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and alleviates its pathogenicity in mice
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Abstract

Background Fscherichia coli is a facultative anaerobic bacterium that normally resides in the gastrointestinal tract
of humans and animals but can cause diarrhea and enteritis. MPX is an antimicrobial peptide extracted from wasp
venom and has potent bactericidal effects against many bacteria. This study aimed to investigate the mechanism
of MPX's bactericidal activity against £. coliin vitro, its effect on IPEC-J2 cell apoptosis and barrier function, and its
therapeutic efficacy against E. coli infection in mice.

Methods The effects of MPX on E. coli were investigated in vitro, at the cellular level, and in vivo.

Results The study found that the MIC of MPX against £. coli was 31.25 pug/mL, and scanning electron micros-

copy showed that MPX caused the bacteria to become smaller in size with leaked contents. Additionally, NPN, P,

and DiSC3(5) results showed that MPX positively correlated with the fluorescence intensity. MPX significantly inhib-
ited E. coli biofilm formation. Furthermore, MPX effectively reduced IPEC-J2 cell apoptosis, regulated ZO-1, Occlu-

din, and Claudin-1 expression through the Rac1 pathway, and alleviated the pathological damage in the intestine,

as shown by H&E staining results. gRT-PCR results indicated that MPX increased TFF3 mRNA expression in the jejunum
and colon.

Conclusions This study is the first to explore the mechanism of MPX's bactericidal activity against £. coliin vitro, pro-
viding a foundation for developing new drugs to treat bacterial infections.
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Introduction

Escherichia coli is facultative anaerobic bacterium that
mainly exists in the gastrointestinal tract of humans
and animals, colonizes the small intestine, and is usu-
ally associated with acute secretory diarrhoea [1]. It can
cause diarrhoea, enteritis, destruction of the host’s intes-
tinal barrier, and intestinal microecological disturbances
[2]. Enterotoxigenic Escherichia coli (ETEC) is classi-
cally associated with acute secretory diarrhoea, which
induces 2 million deaths in developing countries per
year, predominantly in children in the first years of life
[3]. In addition, in recent years, due to the widespread
and excessive use of antibiotics, the resistance of E. coli
has increased. The tetracycline, sulfonamide and penicil-
lin antibodies, which are most commonly used in animal
production, have the highest resistance rates [4]. There-
fore, there is an urgent need to find alternative antibacte-
rial drugs against E. coli infection.

Antimicrobial peptides are class of small defensive
peptides produced when organisms resist the invasion of
foreign microorganisms. They are important part of the
body’s innate immune system [5]. Both peptides and anti-
biotics are drugs used to treat bacterial infections, but
peptides have advantages in certain aspects. Unlike many
antibiotics, most peptides have low toxicity in the body,
meaning that peptide drugs may cause fewer side effects
and be safer [6]. Many peptides exhibit high selectivity
towards bacteria, which can reduce the risk of damage to
beneficial bacteria in the body and lower the rate of infec-
tion recurrence after treatment [7]. For example, some
peptides target the cell membrane mechanism involved
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in bacterial growth inhibition, while antibiotics primar-
ily target bacterial metabolic pathways, thus reducing
dependence on antibiotics and lowering the risk of anti-
biotic resistance [8]. Antimicrobial peptides also have
broad-spectrum antibacterial activity, as they can act
against multiple types of bacteria rather than targeting a
single bacterial species [9, 10]. Compared with traditional
antibiotics, antimicrobial peptides have the character-
istics of small molecular weight, good water solubility,
good thermal stability, unique antibacterial mechanism,
broad-spectrum antibacterial activity against clinically
resistant strains, and robustness to bacterial resistance
(11]. MPX (H-INWKGIAAMAKKLL-NH2) belongs to
the family of bee venom antimicrobial peptides. MPX
has high concentration in bee venom, it is an amino acid
peptide with a net positive charge of 4 [12]. Previous
research by our group found that MPX has good antibac-
terial activity against Actinobacillus pleuropneumoniae
[13]. However, the bactericidal mechanism and effect of
MPX against E. coli infection in vitro and the in vivo are
still unknown.

