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Berberine alleviates
enterotoxigenic Escherichia
coli-induced intestinal mucosal
barrier function damage in a
piglet model by modulation of
the intestinal microbiome
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Chunfang Zhao'?, Erhui Jin'?, Youfang Gu'?®, Hongyu Wang!
and Feng Zhang'**
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Province Key Laboratory of Livestock and Poultry Product Safety Engineering, Institute of Animal
Science and Veterinary Medicine, Anhui Academy of Agricultural Sciences, Hefei, China, >Anhui
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Introduction: Enterotoxic Escherichia coli (ETEC) is the main pathogen that
causes diarrhea, especially in young children. This disease can lead to substantial
morbidity and mortality and is a major global health concern. Managing ETEC
infections is challenging owing to the increasing prevalence of antibiotic
resistance. Berberine, categorized as a substance with similarities in "medicine
and food,” has been used in China for hundreds of years to treat gastrointestinal
disorders and bacteria-induced diarrhea. This study investigated the preventive
effect of dietary berberine on the intestinal mucosal barrier induced by ETEC and
the microbial community within the intestines of weaned piglets.

Methods: Twenty-four piglets were randomly divided into four groups. Piglets
were administered either a standard diet or a standard diet supplemented with
berberine at concentrations of 0.05 and 0.1%. and orally administered ETEC
or saline.

Results: Dietary supplementation with berberine reduced diamine oxidase,
d-lactate, and endotoxin levels in piglets infected with ETEC (P < 0.05). Berberine
increased jejunal villus height, villus/crypt ratio, mucosal thickness (P < 0.05),
and goblet cell numbers in the villi and crypts (P < 0.05). Furthermore, berberine
increased the optical density of mucin 2 and the mucin 2, P-glycoprotein, and
CYP3A4 mRNA expression levels (P < 0.05). Berberine increased the expressions
of zonula occludins-1 (ZO-1), zonula occludins-2 (ZO-2), Claudin-1, Occludin,
and E-cadherin in the ileum (P < 0.05). Moreover, berberine increased the
expression of BCL2, reduced intestinal epithelial cell apoptosis (P < 0.05) and
decreased the expression of BAX and BAK in the duodenum and jejunum,
as well as that of CASP3 and CASP9 in the duodenum and ileum (P < 0.05).
Berberine decreased the expression of IL-18, IL-6, IL-8, TNF-a, and IFN-y
(P < 0.05) and elevated total volatile fatty acids, acetic acid, propionic acid,
valeric acid, and isovaleric acid concentrations (P < 0.05). Notably, berberine
enhanced the abundance of beneficial bacteria including Enterococcus,
Holdemanella, Weissella, Pediococcus, Muribaculum, Colidextribacter,
Agathobacter, Roseburia, Clostridium, Fusicatenibacter, and Bifidobacterium.
Simultaneously, the relative abundance of harmful and pathogenic bacteria,
such as Prevotella, Paraprevotella, Corynebacterium, Catenisphaera,
Streptococcus, Enterobacter, and Collinsella, decreased (P < 0.05).
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Discussion: Berberine alleviated ETEC-induced intestinal mucosal barrier
damage in weaned piglets models. This is associated with enhancement of
the physical, chemical, and immune barrier functions of piglets by enhancing
intestinal microbiota homeostasis.
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GRAPHICAL ABSTRACT

piglets.

Berberine played a preventive role against ETEC—induced intestinal mucosal barrier damage by improving the homeostasis of intestinal microbiota in

Abbreviations: Al, apoptosis index; BAX, Bcl2 associated X; BAK, Bcl2
associated K; BCL2, B-cell lymphoma 2; BD, Basal diet; BW, Body
weight; CASP3, Caspase-3; CASP9, Caspase-9; DAO, diamine oxidase;
ETEC, Enterotoxigenic Escherichia coli; IFN-vy, Interferon-vy; IL, Interleukin;
LMICs, Low- and middle-income countries; LT, Heat-labile enterotoxin;
MFH, Medicine and food homology; MUC2, Mucin 2; NMDS, nonmetric
multidimensional scaling; NRC, The National Research Council; PCoA,
principal coordinates; SI, Small intestine; SRA, Sequence Read Archive; ST,
Heat-stable enterotoxin; VFA, Volatile fatty acid; ZO-1, zonula occludins-1;

Z0O-2, zonula occludins-2.
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1 Introduction

Diarrhea is a significant global health concern. Enterotoxic
Escherichia coli (ETEC) is a well-known pathogen that causes
diarrhea, especially in children and young animals. ETEC is
a common cause of traveler diarrhea in these regions (1-3).
ETEC is accountable for around 220 million instances of diarrhea
globally, with an estimated 75 million cases affecting children
under the age of five, leading to an estimated 18,700-42,000
fatalities (2, 4).
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After ETEC attaches to the intestinal mucosa, it penetrates
the inner wall of the small intestine, secretes heat-stable toxins,
damages the intestinal wall, and causes diarrhea (2, 5, 6).
Currently, there is no licensed vaccine against ETEC-associated
diarrhea (7).
antibiotic therapy is a crucial area of study in the fields of

The management of ETEC infections through

microbiology and infectious diseases. However, research has shown
that ETEC isolates exhibit significant resistance to antibiotics such
as azithromycin and erythromycin (50-90%), ampicillin (85.7%),
and ceftriaxone (71.4%) (3). Escalating multidrug resistance among
ETEC strains diminishes the efficacy of antibiotic interventions
(8). Hence, finding safe and effective alternatives to prevent ETEC
infections is an urgent task and a public health concern.

Medicine and food homology (MFH) refers to substances that
combine nutritional and medicinal properties and simultaneously
act as nutritious foods and health-boosting herbal remedies (9).
This concept has demonstrated effectiveness in regulating human
health because of its abundant natural active ingredients, including
polyphenols, flavonoids, polysaccharides, saponins, alkaloids, and
essential oils (9, 10). Many secondary metabolites present in MFH
plants have anti-inflammatory, antibacterial, and anticancer effects,
indicating that MFH plants have potential applications in disease
prevention and treatment (11). In recent years, the focus of medical
care has shifted to a combination of prevention and treatment,
leading to the incorporation of MFH plants with healing properties
into diets as dietary supplements and falling within the realm of
alternative therapies (12, 13).

Berberine is a natural isoquinoline alkaloid found in various
MFH plants (14). Berberine has attracted considerable attention
because of its wide range of pharmacological activities, including
effectiveness against cancer, inflammation, and heart disease and
brain protection (15). One of its outstanding features is its strong
resistance to various harmful microbes, particularly gram-negative
bacteria (15, 16). Berberine has been used for centuries in China to
treat diarrhea and gastrointestinal disorders, particularly bacterial
diarrhea (17). Despite its long history of use, there is limited
research on the preventive and therapeutic effects of berberine,
specifically on diarrhea caused by ETEC. Pigs are considered an
ideal biomedical model for studying intestinal barrier damage and
diarrhea because their physiology, metabolism, and organ size are
similar to those of humans.

Therefore, in this study, we selected weaned piglets as
experimental subjects to establish a diarrhea piglet model of ETEC
infection. The dose of berberine was selected based on prior
research demonstrating its safety in both clinical and preclinical
settings (18). For instance, clinical trials have reported that
berberine doses up to 1,500 mg/day are well-tolerated in humans
(14, 17). Similarly, animal studies have shown that berberine
exerts its pharmacological effects such as anti-inflammatory and
antimicrobial effects at a maximum dose of 2,000 mg/kg and
no observable adverse effects in mouse and chickens (19, 20).
These findings, combined with the safety monitoring measures
implemented during the study, support the safety of the berberine
dose administered. This study aimed to determine the preventive
effect of berberine on ETEC-induced damage to the intestinal
mucosal barrier and intestinal flora of piglets, providing a potential
new treatment for diarrhea caused by ETEC infection.
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2 Materials and methods
2.1 Animal ethics

The animal studies were approved by the Experimental Animal
Ethics Committee of the Anhui Science and Technology University
(AHSTU2023006). The studies were conducted in accordance
with the local legislation and institutional requirements. Written
informed consent was obtained from the owners for the
participation of their animals in this study.

2.2 Bacterial strains

The E. coli F4 (K88 ac) strain was purchased from the National
Center for Veterinary Culture Collection of China (CVCC1500).

2.3 Animals, housing, and experimental
design

For this study, 24 crossbred pigs (Duroc x Landrace x Large
Yorkshire) were purchased from the local farm. Pigs were weaned
at 21 days of age and placed in a controlled environment following
procedures described in previous studies (21, 22). All pigs had free
access to water and feed and received the same basic diet (23). The
weaned piglets were randomly distributed into four experimental
groups: (1) basal diet (BD) + Saline (basal diet with saline orally
administered to piglets); (2) BD + ETEC (basal diet with ETEC
orally administered to piglets at 10° CFU per pig); (3) LB + ETEC
(basal diet with 0.05% berberine, ETEC orally administered to
piglets); and (4) HB + ETEC (basal diet with 0.1% berberine, ETEC
orally administered to piglets). The feeding adaptation period was
5 days, and the experimental period was 21 days. At the end of
the feeding period, piglets in the BD + ETEC, LB + ETEC, and
HB + ETEC groups received 10 mL of ETEC (10® CFU/mL) orally,
whereas piglets in the BD + Saline group received 10 mL of saline
for three consecutive days (Figure 1). The experimental diets were
provided in meal form, and berberine chloride hydrate (purity >
98%) was purchased from Aladdin Reagent Co., Ltd. (Shanghai,
China) (22). For the composition and nutrients of the experimental
diets, please refer to Supplementary Table S1.

