. Phosphatidylinositol 3-kinase controls human intestinal epithelial cell
differentiation by promoting adherens junction assembly and p38 MAPK
activation. J Biol Chem. (2002) 277:8226-34. doi: 10.1074/jbc.M110235200

51. Bian C, Xu G, Wang J, Ma ], Xiang M, Chen P. Hypercholesterolaemic
serum increases the permeability of endothelial cells through zonula occludens-1
with phosphatidylinositol 3-kinase signaling pathway. J Biomed Biotechnol. (2009)
2009:979 doi: 10.1155/2009/814979

52. Peterson CY, Costantini TW, Loomis WH, Putnam JG, Wolf P, Bansal V, et al.
Toll-like receptor-4 mediates intestinal barrier breakdown after thermal injury.
Surg Infect (Larchmt). (2010) 11:137-44. doi: 10.1089/sur.2009.053

53. Junyuan Z, Hui X, Chunlan H, Junjie E Qixiang M, Yingying L, et al.
Quercetin protects against intestinal barrier disruption and inflammation in acute
necrotizing pancreatitis through TLR4/MyD88/p38 MAPK and ERS inhibition.
Pancreatology. (2018) 18:742-52. doi: 10.1016/j.pan.2018.08.001

54. Tang G, Du Y, Guan H, Jia J, Zhu N, Shi Y, et al. Butyrate ameliorates
skeletal muscle atrophy in diabetic nephropathy by enhancing gut barrier function
and FFA2-mediated PI3K/Akt/mTOR signals. Br ] Pharmacol. (2022) 179:159-
78. doi: 10.1111/bph.15693

frontiersin.org


https://doi.org/10.3389/fnut.2022.1068877
https://doi.org/10.3389/fmed.2022.848344
https://doi.org/10.1016/j.phymed.2022.154284
https://doi.org/10.1016/j.fshw.2022.06.017
https://doi.org/10.1016/j.foodchem.2020.128366
https://doi.org/10.3389/fimmu.2018.02617
https://doi.org/10.1016/S0169-409X(98)00042-8
https://doi.org/10.1016/j.intimp.2018.03.002
https://doi.org/10.1101/cshperspect.a029314
https://doi.org/10.1038/s12276-018-0126-x
https://doi.org/10.4161/gmic.1.1.10470
https://doi.org/10.1016/S1674-6384(15)60015-6
https://doi.org/10.1039/C5NP00005J
https://doi.org/10.3389/fmicb.2019.02259
https://doi.org/10.1053/j.gastro.2013.04.056
https://doi.org/10.3390/molecules27051720
https://doi.org/10.1074/jbc.M403775200
https://doi.org/10.1016/S0891-5849(98)00164-6
https://doi.org/10.3748/wjg.14.6115
https://doi.org/10.1073/pnas.95.10.5718
https://doi.org/10.1074/jbc.M110235200
https://doi.org/10.1155/2009/814979
https://doi.org/10.1089/sur.2009.053
https://doi.org/10.1016/j.pan.2018.08.001
https://doi.org/10.1111/bph.15693
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

	Protective effects and potential mechanisms of fermented egg-milk peptides on the damaged intestinal barrier
	Introduction
	Materials and methods
	Materials
	Animal experiments design
	Immunohistochemistry staining
	Western blot analysis
	FEMPs information preparation and target gene prediction
	Construction of the protein-protein interaction (PPI) network
	GO and KEGG enrichment analysis
	Pathway regulation
	Molecular docking

	Results
	FEMPs enhance the expression of ZO-1 and MUC-2
	Analysis of the PPI network
	GO and KEGG enrichment analysis
	Regulation of PI3K-Akt signaling pathway
	Molecular docking

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