In this study, the mechanism of MPX against E. coli
infection was explored in vitro, and it was found that
MPX mainly destroyed the membrane of bacteria,
increased the permeability of the membrane, and led to
the leakage of bacterial content, thereby exerting a bac-
tericidal effect. In addition, MPX could significantly
inhibit E. coli biofilm formation. Furthermore, MPX
could significantly inhibit the apoptosis and the number
of adhesions of IPEC-]J2 cells and regulate the cell bar-
rier function through the Rac 1 pathway caused by E.
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coli infection. Finally, the effect of MPX against E. coli
infection was further evaluated in vivo, and the results
showed that MPX could alleviate the pathological dam-
age of E. coli to the intestine of mice and increase the
mRNA expression of antimicrobial proteins. This study
laid a theoretical foundation for screening antimicrobial
peptides to find drugs for the clinical treatment of E. coli
infection.

Methods

Ethics statement

BALB/c mice (6—8 weeks old, 18-20 g, female) were pur-
chased from Zhengzhou University. All animal experi-
ments were performed in accordance with the guidelines
of the Animal Welfare and Research Ethics Committee
and were approved by the Animal Ethics Committee at
Henan Institute of Science and Technology.

Peptide synthesis

MPX (H-INWKGIAAMAKKLL-NH2) was obtained
from Shanghai Jier Biochemical Company (China)
using a solid-phase N-9-fluoromethoxycarbonyl (Fmoc)
strategy and high-performance liquid chromatography
(HPLC) purification, and its purity was 98%.

Bactericidal activity test

E. coli was cultured in LB liquid medium to the logarith-
mic phase (ODgy,=1.0), and the final concentrations of
MPX (31.25 pg/mL), PR39 (50 pg/mL), and Enro (50 pg/
mL) were added to the bacterial solution. ddH,O was
added as the negative control and incubated at 37 °C for
Oh,1h,2h,3h,4h,5h, and 6 h. Then, the OD, of the
bacterial solution was measured, and the bacterial solu-
tion was diluted every 1 h. Each plate was placed on the
LB plate and incubated in a 37 °C incubator for 12 h until
a single colony was clearly visible, and then the plates
were counted [14]. The assays were repeated three times.

Determination of BCA protein content

BCA method for protein concentration measurement
principle: In an alkaline environment, proteins will form
complexes with Cu** ions and reduce them to Cu'" ions
(biuret reaction). BCA will then react with Cu'* to form a
stable purple-blue complex, which has a high absorbance
value at 562 nm and is proportional to the protein con-
centration. Proteins are one of the most important nitro-
gen-containing biomolecules in cells and are involved in
various biological functions. Briefly, 25 pL of each sample
and 200 pL of BCA working reagent were added to each
well. The microplate was shaken for 15 s and then incu-
bated for 30 min at 37 °C using a BioTek® Cytation 5 Cell
Imaging Multi-Mode Reader. Absorbance was measured
at 562 nm [15]. The assays were repeated three times.
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Detection of live and dead bacteria

The LIVE/DEAD BacLight Bacterial Viability L-7012 Kit
(Molecular Probes, Eugene, OR, USA), containing two
component dyes (SYTO 9 and PI in a 1:1 mixture) in
solution, was used for microscopy and quantitative assays
according to the test instructions. A total of 3 pL of the
dye mixture was added to each well, the wells were incu-
bated at room temperature in the dark for 15 min, and
the bacterial survival in the biofilm was observed by con-
focal laser microscopy.

MPX on the outer membrane of E. coli

E. coli were washed with a 1:1 mixture of 5 mM HEPES
buffer and resuspended with the same solution. The con-
centration of E. coli was 1x10® CFU/mL. This study was
performed in a Corning 96 black well plate with clear
bottom containing 10 uM of N-phenyl naphthylamine
(NPN) dye and 190 pL of bacterial suspension. After
that, bacterial suspensions with dye in each well were
treated with 10 pL. of MPX at concentrations of 1 MIC, 2
MIC, and 4 MIC. Then, the fluorescence was monitored
at excitation wavelength of 350 nm and emission wave-
length of 420 nm. The increase in fluorescence intensity
was monitored for another 10 min with an INFINITE M
PLEX microplate reader [16]. The assays were repeated
three times.

MPX on the cell membrane potential

E. coli were collected and separately washed with a 1:1
ratio of 5 mM glucose and HEPES buffer (pH=7.4).
Next, the bacterial plate was resuspended in a 1:1:1 ratio
of 5 mM HEPES buffer and 100 mM KCI solution sup-
plemented with 0.2 mM EDTA and 5 mM glucose. For
this study, EDTA was used to enable dye uptake by per-
meabilizing the outer membrane of E. coli. This study was
performed in a Corning 96 black well plate with a clear
bottom containing 2 pM 3,3’-dipropylthiadicarbocya-
nine iodide [DiSC3(5)] and 190 pL of bacterial suspen-
sion. After that, 10 pL of MPX (1 MIC, 2 MIC, 4 MIC)
was mixed with the suspension of bacteria and dye from
each well. ddH,O was used as the control. Fluorescence
intensity was measured at 622 nm excitation wavelength
and 670 nm emission wavelength for 10 min using an
INFINITE M PLEX microplate reader [17]. The assays
were repeated three times.