2.4 Samples collection

On Day 25, the morning before feeding, blood was collected
from the external jugular vein of the piglets. These samples were
then transferred to coagulation tubes and centrifuged at 3,000 g for
10 min at 4°C. Subsequently, the serum obtained was preserved at
—80°C. Piglets were euthanized humanely and dissected to collect
samples of the middle parts of the duodenum, jejunum, and ileum,
stored at —80°C, and prepared for RNA extraction. Moreover, some
intestinal tissue was fixed with 4% paraformaldehyde. Samples
from the small intestine were used for various analyses, including
morphological examination, immunofluorescence staining, and
a terminal deoxynucleotidyl transferase dUTP nick-end labeling
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(TUNEL) assay. Colonic digesta samples were gathered for volatile
fatty acids (VFA) analysis and 16S rRNA gene sequencing.

2.5 Analysis of diamine oxidase, D-lactate,
and endotoxin in plasma

Plasma diamine oxidase (DAO) activity, d-lactate, and
endotoxin levels were analyzed using ELISA kits (Beijing
Daktronics Technology Co., Ltd., Beijing, China) according to the
manufacturer’s protocol.

2.6 Intestinal morphology analysis

Duodenal, jejunal, and ileal sections were fixed in 4%
paraformaldehyde and embedded in paraffin for histological
analysis. Subsequent hematoxylin and eosin (H&E) staining was
performed on the tissue samples. HE-stained sections were digitally
scanned using an automated slide scanning and processing
system (VM1, Motic China Group Co., Ltd., China), as described
previously study (21). Villus height, crypt depth, and mucosal
thickness were measured in 15 well-aligned villi per section using
Image] 2.90 software (https://imagej.nih.gov/ij/).

2.7 Number of goblet cells

Alcian blue periodic acid-Schiff staining (AB-PAS) was used
to detect goblet cells in the small intestine. The number of goblet
cells in at least ten well-sorted villi and crypts in the duodenum,
jejunum, and ileum of each piglet was determined. The results were
expressed as the average number of goblet cells per 10 villi and
crypts (24).

10.3389/fnut.2024.1494348

2.8 Immunofluorescence staining

Briefly, mucin 2 (MUC2) primary antibody (Servicebio,
Wuhan, China) diluted 1:200 and Cy3-labeled goat anti-rabbit IgG
secondary antibody (Servicebio) diluted 1:500 were used to detect
the duodenum, jejunum, and ileum. The slides were observed using
an Olympus BX63 upright fluorescence microscope, and the optical
density of MUC2 was measured using imaging software (V1.18)
(Olympus, Tokyo, Japan).

2.9 Immunohistochemistry for TUNEL

Apoptosis in small intestinal tissue was assessed using a
commercially available TUNEL kit (Servicebio, Wuhan, China).
Ten views were randomly obtained using a confocal laser scanning
microscope (Nikon Eclipse Cl1, Japan) and a graphics program
(Nikon DS-U3, Japan). The total number of apoptotic cells was
measured using Image-Pro Plus 6.0 software. The apoptosis index
(AI) was calculated using the following formula: apoptosis index
(%) = number of apoptotic cells/total number of cells x 100 (21).

2.10 Real-time PCR

RT-PCR was performed as described previously (21). Total
RNA was extracted from the duodenum, jejunum, and ileum tissues
using the RNA Easy Fast Tissue/Cell Kit (TTANGEN, Beijing,
China) following the guidelines provided by the manufacturer.
The entire RNA sample was converted into cDNA through reverse
III 1st Strand cDNA Synthesis
Kit (+gDNA eliminator) (Vazyme, Nanjing, China). Quantitative

transcription with the HiScript

PCR was performed according to the protocols described in
our previous study (21). Primers were designed using Primer
5.0 and were synthesized by Shanghai Sanggong Biotechnology
Co., Ltd. (Shanghai, China). The specific primer sequences are
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TABLE 1 Effect of berberine on intestinal permeability of weaned piglets orally challenged with ETEC.

Measure Experimental diet

BD + saline BD + ETEC LB + ETEC HB + ETEC
DAO, ng/mL 4.96 6.38° 4.69° 4.31° 0.26 <0.05
D-lactate, pumol/L 14.08° 15.74% 13.21° 13.26° 0.35 <0.05
Endotoxin, EU/mL 10.21° 11.84° 10.29° 10.16 0.22 <0.05

*bValues with different superscripts in a row indicate significant differences (P < 0.05).

listed in Supplementary Table S2. Since B-actin and GAPDH are
sequentially expressed under different conditions, the Ct values of
the target genes were normalized using the geometric mean Ct
values of B-actin and GAPDH. Then the 2~22€T method was used
to determine the relative mRNA expression of the target genes (21).

2.11 Determination of VFAs

We analyzed the VFAs in colonic chyme samples, including
total VFA, acetic acid, propionic acid, butyric acid, valeric acid, and
isobutyric acid. Fresh samples were vigorously mixed with ddH,O,
centrifuged at 10,000 rpm for 10 min, and the supernatants were
collected. The supernatant was mixed with 25% metaphosphoric
acid solution, centrifuged at 20,000 g for 10 min at 4°C, and stored
at 4°C for 2h. Prior to analysis, the supernatant was filtered
through a 0.45 pm polysulfide membrane. The VFA concentration
(mg/g) was analyzed using an Agilent 6890 GC system (Agilent
Technologies, Santa Clara, CA, USA).

2.12 Intestinal microbiota analysis

Intestinal microbiota analysis was performed as described
previously (25, 26). Primers 341F (CCTACGGGNGGCWGCAG)
and 806R (GGACTACHVGGGTATCTAAT) were used for PCR
amplification of the V4-V5 regions of the bacterial 16S rRNA
genes. The barcode was an 8-base sequence unique to each
sample. The amplicon library was paired-end sequenced (2 x
250) on an Illumina MiSeq platform (Shanghai BIOZERON
Co., Ltd.) according to standard protocols. The 16S rRNA gene
sequencing data were deposited in the Sequence Read Archive
(SRA) database (https://www.ncbinlm.nih.gov/sra) at NCBI with
BioProject accession number PRJNA1110050, BioSample accession
number SAMN41316931, and SRA project accession number
SRR 29048606-29048629. The Chao, ACE, and Shannon diversity
indices were used to assess the complexity of biological diversity.

2.13 Statistical analyses

After normal testing and necessary transformations, data
between groups were compared using one-way ANOVA. The non-
parametric Kruskal-Wallis test was used to process the relative
abundance of intestinal microbial communities and data that
did not follow a normal distribution. Correlation analysis was

Frontiersin Nutrition 05

performed using Pearson’s correlation test. P < 0.05 was considered
statistically significant. All statistical analyses were performed using
SPSS Statistics (version 26.0) and graphs were generated using
GraphPad Prism (v10.0) software (21, 25).

3 Results

3.1 Intestinal permeability

The levels of DAO, D-lactic acid, and endotoxin in the BD
-+ ETEC group were significantly higher than those in the BD +
Saline group (P < 0.05). In addition, the levels of DAO, D-lactate,
and endotoxin in the LB + ETEC and HB 4 ETEC groups were
significantly lower than those in the BD + ETEC group (P < 0.05),
but there is no significant difference compared with BD + Saline (P
> 0.05) (Table 1).

3.2 Small intestinal histomorphology

In the duodenum, the crypt depth in the BD + ETEC group
was significantly higher than that in the BD + Saline group and the
mucosal thickness was significantly lower than that in the BD +
Saline group (P < 0.05). Crypt depth and mucosal thickness were
significantly reduced in the HB + ETEC group and the villus/crypt
ratio was significantly higher than that in the BD 4+ ETEC group
(P < 0.05). In the jejunum, compared with the BD + Saline group,
jejunal villus height and mucosal thickness were higher and crypt
depth was lower in the BD + ETEC group (P < 0.05). In contrast,
villus height, villus/crypt ratio, and mucosal thickness were higher
in the LB + ETEC group and the villus/crypt ratio was lower in the
HB + ETEC group than in the BD + ETEC group (P < 0.05). In
the ileum, crypt depth was higher and mucosal thickness was lower
in the BD + ETEC than in the BD + Saline group (P < 0.05). The
villus height, crypt depth, and mucosal thickness in the LB + ETEC
and HB + ETEC groups were lower than those in the BD + ETEC
group (P < 0.05) (Figures 2A, B).

3.3 Goblet cells in villus and crypts

We quantified the number of goblet cells in intestinal villi and
crypts (Figures 2C, D). In the duodenum, compared to the BD +
Saline group, the number of goblet cells in the villi and crypts in the
BD + ETEC group was significantly lower (P < 0.05). Compared
to the BD 4 ETEC group, the goblet cell number was increased in
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both the villi and crypts in the LB + ETEC and HB + ETEC groups
(P < 0.05). In the jejunum, the number of goblet cells in the villi and
crypts was significantly lower in the BD + ETEC group than in the
BD + Saline group (P < 0.05). The number of goblet cells in the
villi was significantly higher in the LB + ETEC and HB + ETEC
groups than in the BD + ETEC group (P < 0.05). In the ileum,
goblet cell numbers in both the villi and crypts were significantly
lower in the BD 4+ ETEC group than in the BD + Saline group (P <
0.05). Conversely, goblet cell numbers in both villi and crypts were
significantly higher in the LB + ETEC and HB + ETEC groups than
in the BD + ETEC group (P < 0.05) (Figure 2D).