MPX on the inner membrane of E. coli

Briefly, the mid-log phase of E. coli was separately centri-
fuged (8000 rpm/min, 5 min), washed and resuspended
in 1:1 ratio of 5 mM glucose and HEPES buffer (pH="7.4).
The working concentration of E. coli was 1x10% CFU/
mL. Next, 190 pL of bacterial suspension containing
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10 uM propidium iodide (PI) was added to the well of
black Corning 96-well plate with clear bottom. Next,
10 pL of MPX (1 MIC, 2 MIC, 4 MIC) was added to the
wells containing dye and bacterial suspension. The con-
trol was ddH,O. An excitation wavelength of 535 nm and
emission wavelength of 617 nm were used to monitor
PI fluorescence for 10 min using an INFINITE M PLEX
microplate reader [18]. The assays were repeated three
times.

Crystal violet staining

The ability of MPX to inhibit E. coli biofilm formation
was tested according to the reference. In a 96-well poly-
styrene microtiter plate, an overnight culture of E. coli
was inoculated into 100 pL of LB liquid medium at a
proportion of 1%, and different concentrations of MPX
(0.5 MIC, 1 MIC, 2 MIC, 4 MIC) were applied; ddH,0O
was used as a negative control. The culture plate was
placed in a 37 °C incubator for 24 h. The culture superna-
tant was aspirated and discarded. Each well was washed
3 times with 200 pL of sterile PBS and fixed with 70%
methanol for 30 min. The fixative was aspirated and dis-
carded, and the wells were dried at 37 °C in the incuba-
tor for 30 min. Then, 100 puL of 1% Hucker crystal violet
staining solution was added to each well and stained for
5 min at room temperature. The staining solution was
removed, and the culture plate was rinsed under a slow
stream of water until the flowing water was colourless.
After the oven was dried, the sample was placed under a
microscope for observation. Then, 100 pL of 70% ethanol
solution was added to each well for decolorization, vor-
texed and mixed, and quickly placed in a multifunctional
microplate reader to determine the absorbance value of
ODg; [19].

Scanning electron microscopy observation of biofilm
formation

After culturing the E. coli overnight, it was diluted by
a factor of 100 with fresh LB liquid medium and trans-
ferred to 6-well cell plate with sterile glass slides. Then,
500 pL of bacterial solution was added to each well, and
MPX (1 MIC) and ddH,O were added as negative con-
trol. After 24 h of incubation in a constant-temperature
incubator at 37 °C, the cell culture solution was slowly
removed and rinsed with sterile saline 3 times to wash
away floating bacteria. Then, 300 pL of 2.5% glutaralde-
hyde solution was added to each well. After fixation at
room temperature for 30 min, the samples were rinsed
with pH="7.4 phosphate buffer 3 times, with an inter-
val of 10 min each time. Next, 30%, 50%, 70%, 80%, 90%,
95%, and 100% alcohol were used for gradient dehydra-
tion, and each time interval was 15 min. After the slides
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were dried, the formation of biofilms was observed under
a scanning electron microscope [13].

IPEC-J2 cells adhesion and invasion detection

IPEC-J2 cells were cultured in a 6-well plate and 1x 10°
cells were added to each well. After 24 h of culture, the
medium was replaced with fresh DMEM:F12 blank
medium, 50 pM Racl inhibitor NSC23766 or the same
volume of 0.1% DMSO was added, and then 10 pg/mL
MPX or sterile water was added. The cells were placed in
the cell incubator and cultured for 12 h, washed with PBS
3 times, and then added at an MOI of 10. The E. coli sus-
pension was incubated at 37 °C for 1 h, and then unad-
hered and contaminant bacteria were washed away with
PBS, 200 pL of 0.5% Triton X-100 was added to each well
for 5 min, followed by 800 uL of precooled PBS. The cells
were collected and subjected to multiple dilution and LB
medium coating, with inverted culture in a biochemi-
cal incubator at 37 °C for 16 h. The assays were repeated
three times.