3.4 Intestinal chemical barrier

To investigate differences in the chemical barrier of the small
intestine, we evaluated the optical density of MUC2 and the
expression of MUC2, P-glycoprotein, and CYP3A4 (Figures 2F, F).
In the duodenum, the optical density of MUC2 and P-glycoprotein
expression were lower in the BD + ETEC group than in the BD +
Saline group (P < 0.05). Compared with the BD + ETEC group,
the optical density of MUC2 in the LB 4+ ETEC and HB + ETEC
groups was significantly higher, along with the expression of P-
glycoprotein and CYP3A4 in the LB + ETEC group (P < 0.05).
In the jejunum, the optical density of MUC2 and the expression
of MUC2 and P-glycoprotein were lower in the BD + ETEC than
in the BD + Saline group (P < 0.05). Additionally, there was a
noticeable increase in the optical density of MUC2 and MUC2
expression in the LB 4+ ETEC and HB 4 ETEC groups, as well
as a rise in P-glycoprotein expression in the HB 4+ ETEC group
compared to in the BD + ETEC group (P < 0.05). In the ileum,
the optical density of MUC2 and expression P-glycoprotein and
CYP3A4 were lower in the BD + ETEC group than in the BD
+ Saline group (P < 0.05). Moreover, compared to the BD +
ETEC group, the LB 4+ ETEC and HB + ETEC groups showed
a marked increase in the optical density of MUC2, along with
elevated CYP3A4 expression (P < 0.05) (Figure 2F).

3.5 Intestinal epithelial cell apoptotic status

TUNEL staining revealed the apoptotic state of the epithelial
cells (Figure 3). In the duodenum, the expression of CASP3 and
CASPY was significantly increased, whereas that of BCL2 was
decreased in the BD + ETEC compared to the BD + Saline
group (P < 0.05). Compared to the BD + ETEC group, there
was a significant decrease in the apoptosis index and expression of
BAX, BAK, CASP3, and CASP9, whereas BCL2 was significantly
increased in the LB + ETEC and HB + ETEC groups (P <
0.05) (Figures 3A, B). In the jejunum, the BD + ETEC group
demonstrated a notable increase in the apoptosis index and
expression of BAX and BAK, along with a decrease in BCL2,
compared to the BD + Saline group (P < 0.05). The LB + ETEC
and HB + ETEC groups displayed a decrease in the apoptosis
index and expression levels of BAX, BAK, and CASP9, with an
increase in BCL2 compared to the BD + ETEC group (P < 0.05)
(Figures 3C, D). In the ileum, the apoptosis index and expression
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of BAX, BAK, CASP3, and CASP9 in the BD + ETEC group
were significantly increased, whereas that of BCL2 was significantly
decreased compared to that in the BD + Saline group (P < 0.05).
Furthermore, compared with the BD 4+ ETEC group, the apoptosis
index and expression of CASP3 and CASP9 were significantly
decreased in the LB + ETEC and HB + ETEC groups; BAX and
BAK were significantly decreased in the LB + ETEC group and
BCL2 was significantly increased in the LB + ETEC group (P <
0.05) (Figures 3E, F).

3.6 Intestinal physical barrier

The mRNA expression levels of physical barrier-relevant
genes in the small intestine are shown in Figures 4A-C. In the
duodenum, the expressions of Claudin 1 and E-cadherin were
notably decreased in the BD 4 ETEC than BD + Saline group
(P < 0.05). Compared to the BD + ETEC group, claudin 1
expression was notably increased in the LB + ETEC and HB +
ETEC groups, and E-cadherin expression was increased in the
LB + ETEC group (P < 0.05) (Figure 4A). In the jejunum, the
expressions of ZO-1 and ZO-2 were notably decreased in the
BD + ETEC than BD + Saline group (P < 0.05). Compared
to the BD 4+ ETEC group, ZO-1 expression in the LB + ETEC
and HB + ETEC groups and the expressions of Claudin 1 and
Occludin in the HB 4+ ETEC group were notably increased (P
< 0.05) (Figure 4B). In the ileum, the expression of ZO-1, ZO-
2, Claudin 1, Occludin, and E-cadherin was notably lower in
the BD + ETEC group than in the BD + Saline group (P <
0.05). Compared to the BD + ETEC group, the expression of
Z0-1, ZO-2, Occludin, and E-cadherin was notably increased in
the LB + ETEC group, and claudin 1 was notably increased
in the LB + ETEC and HB + ETEC groups (P < 0.05)
(Figure 4C).

3.7 Intestinal immune barrier

In the duodenum, the expressions of IL-1f, IL-6, IL-8, and
TNF-a were notably increased in the BD + ETEC than in the
BD + Saline group (P < 0.05). Compared to the BD + ETEC
group, the IL-1B, IL-6, IL-8, and IFN-y expressions in the LB +
ETEC and HB + ETEC groups and TNF-a expression in the LB
+ ETEC group were notably decreased (P < 0.05) (Figure 4D). In
the jejunum, compared to the BD + Saline group, the expressions
of IL-1f, IL-6, IL-8, TNF-a, and IFN-y were notably increased
in the BD + ETEC group (P < 0.05). The expressions of IL-
18, IL-6, IL-8, TNF-a, and IFN-y were significantly decreased
in the LB + ETEC and HB + ETEC groups compared to in
the BD + ETEC group (P < 0.05) (Figure 4E). In the ileum,
the expressions of IL-6, IL-8, and TNF-a were notably increased
in the BD + ETEC group compared to in the BD + Saline
group (P < 0.05). Compared with the BD + ETEC group,
the expressions of IL-6, IL-8, TNF-a, and IFN-y were notably
decreased in the LB + ETEC and HB + ETEC groups (P < 0.05)
(Figure 4F).
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FIGURE 3

Effects of dietary berberine on the apoptosis status and apoptosis-related gene expression of intestinal epithelial cells in piglets orally challenged
with ETEC. (A) Representative paraffin section of duodenum stained with TUNEL. (B) mRNA expressions of BCL2, BAX, BAK, CASP3, and CASP9 in the
duodenum. (C) Representative paraffin section of jejunum stained with TUNEL. (D) mRNA expressions of BCL2, BAX, BAK, CASP3, and CASP9 in the
jejunum. (E) Representative paraffin section of ileum stained with TUNEL. (F) mRNA expressions of BCL2, BAX, BAK, CASP3, and CASP9 in the ileum
*BD + Saline vs BD + ETEC, *P < 0.05, **P < 0.01; P<BD + ETEC vs. LB + ETEC vs. HB 4 ETEC, different superscripts indicate significant differences
among groups (P < 0.05); BD + Saline, basal diet with saline orally administered to piglets; BD + ETEC, basal diet with ETEC orally administered to
piglets; LB + ETEC, basal diet with 0.05% berberine, ETEC orally administered to piglets; HB + ETEC, basal diet with 0.1% berberine, ETEC orally
administered to piglets.
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FIGURE 4

Effect of dietary berberine on the intestinal physical barrier and immune barrier of weaned piglets oral challenged with ETEC. The relative mRNA
expressions of zonula occludins-1 (ZO-1), zonula occludins-2 (ZO-2), Claudin 1, Occludin, and E-cadherin in the duodenum (A), jejunum (B), and

6 (IL-6), interleukin-8 (IL-8), tumor necrosis factor-a (TNF-a), and

interleukin-

),

Interferon-y (IFN-v) in the duodenum (D), jejunum (E), and ileum (F). *BD + Saline vs BD + ETEC, *P < 0.05, **P < 0.01; *><BD + ETEC vs. LB + ETEC
vs. HB + ETEC, different superscripts indicate significant differences among groups (P < 0.05); BD + Saline, basal diet with saline orally administered

18

ileum (C). The relative mRNA expressions of interleukin-1p (IL-

to piglets; BD + ETEC, basal diet with ETEC orally administered to piglets; LB + ETEC, basal diet with 0.05% berberine, ETEC orally administered to

piglets; HB + ETEC, basal diet with 0.1% berberine, ETEC orally administered to piglets.
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3.8 VFA concentrations in colonic content

The VFA concentrations in the colonic digesta are summarized
in Table 2. Total VFA, acetic acid, propionic acid, butyric acid,
valeric acid, and isovaleric acid levels were notably lower in the
BD + ETEC group than in the BD + Saline group (P < 0.05).
Conversely, total VFA, acetic acid, propionic acid, valeric acid, and
isovaleric acid levels were notably higher in the LB + ETEC group
compared to the BD + ETEC group (P < 0.05). Compared to the
BD + Saline group, total VFA, acetic acid, butyric acid, and valeric
acid were significantly decreased in the HB + ETEC group (P <
0.05). The concentrations of total VFA, acetic acid, propionic acid,
and valeric acid levels were not significantly different between the
HB + ETEC and BD + Saline group (P < 0.05) (Table 2).

3.9 Intestinal biological barrier

To evaluate the impact of ETEC infection on the intestinal
biological barrier in piglets, we analyzed the composition and
structure of the intestinal microbiota in the BD + Saline and BD
+ ETEC groups (Figure 5). Alpha and beta diversities were used
to evaluate the richness and diversity of the intestinal microbiota.
In comparison with the BD + Saline group, the observed species
and ACE and Chaol richness estimators were significantly lower in
the BD + ETEC group. Additionally, Shannon diversity estimators
significantly decreased in the BD + ETEC group (P < 0.05).
The PCoA and NMDS analyses based on Bray-Curtis distances
revealed significant differences in the microbial community
structure between the BD + Saline and BD + ETEC groups
(Figures 5B, C). At the phylum level, Firmicutes and Bacteroidetes
were the predominant phyla in the piglet intestinal microbiota,
followed by Proteobacteria and Actinobacteria (Figure 5D).
At the family level, 13 families with a relative abundance of
>1% were dominant (Figure 5E). At the genus level, 21 genera
with a relative abundance of >1% were dominant (Figure 5F).
The abundances of Parabacteroides, Barnesiella, Lactobacillus,
Bacteroides, Porphyromonas, Paucilactobacillus, Lactococcus,
and Holdemania were significantly lower and the abundances
Olsenella,
Enterobacter, and Cronobacter were significantly higher in the
BD + ETEC group than in the BD + Saline group (P < 0.05)
(Figure 5G).

The experimental results on the composition and structure of
the intestinal microbiota in the BD + ETEC, LB 4+ ETEC, and HB
+ ETEC groups are shown in Figure 6. As shown in Figure 6A,
compared to the BD + ETEC group, the ACE and Chaol indices
were significantly higher in the LB + ETEC and HB + ETEC
groups. Additionally, the observed species and Shannon index

of Corynebacterium, Catenisphaera, Turicibacter,

were significantly higher and the Simpson index was significantly
lower in the LB + ETEC group (P < 0.05). The PCoA and NMDS
analyses based on Bray-Curtis distances revealed significant
differences in the microbial community structure between the BD
+ ETEC and LB + ETEC groups (see Figures 6B, C). At the phylum
level, Firmicutes, Bacteroidetes, and Proteobacteria were dominant
in the piglet intestinal microbiota, followed by Actinobacteria
and Fusobacteria (Figure 6D). At the family level, 15 families
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with a relative abundance of >1% were dominant (Figure 6E).
At the genus level, 22 genera with a relative abundance of >1%
were dominant (Figure 6F). The relative abundances of Prevotella,
Paraprevotella, Corynebacterium, Catenisphaera, Streptococcus,
Salmonella, Enterobacter, and Collinsella were significantly lower
and the abundances of Enterococcus, Holdemanella, Weissella,
Roseimarinus,  Colidextribacter,

Pediococcus, Muribaculum,

Agathobacter, Roseburia, Clostridium, Fusicatenibacter, and
Bifidobacterium were significantly higher in the BD 4+ ETEC group

than LB 4+ ETEC and HB + ETEC group (P < 0.05) (Figure 6G).

3.10 Correlations between intestinal
microbiota and intestinal barrier function

To investigate the correlation between alterations in the
microbial community structure and changes in intestinal barrier
function induced by ETEC infection, we analyzed the relationship
between bacterial genera showing significant changes and gut
barrier function marker genes in the BD + Saline and BD +
ETEC groups (Figures 7A-C). In the duodenum, the abundances
of Barnesiella and Paucilactobacillus were significantly negatively
correlated with intestinal physical barriers (ZO-1, ZO-2, Occludin,
E-cadherin). Conversely, the relative abundances of Bacteroides,
Porphyromonas, Lactococcus, Enterobacter, and Holdemania
showed a significant positive correlation with intestinal chemical
barriers (MUC2 and CYP3A4). Furthermore, the abundance of
Corynebacterium, Porphyromonas, Enterobacter, and Cronobacter
exhibited a significant positive relationship, while the abundance
of Parabacteroides and Lactococcus showed a significant negative
correlation with intestinal immunological barriers (IL-1f, IL-6,
IL-8, TNF-a, and IFN-y). Lastly, the abundances of Barnesiella,
Bacteroides, Porphyromonas, Paucilactobacillus, Enterobacter, and
Holdemania demonstrated significant positive correlations with
the apoptosis status (BCL2, BAX, BAK, CASP3, and CASP9),
whereas the abundances of Barnesiella and Paucilactobacillus were
significantly negatively correlated (Figure 7A). In the jejunum,
the relative abundances of Parabacteroides, Corynebacterium,
Bacteroides, Lactococcus, Enterobacter, and Cronobacter were
significantly positively correlated with the intestinal physical
barriers (ZO-1, ZO-2, Claudin-1, and Occludin). Additionally, the
abundances of Corynebacterium and Porphyromonas exhibited
significant positive correlations with intestinal chemical barriers
(MUC2 and P-glycoprotein), whereas the abundances of Olsenella
and Catenisphaera were significantly negatively correlated.
Furthermore, the relative abundances of Bacteroides, Turicibacter,
Enterobacter, and Holdemania displayed significant positive
correlations with intestinal immunological barriers (IL-1B, IL-6,
IL-8, and TNF-a), while the abundance of Barnesiella showed
a significant negative correlation. Lastly, the abundances of
Bacteroides and Holdemania demonstrated significant positive
correlations with the apoptosis status (BCL2 and BAK), whereas
the abundance of Olsenella was significantly negatively correlated
(Figure 7B). In the ileum, the relative abundances of Barnesiella
and Lactobacillus were significantly positively correlated with the
intestinal physical barriers (ZO-1, Claudin-1, and E-cadherin),
whereas the abundances of Olsenella and Catenisphaera were
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TABLE 2 Effect of berberine on the VFA concentrations in colonic content of weaned piglets orally challenged with ETEC.

Measure Experimental diet
BD + Saline BD + ETEC LB + ETEC HB + ETEC

Total VFA, pmolL/g 84.77% 63.13° 82.90% 67.55° 2.64 <0.05
Acetic acid, 46.26" 34.31° 46.52° 33.84° 1.43 <0.05
wmoL/g

Propionic acid, 30.21° 16.71° 29.22° 25.25% 1.68 <0.05
pwmol/g

Butyric acid, 10.56° 6.47° 5.83" 6.11° 0.57 <0.05
pwmoL/g

Valeric acid, 0.87° 0.43° 1.21* 0.76" 0.09 <0.05
pwmol/g

Isovaleric acid, 1.09° 0.52¢ 1.41° 1.16° 0.11 <0.05
pmolL/g

b Values with different superscripts in the row indicate significant differences (P < 0.05).

significantly negatively correlated. Additionally, the abundance of
Lactobacillus was significantly positively correlated with intestinal
chemical barriers (MUC2 and P-glycoprotein). Moreover, the
abundances of Bacteroides and Holdemania were significantly
positively correlated with intestinal immunological barriers (IL-6),
while the abundance of Parabacteroides was significantly negatively
correlated. Lastly, the abundances of Lactobacillus, Turicibacter,
and Enterobacter were significantly positively correlated with
apoptosis status (BAX, CASP3, and CASP9), while the abundances
of Barnesiella and Paucilactobacillus were significantly negatively
correlated (Figure 7C).

To investigate the mechanism of berberine in alleviating
intestinal barrier damage caused by ETEC infection, we analyzed
the correlation between changes in intestinal microbiota and
gut barrier function in BD + ETEC, LB + ETEC, and HB +
ETEC groups (Figures 7D-F). In the duodenum, the relative
abundances of Paraprevotella, Muribaculum, Catenisphaera,
Streptococcus, Clostridium, Fusicatenibacter, and Bifidobacterium
were significantly and positively correlated with intestinal physical
barriers (ZO-1, ZO-2, Claudin-1, Occludin, and E-cadherin).
Conversely, the abundances of Paraprevotella, Roseimarinus,
Pasteurella, Colidextribacter, and Bifidobacterium were significantly
negatively correlated. Additionally, the abundances of Prevotella,

Pediococcus,  Muribaculum, Catenisphaera,  Streptococcus,
Colidextribacter,  Clostridium, and  Bifidobacterium  were
significantly ~positively correlated with intestinal chemical

barriers (MUC2, P-glycoprotein, and CYP3A4). Furthermore,
the abundance of Paraprevotella, Corynebacterium, Weissella,
Muribaculum, Roseimarinus, Actinobacillus, Pasteurella, and
Clostridium were significantly positively correlated with intestinal
immunological barriers (IL-1p, IL-6, IL-8, TNF-a, and IFN-y),
while the abundance of Agathobacter, Enterobacter, and Collinsella
were significantly negatively correlated. Lastly, the abundances
of Paraprevotella, Muribaculum, Catenisphaera, Streptococcus,
Colidextribacter, and Bifidobacterium were significantly positively
correlated with apoptosis status (BCL2, BAX, BAK, CASP3,
and CASP9), while the abundances of Agathobacter, and
Fusicatenibacter were significantly negatively correlated with
CASPY (Figure 7D). In the jejunum, the relative abundances

of Muribaculum, Streptococcus, Colidextribacter, Enterobacter,
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and Bifidobacterium showed significant positive correlations,
the
Roseimarinus, and Clostridium were significantly negatively

whereas abundances of Paraprevotella, Muribaculum,
correlated with intestinal physical barriers (ZO-1, ZO-2, Claudin-
1, Occludin, and E-cadherin). Similarly, the abundances of
Holdemanella,  Streptococcus,  Colidextribacter, —Enterobacter,
and Bifidobacterium were significantly positively correlated,
whereas the abundance of Roseimarinus was significantly
negatively correlated with intestinal chemical barriers (MUC2,
P-glycoprotein, and CYP3A4). Moreover, the abundance of
Paraprevotella, Enterococcus, Weissella, Pediococcus, Muribaculum,
and Clostridium displayed significant positive correlations,
while the abundance of Agathobacter and Enterobacter showed
significant negative correlations with intestinal immunological
barriers (IL-1p, IL-6, IL-8, TNF-a, and IFN-y). Lastly, the
abundances of Prevotella, Paraprevotella, Weissella, Muribaculum,
Clostridium, and Bifidobacterium demonstrated significant
positive correlations, while the abundances of Agathobacter,
Fusicatenibacter, and Bifidobacterium were significantly negatively
correlated with the apoptosis status (BCL2, BAX, BAK, and CASP9)
(Figure 7E). In the ileum, the relative abundances of Alloprevotella,
Collinsella,
Fusicatenibacter were significantly positively correlated with the
intestinal physical barriers (ZO-1, ZO-2, Claudin-1, Occludin, and