Animal experiments

A total of 20 BALB/c mice (6-8 weeks old, 18-20 g,
female) were purchased from Zhengzhou University.
All mice were housed in individual cages at a constant
humidity (40-70%) and temperature (211 °C) under a
12-h light/dark cycle for 3 days to acclimate to the envi-
ronment. The animals were randomly divided into four
experimental groups (control, E. coli, E. coli+MPX,
and E. coli+enrofloxacin (Enro); five mice per group)
and challenged with an intraperitoneal injection of E.
coli (4.5x10° CFU/mL). The mice were treated with an
intraperitoneal injection of MPX (20 mg/kg) or Enro
(20 mg/kg) for 3 days after E. coli infection for 2 h. Eth-
ics Approval and Consent to Participate is Henan Insti-
tute of Science and Technology. The ethical approval No.
2022HIST022. The assays were repeated three times.

qRT-PCR detection

IPEC cells were cultured to form a monolayer in a 6-well
plate and then divided into four groups: IPEC+E. coli,
IPEC+E. coli+MPX, IPEC+E. coli+ MPX+NSC 23766,
and IPEC+E. coli+ NSC 23766. Infection was carried out
at an MOI of 10. After 12 h, IPEC-J2 cells were collected
for mRNA expression detection of the tight junction
proteins ZO-1, Occludin, and Claudin-1. Total cell RNA
was extracted by adding 1 mL of RNAio Plus to each
well, followed by the addition of 200 pL of chloroform
and centrifugation at 12,000 rpm, 4°C for 10 min. The
supernatant was slowly aspirated, and 500 pL of isopro-
panol was added and mixed, followed by centrifugation
at 12,000 rpm at 4 °C for 10 min. Then, 1 mL of 75% etha-
nol was added to each tube, which was then centrifuged
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at 12,000 rpm/min at 4 °C for 5 min. Finally, 20-30 pL
of DEPC water was added for reverse transcription using
a Takara kit (Cat. No. DRR047A) under the following
reaction conditions: 95 °C for 5 min, 95 °C for 30 s, 55 °C
for 30 s, and 72 °C for 20 s, for a total of 40 cycles. The
relative expression levels were determined using the 2~
AACT method [20]. The primer sequences were shown in
Table 1. The assays were repeated three times.

H&E staining

After being sterilized with alcohol wipes, mouse organs
and intestines were fixed in 4% paraformaldehyde,
embedded in paraffin, sectioned, and stained with H&E
to observe the pathological changes in the duodenum,
ileum, colon, liver, spleen, and lungs. The specific proce-
dures were carried out following the previously described
methods [21].

Statistical analyses

GraphPad Prism 8.0 software was used to perform sta-
tistical analysis of the experimental results and identify
significant differences (one-way ANOVA). P<0.05 was
considered a significant difference (*P<0.05; **P<0.01; *
** P<0.001).

Results

MPX has good antibacterial activity against E. coli

The antibacterial activity of MPX against E. coli was
evaluated using the double-layer agar diffusion assay
(Fig. 1A). Results showed that MPX effectively inhibited
the growth of E. coli at 1 mg/mL, and the size of the inhi-
bition zone was comparable to that of Enro (1 mg/mL).

Table 1 The primers for this study

Genes Sequence
Occludin (pig) F:5'- GACAGACTACACAACTGGCGG-3
R:5-TGTACTCCTGCAGGCCACTG-3"
Claudin-1 (pig) F: 5-CCATCGTCAGCACCGCACTG-3'
R: 5-CGACACGCAGGACATCCACAG-3'
Z0-1 (pig) F: 5-ATGAGCAGGTCCCGTCCCAAG-3'
R: 5-GGCGGAGGCAGCGGTTTG-3'
GAPDH (pig) F: 5-ACTCACTCTTCCACTTTTGATGCT-3"
R: 5-TGTTGCTGTAGCCAAATTCA-3
Reg3y (mice) F:5'-CCCGACACTGGGCTATGAAC-3'
R:5-GGTACCACAGTGATTGCCTGA-3'
Relmp (mice) F:5'-CTGATAGTCCCAGGGAACGC-3'
R:5-GTCTGCCAGAAGACGTGACA-3"
TFF3 (mice) F:5'-CCTGGTTGCTGGGTCCTCTG-3'
R:5-GCCACGGTTGTTACACTGCTC-3'
GAPDH (mice) F:5'-GAGAAACCTGCCAAGTATGATGAC-3'

R:5-TAGCCGTATTCATTGTCATACCAG-3’
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The negative control exhibited no antibacterial activity.
Furthermore, a modified microbroth dilution method
was employed to determine the minimum inhibitory
concentration (MIC) of MPX against E. coli, which was
found to be 31.25 pg/mL (Fig. 1B). To test the bacteri-
cidal activity of MPX against E. coli, the OD, value of
the bacterial culture was measured, and it was observed
that after 6 h of exposure to MPX, the ODg, of the bac-
terial culture decreased to 0.1, which was significantly
lower than that of the control group (Fig. 1C, p<0.01).
The bactericidal activity of MPX against E. coli was also
evaluated using the plate counting method, and a dose-
dependent increase in bactericidal efficacy against E. coli
was observed (Fig. 1D).