E-cadherin), whereas the abundances of Paraprevotella, Weissella,

Colidextribacter, Enterobacter, Roseburia, and

Pediococcus,  Catenisphaera,  Roseimarinus,  Actinobacillus,

and Clostridium were significantly negatively correlated.
Additionally, the abundance of Enterococcus, Enterobacter,
and Fusicatenibacter was significantly positively correlated with
intestinal chemical barriers (MUC2, P-glycoprotein, and CYP3A4),
whereas the abundance of Roseburia exhibited a significant
negative correlation. Furthermore, Pediococcus, Catenisphaera,
Streptococcus, Roseimarinus, Pasteurella, and Bifidobacterium were
significantly positively correlated with intestinal immunological
(IL-1p, 1IL-6, IL-8, TNF-q, IEN-y),
Fusicatenibacter showed a significant negative correlation. Lastly,

barriers and while
the abundances of Paraprevotella, Enterococcus, Pediococcus,
Roseimarinus, Clostridium, and Fusicatenibacter were significantly
positively correlated with apoptosis status (BCL2, BAK, and

CASP9) (Figure 7F).
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FIGURE 5
Effects of ETEC infection on the intestinal microbiota of weaned piglets and its correlation with small intestinal barrier function marker genes. (A)
Richness (ACE and Chao1l) and diversity (Shannon and Simpson) of the intestinal microbiota of weaned piglets. (B) PCoA analysis. (C) NMDS analysis.
The composition and structure of the intestinal microbiota in weaned piglets (the relative abundance > 1%) at the (D) phylum level, (E) family level,
(F) and genus levels. (G) Significant differences in the relative abundances of genera between two groups. *BD + Saline vs. BD + ETEC, *P < 0.05, **P
< 0.01; BD + Saline, basal diet with saline orally administered to piglets; BD + ETEC, basal diet with ETEC orally administered to piglets.

Discussion

ETEC is often present in the intestinal microbiota and is a
prevalent pathogen. It causes diarrhea in piglets and children,
particularly during weaning and neonatal development (27). The
release of adhesion and enterotoxin by ETEC in the intestine
disrupts the intestinal flora, damages the intestinal epithelial
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barrier, increases intestinal permeability, and triggers inflammatory
stress, ultimately leading to diarrhea (27-29). Our prior research
results indicated that berberine has the potential to enhance the
makeup and arrangement of intestinal microbiota in piglets after
weaning. Furthermore, it exhibits noteworthy antibacterial activity
against E. coli in laboratory settings (22, 25). The current study
aimed to investigate the mechanism by which berberine alleviates
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FIGURE 7
Correlation analysis of intestinal microbiota (genus level) and the relative mRNA expressions of marker genes for intestinal barrier function. The
correlation between bacterial genera showing significant changes and the relative mRNA expressions of intestinal barrier function marker genes in
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damage to intestinal barrier function in a weaned piglet model
infected with ETEC.

Previous studies have shown that ETEC leads to significant
damage to the small intestinal mucosal barrier function (29, 30),
resulting in increased epithelial permeability (31). Circulating
markers, such as plasma DAO, d-lactate, and endotoxin, which
assess the extent of damage and repair of intestinal mucosal barrier
integrity (30, 32, 33). In the current study, plasma DAO, D-lactate,
and endotoxin levels were elevated in piglets from the BD 4+ ETEC
group. Conversely, the levels of DAO and D-lactate were decreased
in the LB + ETEC and HB + ETEC groups, and endotoxin was
decreased in the LB 4+ ETEC group. These findings suggest that
ETEC infection increases intestinal permeability in piglets (30, 31,
33). Moreover, our results indicate that berberine can mitigate
the increased intestinal permeability caused by ETEC infection
in piglets.

The primary site of digestion and absorption is the small
intestine (34). Important variables that indicate the digestive and
absorptive efficiency of the small intestine consist of the villus
height, crypt depth, and villus-to-crypt ratio (35-37), with a healthy
gut in pigs is characterized by a higher villus height, villus/crypt
ratio, and shallow crypts (34, 37, 38). In this study, ETEC challenge
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(BD + ETEC) decreased villus height in the jejunum and increased
crypt depth in the duodenum, jejunum, and ileum. However, it
did not significantly affect the villus/crypt ratio. These results
are consistent with those of recent studies on pigs (34-36). The
application of berberine (LB + ETEC) increased villus height and
the villus/crypt ratio in the jejunum, suggesting that berberine
can alleviate ETEC-induced jejunal tissue lesions. In piglets, ETEC
infection can damage the mucosal layer of the intestinal mucosa
(37, 39). We observed a significant decrease in mucosal thickness
in the duodenum, jejunum, and ileum following ETEC challenge
(BD + ETEC). However, the application of berberine (LB +
ETEC) increased mucosal thickness, specifically in the jejunum
(Figure 2B). These findings align with those of previous studies
(29, 37, 39, 40), suggesting that berberine might protect against
morphological damage to the intestines caused by ETEC infection,
with a particular impact on the jejunum.

In the intestine, goblet cells play a vital role in eliminating
undigested food, microbes, and by-products produced by microbes
through the secretion of mucins to form mucus layers. These
layers are essential for maintaining the integrity of the intestinal
epithelium (41). Goblet cells that produce mucins are integral
to the non-specific intestinal barrier and offer partial protection
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against bacterial and fungal intrusions (39, 42). In this study, ETEC
infection (BD + ETEC) decreased the number of goblet cells in the
villi and crypts of the duodenum, jejunum, and ileum. Conversely,
berberine treatment significantly increased the number of goblet
cells in the villi and crypts of the duodenum, jejunum, and ileum
(Figure 2D). These results are consistent with those of previous
studies (39, 41-43). A decrease in the number of goblet cells may
reduce mucin secretion in the mucosa, potentially damaging the
mucosal barrier in piglets (42). This study suggests that a decrease
in goblet cells in the small intestine of weaned piglets due to
ETEC infection may have contributed to the observed reduction
in mucosal thickness, leading to compromised intestinal mucosal
barrier function. Berberine effectively alleviated the reduction
in the number of goblet cells caused by ETEC infection in
weaned piglets.

Building on our observation that ETEC infection leads to
a decrease in goblet cells in the small intestine, we examined
MUC2 expression in the same region as in piglets. MUC2 is
the main gel-forming mucin secreted by goblet cells within the
small intestine and is essential for preserving the integrity of
the intestinal epithelial barrier (44, 45). ETEC infection (BD +
ETEC) significantly decreased the optical density of MUC2 in the
duodenum, jejunum, and ileum and reduced MUC2 expression in
the jejunum and ileum. Conversely, dietary berberine significantly
increased the optical density of MUC2 in the duodenum, jejunum,
and ileum (Figure 2F). In the small intestine, MUC2 assembles
into an intricate network of glycoprotein multimers that bacterial
pathogens must traverse to successfully interact with epithelial cells
(46-48). These findings suggest that a reduction in goblet cells leads
to a decrease in MUC2 levels, which facilitates ETEC penetration
through chemical barriers. Berberine appears to prevent ETEC
invasion of intestinal epithelial cells by increasing MUC2 levels. P-
gp and CYP3A4 serve as chemical barriers in the small intestine
(49). P-glycoprotein is a membrane-bound transporter protein that
protects against harmful substances. CYP3A4 enzymes are present
in the small intestine and act as barriers against xenobiotics (49). In
this study, ETEC infection (BD + ETEC) decreased P-glycoprotein
expression in the duodenum, jejunum, and ileum and decreased
CYP3A4 expression in the ileum. Conversely, dietary berberine
significantly increased the expression of P-gp and CYP3A4 in the
duodenum, jejunum, and ileum (Figure 2F). These findings are
consistent with those of previous studies indicating that reduced
expression of P-gp and CYP3A4 in the small intestine of piglets
may contribute to the compromised intestinal mucosal barrier
during ETEC infection. Berberine can mitigate this barrier damage
(37, 50).

Enteric pathogens commonly induce programmed cell death,
also known as apoptosis, to facilitate survival and spread during
infection (43). When ETEC infection breaches the chemical
defenses of the small intestine and comes into contact with
intestinal epithelial cells, enterotoxins quickly trigger apoptosis in
intestinal epithelial cells, leading to enhanced ETEC adherence
(35, 43, 44, 51). In our study, ETEC infection (BD + ETEC)
induced apoptosis in the duodenum, jejunum, and ileum of
weaned piglets. However, berberine supplementation reduced
intestinal epithelial cell apoptosis in the piglets (Figure 3).
BCL2 family members are vital for the regulation of apoptotic
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processes. This group includes anti-apoptotic BCL2 proteins
as well as the pro-apoptotic proteins BAX and BAK (52).
During intrinsic apoptosis, the balance within the BCL2 family
is disrupted by DNA damage, leading to caspase-9 activation.
Caspase-9 initiates an apoptotic cascade that culminates in the
cleavage of caspase-3 (CASP3) (53). Caspase-3 is a key effector
caspase in apoptosis that is responsible for cleaving downstream
caspases and driving the biochemical changes associated with
cell death (53). In this study, ETEC challenge (BD + ETEC)
decreased BCL2 expression in the duodenum, jejunum, and
ileum, while increasing the expression of CASP3 and CASP9
in the duodenum. Additionally, it led to increased expression
of BAX and BAK in the jejunum and elevated expression
of BAX, BAK, CASP3, and CASP9 in the ileum. Berberine
administration (LB + ETEC and HB + ETEC) increased BCL2
expression in the duodenum, jejunum, and ileum; decreased
the expression of BAX, BAK, CASP3, and CASP9 in the
duodenum; decreased the expression of BAX, BAK, and CASP9
in the jejunum; and decreased the expression of CASP3 and
CASP9 in the ileum. These findings suggest that ETEC infection
diminishes the anti-apoptotic capacity of weaned piglets, leading
to the apoptosis of small intestinal epithelial cells. Berberine
shows promise for mitigating apoptosis by enhancing its anti-
apoptotic ability. These results were consistent with those of the
TUNEL staining.

Our study demonstrates that ETEC infection leads to elevated
intestinal permeability, histomorphological damage to the small
intestine, decreased goblet cell count, compromised chemical
barrier function, and induced apoptosis in intestinal epithelial
cells. These findings motivated us to delve deeper into the
effects of ETEC infection on the physical barrier function of the
small intestine of piglets. Epithelial cells in the intestine form
a tight organizational structure via a range of cell junctions,
including tight junctions, adhesion junctions, and desmosomes.
These components play a crucial role in providing resistance
to pathogens, viruses, and toxins (28). These junctions work
together to seal paracellular pathways (30). In the context of
ETEC invasion, tight junction proteins (such as ZO-1, ZO-2,
Claudin-1, and Occludin) and adhesion junction proteins (such
as E-cadherin) are key to determining mucosal permeability.
When these proteins break down, they allow substances, such
as bacteria, toxins, and antigens, to pass from the lumen into
the body, disrupting barrier function and leading to diarrhea (6,
29, 50). In this study, ETEC infection (BD + ETEC) decreased
the expression of Claudin-1 and E-cadherin in the duodenum
and decreased the expression of ZO-1 and ZO-2 in the jejunum.
Furthermore, it decreased the expression of ZO-1, ZO-2, Claudin-
1, Occludin, and E-cadherin in the ileum. The application of
berberine (LB 4+ ETEC) significantly increased the expression of
these marker genes in the ileum (Figures 4A-C). Our findings
align with those of a previous study that reported that ETEC
can harm intestinal tight junctions and adhesion junctions (28).
Reduced expression of ZO-1, ZO-2, Claudin-1, Occludin, and
E-cadherin is associated with intestinal barrier dysfunction and
increased intestinal permeability (28, 29, 54). Our results indicated
that Berberine alleviates the damage to tight junctions and
adhesion junctions in the ileum of weaned piglets caused by
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ETEC infection, which is consistent with the findings related to
intestinal permeability.

A disrupted barrier facilitates the unrestricted and easy
entry of ETEC into the mucosa, which can impair the normal
functions of the body and the immune system. This often results
in inflammatory responses (55). Cytokines play essential roles
in controlling the integrity of the intestinal immune barrier.
Indicators of the inflammatory reaction in the gut consist of IL-
18, IL-6, IL-8, TNF-a, and IFN-y. Growing evidence supports
the ability of ETECs to compromise the intestinal barrier in
piglets by elevating the levels of pro-inflammatory cytokines
(40, 56, 57). Consistent with these findings, in this study,
ETEC infection (BD + ETEC) led to increased expressions of
IL-18, IL-6, IL-8, and TNF-a in the duodenum. Additionally,
there was an increase in the expressions of IL-1fB, IL-6, IL-
8, TNF-a, and IFN-y in the jejunum, while the expressions of
IL-6, IL-8, and TNF-a were elevated in the ileum. Following
berberine administration, the expression of these marker genes
was notably reduced in the duodenum, jejunum, and ileum
(Figures 4D-F). This indicates that BBR mitigates the damage to
the small intestinal immune barrier in weaned piglets caused by
ETEC infection.

VFAs are significant by-products of intestinal microbial
metabolism and contribute to the maintenance of intestinal
function (58). Acetic acid, propionic acid, and butyric acid play
key roles in regulating inflammatory responses and maintaining
intestinal barrier functions (37). Acetic and propionic acids
function as energy sources for peripheral tissues, whereas
butyrate plays a crucial role in providing energy to intestinal
epithelial cells and stimulating cell growth and development
(59). Previous studies indicated that ETEC infection may cause
a decrease in VFAs in the intestinal tract of piglets (34,
37, 59). Consistent with these findings, in this study, ETEC
infection (BD + ETEC) resulted in decreased concentrations
of total VFA, acetic acid, propionic acid, butyric acid, valeric
acid, and isovaleric acid. Berberine (LB + ETEC) notably
elevated the concentrations of total VFA, acetic acid, propionic
acid, valeric acid, and isovaleric acid in ETEC-challenged pigs
(Table 2). This prompted a deeper exploration of the impact
of berberine on the intestinal microbiota of ETEC-infected
weaned piglets.

The establishment of the intestinal microbiota in children
and piglets during infancy is a critical process. However, the
microbial structure during this stage was unstable and vulnerable
to environmental influences (35). ETEC infection can disrupt
the intestinal microbiota, causing an imbalance that leads to
detrimental effects, eventually resulting in diarrhea (6, 29). The
alpha diversity (ACE richness index, Chaol richness index, and
Shannon diversity index) of the intestinal microbiota in the BD
+ ETEC group was significantly lower than that in the BD +
Saline group (Figure 5A). Our findings are consistent with those
of previous studies (28, 29, 35), indicating that ETEC infection
notably diminishes the abundance and diversity of the piglet
intestinal microbiota. The ACE and Chaol richness indices in
the LB + ETEC and HB + ETEC groups were significantly
higher than those in the BD + Saline group. Additionally, the
Shannon diversity index was higher, and the Simpson index was
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lower in the LB + ETEC group than in the BD + ETEC group
(Figure 6A). These findings indicate that berberine increases the
volume and variety of gut flora in piglets after weaning. Some
studies have proposed that the similarity in the diversity pattern
illustrates a comparable gastrointestinal health status among
dual sets of hosts (29). Beta diversity analysis indicated a clear
separation between the microbiota of the BD + ETEC and BD
+ Saline groups (Figures 5B, C), suggesting a significant effect
of ETEC infection on the intestinal microbiota composition and
structure of piglets. Furthermore, the microbiota of the LB +
ETEC group differed distinctly from those of the BD + ETEC
and HB + ETEC groups (Figures 6B, C). These findings, in
conjunction with the results on the intestinal microbial structure,
imply that prolonged berberine consumption by piglets induces
substantial alterations in their intestinal microbiota composition
and structure.

Moreover, the gut microflora significantly contributes to
the maturation of intestinal functions and the overall health of
both children and piglets (35). An imbalance in the intestinal
microbiota is strongly linked to the occurrence of diarrhea
(28). In our study, ETEC infection (BD + ETEC) decreased the
relative abundances of Parabacteroides, Barnesiella, Lactobacillus,
Bacteroides, Lactococcus, and Holdemania (Figure 5G). Studies
have indicated that increased levels of Parabacteroides are linked
to beneficial microbial communities and play a role in decreasing
inflammation (60, 61). Intestinal Barnesiella, Holdemania, and
Bacteroides produce VFAs that have anti-inflammatory effects and
improve intestinal barrier function (62-64). A reduction in the
presence of Bacteroides could be considered a key indicator of
physiological diarrhea in post-weaning piglets (67). Lactobacillus
is well-known for its production of lactic acid, which exhibits
bactericidal properties. Moreover, the increased abundance of
the genus Lactobacillus has been linked to enhanced mucus
production, thereby improving intestinal barrier function and
overall intestinal health (65). Lactococcus was the most abundant
microbiota in the intestine. Research has demonstrated their
impact on the evolution of the host gastrointestinal function,
encompassing the enhancement of the immune response,
digestion, microbiome establishment, and protection against
harmful agents (66). The results indicated a significant correlation
between beneficial bacteria and various physical, chemical, and
immune barrier function marker genes in the small intestine
of piglets. This suggests that a decrease in the abundance of
these beneficial bacterial communities following ETEC infection
could negatively affect the maintenance of intestinal mucosal
barrier function in piglets. Additionally, after ETEC infection, the
relative abundances of Corynebacterium, Olsenella, Turicibacter,
Enterobacter, and Cronobacter significantly increased in the BD
+ ETEC group (Figure 5G). Corynebacterium is increasingly
recognized as an important pathogen that can induce an
inflammatory response (67). Similarly, growing evidence has
demonstrated that Olsenella is commonly considered harmful
and its increased abundance is closely linked to inflammation
and impaired barrier function in piglets (68, 69). Turicibacter
has also been identified as a pathogen that triggers inflammation
(70). Enterobacter, a significant producer of LPS, has been linked
to chronic inflammation in the intestine and body, potentially
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contributing to intestinal epithelial damage and metabolic
disorders (71). Moreover, the integrity of the intestinal barrier
is affected by the presence of Cronobacter (72). These results
suggest that ETEC infection causes a decrease in VFA-producing
bacteria, such as Barnesiella, Holdemania, and Bacteroides,
as well as a reduction in beneficial bacterial microbiota that
play a role in the physical (e.g., Barnesiella, Lactobacillus,
Bacteroides, and Lactococcus), chemical (e.g., Lactobacillus,
Bacteroides, and Lactococcus), and immune (e.g., Parabacteroides,
Bacteroides, Lactococcus, and Holdemania) barriers of the small
intestine in piglets. Moreover, there was a notable increase in
potentially pathogenic and inflammation-inducing bacteria such
as Corynebacterium, Turicibacter, Enterobacter, and Cronobacter.
The disruption in the balance between beneficial and pathogenic
bacteria caused by ETEC infection damages the intestinal barrier
in piglets.