Scanning electron microscopy was used to examine
the effect of MPX on the morphology of E. coli. Results
showed that the negative control E. coli had intact mor-
phology, with large cells and smooth surfaces. However,
cells treated with MPX (2 MIC) for 2 h exhibited sig-
nificantly smaller size and leakage of bacterial contents
(Fig. 1E, 12000x). These findings collectively demonstrate
that MPX can effectively kill E. coli in vitro, indicating its
potential as an antibacterial agent.

The antibacterial activity of MPX is relatively unaffected

by changes in pH and temperature

To investigate the impact of pH and temperature on the
activity of MPX, we used the antibacterial radius method
to assess the antibacterial activity of MPX on E. coli
under different pH values and temperatures. Our results
(Fig. 2A) indicate that pH values within the range of 2-9
have no significant effect on the antibacterial activity of
MPX. However, when pH exceeds 10, the antibacterial
activity of MPX decreases. These findings suggest that
MPX maintains stability in acidic and weakly alkaline
environments. We also evaluated the impact of differ-
ent temperature treatments on the antibacterial activity
of MPX, with the highest temperature reaching 100 °C.
Interestingly, we found that temperature did not affect
the antibacterial activity of MPX, indicating that MPX
has good thermal stability (Fig. 2B). Furthermore, we
investigated the effect of different salt ions on the activity
of MPX, after treatment with various concentrations of
Nat, K*, Mg?*, and Ca®" cations. Our results (Fig. 2C-F)
showed that the monovalent cations Na* and Kt did not
affect the antibacterial activity of MPX, while the diva-
lent cations Mg®* and Ca*" had an impact on the activity
of MPX. It is speculated that the presence of Ca** may
cause changes in the secondary structure of MPX, lead-
ing to altered antibacterial activity. Overall, our findings
suggest that while the antibacterial activity of MPX is not
significantly influenced by temperature and monovalent
cations, it is greatly affected by divalent cations.
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Fig. 1 Bactericidal activity detection of MPX in vitro. A Double-layer agar diffusion test results. B Minimum inhibitory concentration test results. C E.
coli ODgy, detection after treatment with MPX. D E. coli plate count detection after treatment with MPX. E The effect of MPX on E. coli was detected

by scanning electron microscopy

MPX increases bacterial membrane permeability

In this study, we used BCA protein content determina-
tion and immunofluorescence observation to investigate
the permeability of MPX on E. coli strains. Our results
showed that after treatment with MPX for 3 h, the pro-
tein content in the supernatant of E. coli was significantly
higher than that of the control group (Fig. 3A). Moreover,
the protein content was significantly higher in the group
treated with MPX at a concentration of 2 MIC compared
to 1 MIC, indicating a positive correlation between the
effect of MPX on E. coli and its concentration. To visu-
alize the bacterial morphology, SYTO 9/PI was used in
fluorescence microscopy. After treatment with MPX
at a concentration of 2 MIC, the integrity of the cell

membrane was compromised, leading to the entry of PI
into bacterial cells and a significant increase in the num-
ber of dead bacteria (as shown in Fig. 3B). This effect was
found to be significantly superior to that observed with
MPX at a concentration of 1 MIC, and the results were
consistent with the protein content determination using
BCA assay.

To assess the permeability of MPX to the outer mem-
brane of E. coli, an NPN uptake assay was performed.
NPN is a neutral hydrophobic fluorescent probe that
is typically excluded by the outer membrane, but its
fluorescence intensity increases upon entry into the
outer membrane. As shown in Fig. 3C, MPX exhib-
ited a concentration-dependent penetration of the
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F The effect of Ca?* cations on the activity of MPX

outer membrane of E. coli, which was evident from the
increase in NPN fluorescence. Notably, even at a con-
centration of 1 MIC, MPX could penetrate the outer
membrane of E. coli in a dose-dependent manner.

To assess the permeability of MPX to the inner
membrane of E. coli, PI was utilized. PI has a strong
affinity for bacterial DNA, and its fluorescence
intensity increases upon entry into damaged bacte-
rial cells. As observed in Fig. 3D, treatment of E. coli
with MPX resulted in a significant increase in PI
fluorescence intensity, which further increased in a
concentration-dependent.

The impact of MPX on the depolarization of the E.
coli cytoplasmic membrane was investigated using the
membrane potential-sensitive dye 3,3’-dipropylthiadicar-
bocyanine iodide [DiSC3(5)]. Under normal membrane
potential conditions, the DiSC3(5) dye is distributed
both inside and outside the bacterial cell, resulting in a
decrease in the initial fluorescence intensity of the dye
due to its "self-quenching" within the bacterial cell. How-
ever, after exposure to drugs that alter the normal mem-
brane potential, the release of the dye in the external
medium increases, leading to an increase in fluorescence
intensity. In the present study, following treatment with
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Fig. 3 Effect of MPX on the permeability of E. coli. A The results of total protein in £. coli bacterial supernatant after MPX treatment. B The effect
of MPX on the permeability of E. coli was observed by immunofluorescence. C Detection of NPN fluorescence after MPX treatment with E. coli. D

Detection Pl of fluorescence after MPX treatment with E. coli. E Detection of DISC3(5) fluorescence after MPX treatment with E. coli

varying concentrations of MPX (1 MIC, 2 MIC, and 4
MIC), the fluorescence intensity of E. coli was found to
increase with increasing concentrations of MPX (Fig. 3E).
These results suggest that MPX exerts its bactericidal
effect by increasing the permeability of bacteria.

MPX inhibits E. coli biofilm formation

The formation of biofilms by E. coli plays a crucial role
in its virulence and drug resistance. Hence, this study
initially employed the crystal violet method to investi-
gate the impact of MPX on E. coli biofilm formation. The

4MIC 2MIC 1MIC 0.5MIC

MPX (0.5 MIC)

MPX(1 MIC)

findings demonstrated that MPX (1 MIC) dose-depend-
ently reduced the formation of E. coli biofilms compared
to the control group, with MPX (4 MIC) having the
most substantial effect (as shown in Fig. 4A). Addition-
ally, after dissolving the crystal violet using 70% alcohol,
the absorbance value of the E. coli biofilm was measured
using an ODg,, spectrophotometer. Compared to the
control group, MPX significantly reduced the absorbance
value of the E. coli biofilm (Fig. 4B).

Scanning electron microscopy was utilized to investi-
gate the effect of MPX (1 MIC) on E. coli biofilms, which

N O O O
B °§w %‘x& &0 q’@o o
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2 -t
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435‘/
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Fig. 4 The effect of MPX on the formation of £. coli biofilms. A The effect of MPX on E. coli biofilm by crystal violet staining. B ODs;, detected
the effect of MPX on E. coli biofilm. C The effect of MPX on the biofilm formation of E. coli, observed by scanning electron microscopy
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revealed a loose structure, reduced bacterial adhesion,
and an increase in the gaps between bacteria. In con-
trast, the control group formed dense biofilms with mini-
mal gaps between bacteria (Fig. 4C). Collectively, these
results suggest that MPX can substantially inhibit the for-
mation of E. coli biofilms.

MPX inhibits E. coli-induced apoptosis, adhesion

and regulates tight junction proteins

IPEC-J2 cells were infected with E. coli at a MOI of 10,
and their morphology was observed using scanning
electron microscopy (SEM), as shown in Fig. 5A. The
results indicated that the surface of untreated IPEC-]J2
cells was smooth and round, and the cell morphology
was intact, despite some cytoskeletal swelling and col-
lapse. In contrast, when infected with E. coli, IPEC-]2
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cells showed signs of apoptosis, such as cell swelling,
apoptotic vesicles, and cytoskeletal collapse. Treatment
with MPX did not cause any collapse or apoptotic vesi-
cles in the IPEC-J2 cells. Next, the effect of MPX on the
adhesion and invasion of IPEC-]2 cells was tested by add-
ing a Racl inhibitor. The results, shown in Fig. 5B and
C, revealed that E. coli adhesion and invasion were sig-
nificantly reduced in the MPX-treated group compared
to the IPEC-J2+E. coli group. However, pre-treatment
with NSC 23766, a Racl inhibitor, abolished the protec-
tive effect of MPX on IPEC-]2 cells, suggesting that Racl
is involved in the cell barrier function of IPEC-]J2 cells,
and that MPX enhances this function through Racl.
Moreover, the regulatory mechanism of MPX on tight
junction proteins was studied using the Racl inhibitor
NSC23766 (Fig. 5C, D, E). The results showed that MPX
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Fig. 5 The effect of MPX on invasion and barrier function of IPEC-J2 cells after E. coli infection. A The results of IPEC-J2 cells infected with E. coli
observed by scanning electron microscopy. B The results of E. coli adhesion in IPEC-J2 cells. C The results of E. coli invasion in IPEC-J2 cells. D The
mRNA expression of Claudin-1 after E. coli infection. E The mRNA expression of ZO-1 after E. coli infection. F The mRNA expression of Occludin