To investigate the impact of dietary Berberine on the intestinal
microbiota of weaned piglets infected with ETEC, we analyzed
notable alterations in microbiota abundance at the genus level
within the Berberine-treated groups (LB + ETEC and HB
+ ETEC groups). Furthermore, we explored the correlation
between these changes and the expression of marker genes
associated with the small intestinal barrier function. Our study
found that berberine supplementation significantly increased the
relative abundances of Enterococcus, Holdemanella, Weissella,
Pediococcus,  Muribaculum,  Colidextribacter, — Agathobacter,
Roseburia, Clostridium, Fusicatenibacter, and Bifidobacterium in
the intestines of piglets (Figure 6G). Enterococcus, which is typically
located in the gastrointestinal tract of humans and animals, has
been used as a probiotic without any safety concerns (73). Studies
have indicated that Enterococcus may aid in the management of
inflammatory responses. Moreover, viral infections can reduce
the abundance of Enterococcus in piglet intestines (74). Our study
also found a significant correlation between Enterococcus and
jejunal IL-1f and IL-8 and ileal MUC2 (Figures 7E, F). These
findings suggest that an increased abundance of Enterococcus
is beneficial for maintaining the immune barrier function of
the jejunum and the chemical barrier function of the ileum in
piglets. The genus Holdemania exhibits anti-inflammatory effects
by releasing VFAs (62). Our study found a strong correlation
between Holdemania abundance and CYP3A4 levels in the
jejunum (Figure 7E), indicating that an increase in Holdemania
abundance may play a role in maintaining chemical barrier
function in the jejunum of piglets. Weissella has been recognized
as a biomarker of healthy microbiota and has shown promise as
a potential probiotic for promoting intestinal health (75). Our
study revealed a significant correlation between Weissella and
IL-1B and IL-6 in the duodenum, as well as IL-8 and BCL2 in the
jejunum (Figures 7D, E). These findings indicate that an increase
in the abundance of Weissella helps maintain immune barrier
function in the duodenum and jejunum, while also inhibiting
apoptosis in jejunal cells. Pediococcus, a probiotic, enhances the
intestinal histological morphology and immune functions (76).
Our study revealed a significant correlation between Pediococcus
and various markers such as P-gly, CYP3A4, and CASP3 in
the duodenum; IL-6 in the jejunum and ileum; and BCL2 in
the ileum (Figures 7D-F). These results indicate that a higher
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abundance of Pediococcus may contribute to preserving the
chemical barrier in the duodenum, enhancing the immune
barrier in the jejunum, and suppressing apoptosis in the ileum.
Muribaculum produces VFAs in the gut as metabolites with
anti-inflammatory properties, which have been linked to longevity
(77). Our findings suggested a significant correlation between
Muribaculum and various markers in the duodenum and jejunum.
In the duodenum, Muribaculum abundance positive correlated
with Occludin, E-cad, P-gly, CYP3A4, IL-8, IFN-y, BCL2, BAX,
and BAK. In the jejunum, it positive correlated with E-cad,
IL-8, IEN-y, and CASP9 (Figures 7D, E). These results imply
that an increase in Muribaculum abundance may help maintain
the barrier functions (physical, chemical, and immune) of both
the duodenum and jejunum and regulate cellular apoptosis.
Colidextribacter, a potentially beneficial bacterium, may assist in
regulating systemic inflammatory responses and preserving the
integrity of the intestinal mucosa (78). A significant correlation
was found between Colidextribacter and key markers such as
70-1, MUC2, and BAX in the duodenum, and ZO-1, Occludin,
MUC2, and P-gly in the jejunum (Figures 7D, E). This suggests
that Colidextribacter plays a role in maintaining the physical
and chemical barrier functions of both the duodenum and
jejunum in piglets. Agathobacter, a VFA-producing bacterium,
is considered a beneficial commensal and potential probiotic
candidate because of its ability to produce butyric acid, which
may have anti-inflammatory properties (79). Our findings
showed a significant negative correlation between Agathobacter
and levels of TNF-a in the duodenum, as well as IFN-y and
CASP9 in both the duodenum and jejunum (Figures 7D, E). This
suggests that increasing the relative abundance of Agathobacter
could potentially reduce inflammation in the duodenum and
jejunum while also maintaining the immune barrier function of
these regions in piglets. The genus Roseburia, which is known
for its VFA production, plays a crucial role in preserving gut
homeostasis and influencing immune development (80). Our
research revealed a notable correlation between Roseburia, E-
cadherin, and MUC2 in the ileum (Figure 7F), indicating that
higher levels of Roseburia contribute to the maintenance of
physical and chemical barrier functions in the ilea of piglets.
Clostridium is considered beneficial because of its population of
VFA-producing bacteria with anti-inflammatory properties that
contribute to various benefits for intestinal homeostasis (81, 82).
Our study aligns with previous findings, showing a significant
correlation between Clostridium and E-cad, P-gly, IL-8, and
TNF-o in the duodenum; ZO-1, Claudin-1, IL-18, IL-6, IL-8,
TNF-a, IFN-y, BCL2, BAX, and CASP9 in the jejunum; and
ZO-1, and CASP9 in the ileum (Figures 7D-F). This suggests
that an increased abundance of Clostridium can help maintain
the physical barrier function in the small intestine of piglets,
maintain the immune barrier function of the duodenum and
jejunum, and regulate cell apoptosis in the jejunum and ileum.
Fusicatenibacter is a VFA-producing bacterium that suppresses
intestinal inflammation (83). Our study revealed a significant
correlation between Fusicatenibacter and CASP9 in the duodenum,
BAK in the jejunum, as well as Claudin-1, MUC2, IL-1, and BAK
in the ileum (Figures 7D-F). This suggests that an increase in
the abundance of Fusicatenibacter may play a role in regulating
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the apoptosis of piglet small intestine cells and preserving the
physical, chemical, and immune barrier functions of the ileum.
Bifidobacterium are crucial for preserving the integrity of the
intestinal mucosal barrier through the production of VFAs and
the maintenance of intestinal homeostasis (84). Our research
revealed a notable correlation between Bifidobacterium and various
markers such as ZO-2, E-cad, MUC2, BCL2, and CASP9 in the
duodenum, as well as Occludin, MUC2, BCL2, and CASP9 in the
jejunum, and IL-1p and IL-8 in the ileum (Figures 7D-F). This
suggests that an increase in Bifidobacterium abundance contributes
to maintaining the physical and chemical barrier functions of
the duodenum and jejunum in piglets while also regulating the
immune barrier function of the ileum and cell apoptosis in the
duodenum and jejunum.

Our results also showed that dietary berberine significantly
reduced the
Corynebacterium,

abundances of Prevotella, Paraprevotella,

Catenisphaera, Streptococcus, Enterobacter,
and Collinsella in the intestines of piglets (Figure 6G). Prevotella
can promote inflammatory immune responses in the mucosa
(68). Additionally, Paraprevotella is a significant pathogen within
the intestinal environment and is involved in the development
of various human diseases through its role in perpetuating
chronic inflammation (85). Consistent with previous research
(86), berberine significantly decreased the abundance of Prevotella
and Paraprevotella and a correlation between Prevotella and
P-gly and CYP3A4 in the duodenum and CASP9 in the jejunum
was observed (Figures7D, E). Additionally, the abundance
of Paraprevotella was correlated with Claudin-1, E-cad, IL-6,
IL-8, and IFN-y in the duodenum, the ZO-1, IL-1p, IL-8,
TNF-a, IFN-y, BCL2, and BAX in the jejunum, as well as
Z0O-1 and CASP9 in the ileum (Figures 7D-F). Decreases in
the abundance of Prevotella and Paraprevotella are associated
with the maintenance of barrier functions in the duodenum
and jejunum and the regulation of cell apoptosis in the jejunum
and ileum. Corynebacterium is increasingly recognized as a
pathogen capable of triggering inflammatory responses (67).
Meanwhile, Catenisphaera has been identified as a producer of
inflammatory cytokines (87). Our research revealed a notable
association between Corynebacterium and IL-1p in the duodenum
(Figure 7D). Significant correlations were observed between
Catenisphaera and ZO-2, MUC2, and CASP9 in the duodenum
as well as with ZO-1, IL-18, and IL-8 in the ileum (Figures 7D,
F). Consistent with previous studies, the marked reduction in the
relative abundance of both Corynebacterium and Catenisphaera
contributed to the maintenance of the physical and chemical
barrier functions of the duodenum, thereby affecting the physical
and immune barrier functions of the ileum. Microbial colonization
of piglet intestines begins immediately after birth with initial
colonization by Streptococcus, a common pathogenic bacterium
(88). In the duodenum, Streptococcus significantly correlated
with ZO-2, Occludin, MUC2, BCL2, BAX, BAK, and CASP9.
In the jejunum, it was correlated with ZO-2, Occludin, E-cad,
and MUC2, while in the ileum, it was correlated with IL-1p
and IL-8 (Figures 7D-F). These findings suggest that reducing
the relative abundance of Streptococcus could be beneficial for
maintaining the barrier functions of the duodenum and jejunum
as well as the immune barrier function of the ileum and for
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regulating duodenal cell apoptosis. Enterobacter induces chronic
inflammation and damages intestinal barrier function (71).
In our study, we observed correlations between Enterobacter
with TNF-a and IFN-y in the duodenum, MUC2 and IFN-
y in the jejunum, and Occludin and CYP3A4 in the ileum
(Figures 7D=F). Therefore, reducing the relative abundance of
Enterobacter may be beneficial for maintaining the immune
barrier in the duodenum and jejunum of piglets, as well as
for preserving the physical and chemical barrier function of
the ileum. Collinsella is commonly described as a pathobiont
linked to compromised intestinal barrier function (65, 89).
Our study found a significant correlation between Collinsella
and IL-6 in the duodenum as well as between Claudin-1 and
E-cad in the ileum (Figures 7D, F). This suggests that reducing
the abundance of Collinsella may have a positive impact on
immune barrier function in the duodenum and physical barrier
function in the ileum. Dietary berberine significantly increased
the abundance of beneficial bacteria, including VFA-producing
bacteria (e.g., Muribaculum, Agathobacter, Roseburia, Clostridium,
Fusicatenibacter, and Bifidobacterium). It also increased the
abundance of bacteria associated with maintaining intestinal
physical barrier function (e.g., Muribaculum, Colidextribacter,
Roseburia, Clostridium, Fusicatenibacter, and Bifidobacterium),
those associated with maintaining intestinal chemical barrier
(e.g., Enterococcus, Holdemania, Pediococcus, Muribaculum,
Colidextribacter, Roseburia, Fusicatenibacter, and Bifidobacterium),
and those associated with maintaining intestinal immune
barrier (e.g., Enterococcus, Weissella, Pediococcus, Muribaculum,
Agathobacter, Clostridium, Fusicatenibacter, and Bifidobacterium).
In addition,

pathogenic and harmful bacteria, such as Prevotella, Paraprevotella,

berberine reduced the relative abundance of

Corynebacterium, Catenisphaera, Streptococcus, Enterobacter, and
Collinsella in the intestine. These changes in the intestinal
microbiota help alleviate the damage to the piglet intestinal barrier
function caused by ETEC infection.