after E. coli infection
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pretreatment increased the mRNA expression of ZO-1
and Occludin in IPEC-J2 cells, while the mRNA expres-
sion of Claudin-1 was not significantly affected. However,
the effect of MPX on ZO-1 and Occludin was inhibited
after adding the inhibitor NSC23766. These findings sug-
gest that MPX may regulate the tight junction proteins
of intestinal epithelial cells and enhance barrier function
through the Racl pathway.

MPX relieves the pathological damage to the intestines

H&E staining was conducted to observe the pathological
changes in the duodenum and ileum after E. coli infec-
tion. As illustrated in Fig. 6A, B, mice infected with E. coli
exhibited shedding of intestinal villi, as well as catarrhal
enteritis, degeneration, necrosis, shedding of intestinal
mucosal epithelial cells, and congestion of the lamina
propria, with a large amount of neutrophil infiltration.
These changes indicated the presence of necrotizing
enteritis and fibrinous necrotizing enteritis (Fig. 6A, B).
However, treatment with MPX significantly alleviated the
pathological changes in each bowel segment. The intesti-
nal villi of the control group were arranged neatly without
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any pathological changes mentioned above. Additionally,
the liver, spleen, and lung of E. coli-infected mice showed
pathological changes after MPX treatment, as shown in
Supplementary Fig. 1A, B, C. The mRNA expression of
intestinal antibacterial-related proteins REG3y, Remlf,
and TFF3 was analysed using qRT-PCR. In the jejunum,
compared with the control group, the TFF3 gene expres-
sion level was increased in the E. coli group (P<0.05),
while the TFF3 gene expression level in the jejunum of
the E. coli+ MPX group was significantly lower than that
in the jejunum of the E. coli group (P<0.05), with no sig-
nificant difference from the control group. The mRNA
expression level of Remlp in the jejunum tissue of E. coli-
infected mice was significantly increased (P<0.001) com-
pared with the control group. MPX significantly reduced
the mRNA expression level of Remlp, which was equiv-
alent to the effect of Enro, while the expression level of
Remlf in the mouse colon was not significantly differ-
ent in the other groups. Furthermore, E. coli infection
increased the expression of REG3y in the mouse jejunum
and colon, and MPX significantly reduced REG3y mRNA
expression caused by E. coli infection (Fig. 6C, D, E).
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Fig. 6 The effects of MPX on intestinal pathology and the mRNA expression of antimicrobial proteins. A H&E staining of the duodenum after £. coli
infection in mice. B H&E staining of the ileum after E. coli infection in mice. C The mRNA expression of TFF3 in the mouse jejunum and colon. D The
mMRNA expression of Reml in the mouse jejunum and colon. E The mRNA expression of REG3y in the mouse jejunum and colon
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These results indicate that MPX can effectively alleviate
intestinal pathological damage caused by E. coli infection
and regulate the expression of antimicrobial proteins in
the jejunum and colon.

Discussion

In recent years, the excessive use of antibiotics has led to
an increase in the resistance of E. coli. Therefore, there is
an urgent need to find alternatives to antibiotics. Amphai-
phan C and others isolated E. coli from dogs and cats
suffering from urinary system diseases, tested for drug
sensitivity, and found that the resistance of E. coli was
16.7% [22]. Fayemi OE et al. tested 180 samples of fresh
beef and meat products and detected that 61 samples
contained different serotypes of E. coli. Resistance analy-
sis of the isolated E. coli O157:H7 showed 23.6% resist-
ance of the STEC serotype [23]. Sarjana Safain K et al.
determined the spectrum of AMR and associated genes
encoding resistance to the aminoglycoside, macrolide
and P-lactam classes of antimicrobials in bacteria isolated
from hospitalized patients in Bangladesh and found that
53% of isolates were multidrug-resistant (MDR), includ-
ing 97% of E. coli [24]. Shin H et al. isolated the
high-level carbapenem-resistant and extensively drug-
resistant (XDR) strain N7 of E. coli, which produces a var-
iant of New Delhi metallo-p-lactamase (NDM-5), from
the influent of the wastewater treatment plant located on
Han River, Seoul, South Korea, which harbours the gene,
showed a high level of carbapenem resistance todorip-
enem (512 mg/L) and meropenem (256 mg/L) and XDR
to 15 antibiotics [25].

The formation of bacterial biofilms leads to increased
bacterial resistance. Morroni G et al. found that the anti-
microbial peptide LL-37 has good antibacterial activity
against multidrug-resistant E. coli, and MIC and sub-
MIC concentrations of LL-37 were able to reduce E. coli
biofilm formation [26]. Vergis | et al. found that the anti-
microbial peptide lactoferricin (17-30) has good antibac-
terial and antibiofilm activity against multidrug-resistant
enteroaggregative E. coli, and lactoferricin (17-30) sig-
nificantly reduced the formation of E. coli biofilms [27].
Mishra BE et al. found that the antimicrobial peptide
WW298 could effectively inhibit MRSA attachment and
disrupt its preformed biofilms more effectively than dap-
tomycin [28]. Liu Ye et al. found that a tryptophan-rich
amphiphilic peptide termed WRK-12 significantly inhib-
ited the formation of biofilms in a dose-dependent man-
ner, especially in multidrug-resistant (MDR) bacteria,
particularly gram-negative bacteria [29].

The intestinal barrier is composed of four parts: the
intestinal epithelial barrier, immune barrier, chemical
barrier and biological barrier. The intestinal epithelial
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barrier is the first barrier in animals to resist the inva-
sion of pathogens. It is particularly important in pro-
tecting the body from pathogenic bacteria and other
microorganisms.

The tight junction structure is the most critical part
of the intestinal epithelial barrier [30]. ZO-1, Occludin
and Claudin-1 are important proteins in the tight junc-
tion structure [31]. Yi et al. found that the antimicro-
bial peptide CWA increased the expression of the tight
junction proteins ZO-1 and Occludin in the intestinal
tract of weaned piglets with diarrhoea and enhanced
intestinal barrier function [32]. LL-37 also increases
the expression of the tight junction proteins Claudins
and Occludin, increases cell transmembrane resistance
(TER), and enhances cell barrier function [33]. Han
et al. found that defensin pBD2 could increase the gene
expression of ZO-1 and Occludin in the mouse colon
and relieve the colon inflammation induced by DSS
in mice [34]. Lin et al. found that E. coli K88 led to a
decrease in the expression of the tight junction protein
Z0O-1 in IPEC-J2 cells, and the antimicrobial peptide
porcine NK-Lysine (PNKL) significantly increased the
expression of the tight junction protein ZO-1 [35].

The intestine is the largest digestion and absorp-
tion organ of animals and the most important immune
organ of the body. Zhang et al. found that adding the
antimicrobial peptide plectasin to chicken diets could
improve chicken performance, immune function and
intestinal health and increase the length of intestinal
villi [36]. Roque-Borda CA et al. found that the antimi-
crobial peptide Ctx(Ile)-Ha could effectively alleviate
intestinal pathological damage [37]. Shang et al. found
that the antimicrobial peptide Microcin J25 could alle-
viate DSS-induced intestinal inflammation and improve
intestinal morphology [38]. Xiong et al. found that
oral antimicrobial peptide-defensin-1 (DEFB1) could
improve intestinal function and enhance intestinal bar-
rier function [39].

The results of the study indicate that E. coli has a high
resistance to antibiotics, highlighting the urgent need
to find alternatives. MPX was found to have good anti-
bacterial activity against E. coli, with no observed drug
resistance, making it a potential alternative treatment.
MPX was also found to significantly inhibit the forma-
tion of E. coli biofilms, which could pave the way for the
development of drugs that hinder biofilm formation. Fur-
thermore, MPX was found to increase the expression of
intestinal tight junction proteins, enhancing the intesti-
nal epithelial barrier, and effectively reducing intestinal
damage caused by E. coli infection in mice. Overall, the
findings suggest that MPX has great potential as an alter-
native to antibiotics for the treatment of E. coli infections.
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Conclusion

In summary, MPX demonstrated potent antibacterial
activity against E. coli in vitro by disrupting the bacte-
rial cell membrane, leading to the release of bacterial
contents. Moreover, MPX mitigated E. coli-induced
apoptosis in IPEC-J2 cells, modulated the expression of
tight junction proteins at the mRNA level via the Racl
pathway, ameliorated intestinal pathological damage,
and enhanced the mRNA expression of antimicrobial
proteins in response to E. coli infection.
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