5 Conclusions

This study elucidated the regulatory mechanisms of berberine
in alleviating intestinal mucosal barrier injury induced by ETEC
infection in a weaned piglet model. Berberine supplementation
effectively mitigated the ETEC-induced intestinal mucosal barrier
damage in weaned piglets. The beneficial effects of berberine
included restoring the balance of the intestinal microbiota,
increasing the presence of beneficial bacteria such as VFA-
producing bacteria, and reducing the abundance of harmful and
pathogenic bacteria. Furthermore, berberine increased the number
of goblet cells and mucosal thickness in the small intestine,
thereby improving its chemical barrier function. Berberine also
upregulated the expression of tight junction and adhesion junction
genes, strengthened the anti-apoptotic ability of small intestinal
epithelial cells, and maintained the physical barrier function
of the small intestine, ultimately enhancing intestinal integrity
and reducing permeability. Additionally, berberine decreased the
expression of intestinal inflammatory factors and alleviated ETEC-
induced damage to the intestinal immune barrier. In summary,
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berberine played a preventive role against ETEC-induced intestinal
mucosal barrier damage by improving the homeostasis of intestinal
microbiota in piglets, enhancing the physical, chemical, and
immune barrier functions, and ultimately mitigating the intestinal
mucosal barrier damage induced by ETEC infection in piglets.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found below: https://www.
ncbinlm.nih.gov/bioproject/1110050 and https://www.ncbi.nlm.
nih.gov/, SRA 29048606-29048629.

Ethics statement

The animal studies were approved by the Experimental Animal
Ethics Committee of the Anhui Science and Technology University
(AHSTU2023006). The studies were conducted in accordance
with the local legislation and institutional requirements. Written
informed consent was obtained from the owners for the
participation of their animals in this study.

Author contributions

MD: Methodology, Investigation, Writing — original draft.
XinL: Investigation, Methodology, Writing — original draft, Formal
analysis. XJ: Methodology, Resources, Software, Writing - review &
editing. YW: Formal analysis, Investigation, Visualization, Writing
- original draft. XiaL: Investigation, Methodology, Resources,
Writing - review & editing. CZ: Methodology, Conceptualization,
Visualization, Writing — review & editing. EJ: Conceptualization,
Investigation, Resources, Writing - review & editing. YG:
Conceptualization, Resources, Visualization, Writing - review
& editing. HW: Formal analysis, Investigation, Methodology,
Writing - review & editing. FZ: Methodology, Conceptualization,
Resources, Writing — review & editing.

References

1. Mentzer AV, Svennerholm AM. Colonization factors of human and animal-
specific enterotoxigenic Escherichia coli (ETEC). Trends Microbiol. (2024) 32:448-
64. doi: 10.1016/j.tim.2023.11.001

2. Rim S, Vedoy OB, Bronstad I, McCann A, Meyer K, Steinsland H, et al.
Inflammation, the kynurenines, and mucosal injury during human experimental
enterotoxigenic Escherichia coli infection. Med Microbiol Immunol. (2024)
213:2. doi: 10.1007/s00430-024-00786-z

3. Banerjee S, Barry EM, Baqar S, Louis Bourgeois A, Campo JJ, Choy RKM,
et al. The 2022 vaccines against shigella and enterotoxigenic Escherichia coli (VASE)
conference: summary of abstract-based presentations. Vaccine. (2024) 42:1454-
60. doi: 10.1016/j.vaccine.2023.11.031

4. Johura FT, Sultana M, Sadique A, Monira S, Sack DA, Sack RB, et al. The
antimicrobial resistance of enterotoxigenic Escherichia coli from diarrheal patients and
the environment in two geographically distinct rural areas in bangladesh over the years.
Microorganisms. (2024) 12:301. doi: 10.3390/microorganisms12020301

5. Pajuelo MJ, Noazin S, Cabrera L, Toledo A, Velagic M, Arias L, et al.
Epidemiology of enterotoxigenic Escherichia coli and impact on the growth of

Frontiersin Nutrition

10.3389/fnut.2024.1494348

Funding

The author(s) declare financial support was received for
the research, authorship, and/or publication of this article. This
research was funded by the National Natural Science Foundation
of China (32172816 and 32202728), the National Natural Science of
Anhui Province (2208085MC77), the Key Disciplines Construction
of Veterinary Science in Anhui Science and Technology University
(XK-XJGF002), the Project of Training Outstanding Young
Teachers in Higher Education Institutions of Anhui province
(220052), the High-level Talents Introduction Foundation of Anhui
Science and Technology University (DKYJ202101), the Youth
Elite Project of Anhui Academy of Agricultural Sciences (QNYC-
202205), and the College Student Innovation and Entrepreneurship
Project (202410879022).

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
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.2024.
1494348/full#supplementary-material

children in the first two years of life in Lima, Peru. Front Public Health. (2024)
12:1332319. doi: 10.3389/fpubh.2024.1332319

6. Zhang Y, Tan P, Zhao Y, Ma X. Enterotoxigenic Escherichia coli: intestinal
pathogenesis mechanisms and colonization resistance by gut microbiota. Gut Microbes.
(2022) 14:2055943. doi: 10.1080/19490976.2022.2055943

7. Zhang C, Li S, Upadhyay I, Lauder KL, Sack DA, Zhang W. MecVax supplemented
with CFA MEFA-II induces functional antibodies against 12 adhesins (CFA/I, CS1-CS7,
CS12, CS14, CS17, and CS21) and 2 toxins (STa, LT) of enterotoxigenic Escherichia coli
(ETEC). Microbiol Spectr. (2024) 12:e0415323. doi: 10.1128/spectrum.04153-23

8. Hui T, Parasuraman S, Ravichandran M, Prabhakaran G. Dual-use vaccine
for diarrhoeal diseases: cross-protective immunogenicity of a cold-chain-free,
live-attenuated, oral cholera vaccine against enterotoxigenic Escherichia coli
(ETEC) challenge in BALB/c Mice. Vaccines. (2022) 10:2161. doi: 10.3390/vaccines
10122161

9. Cui R, Zhang C, Pan ZH, Hu TG, Wu H. Probiotic-fermented edible herbs as
functional foods: a review of current status, challenges, and strategies. Compr Rev Food
Sci Food Saf. (2024) 23:e13305. doi: 10.1111/1541-4337.13305

frontiersin.org


https://doi.org/10.3389/fnut.2024.1494348
https://www.ncbi.nlm.nih.gov/bioproject/1110050
https://www.ncbi.nlm.nih.gov/bioproject/1110050
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fnut.2024.1494348/full#supplementary-material
https://doi.org/10.1016/j.tim.2023.11.001
https://doi.org/10.1007/s00430-024-00786-z
https://doi.org/10.1016/j.vaccine.2023.11.031
https://doi.org/10.3390/microorganisms12020301
https://doi.org/10.3389/fpubh.2024.1332319
https://doi.org/10.1080/19490976.2022.2055943
https://doi.org/10.1128/spectrum.04153-23
https://doi.org/10.3390/vaccines10122161
https://doi.org/10.1111/1541-4337.13305
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Du et al.

10. Zhang J, Zhu Y, Si J, Wu L. Metabolites of medicine food homology-
derived endophytic fungi and their activities. Curr Res Food Sci. (2022) 5:1882-
96. doi: 10.1016/j.crfs.2022.10.006

11. Qu S, Yu S, Ma X, Wang R. “Medicine food homology” plants promote
periodontal health: antimicrobial, anti-inflammatory, and inhibition of bone
resorption. Front Nutr. (2023) 10:1193289. doi: 10.3389/fnut.2023.1193289

12. Zuo WE, Pang Q, Yao LP, Zhang Y, Peng C, Huang W, et al. Gut microbiota: a
magical multifunctional target regulated by medicine food homology species. ] Adv Res.
(2023) 52:151-70. doi: 10.1016/j.jare.2023.05.011

13. Xu ], Zhang J, Sang Y, Wei Y, Chen X, Wang Y, et al. Polysaccharides
from medicine and food homology materials: a review on their extraction,
purification, structure, and  biological activities. Molecules. (2022)
27:3215. doi: 10.3390/molecules27103215

14. Shakeri F, Kiani S, Rahimi G, Boskabady MH. Anti-inflammatory,
antioxidant, and immunomodulatory effects of Berberis vulgaris and its
constituent berberine, experimental and clinical, a review. Phytother Res. (2024)
38:1882-902. doi: 10.1002/ptr.8077

15. Sun L, Yu Q, Peng E Sun C, Wang D, Pu L, et al. The antibacterial activity of
berberine against Cutibacterium acnes: its therapeutic potential in inflammatory acne.
Front Microbiol. (2023) 14:1276383. doi: 10.3389/fmicb.2023.1276383

16. Cui Xd, Liu Xk, Ma Xy, Li Sh, Zhang Jk, Han Rj, et al. Restoring colistin sensitivity
in colistin-resistant Salmonella and Escherichia coli: combinatorial use of berberine and
EDTA with colistin. mSphere. (2024) 9:¢0018224. doi: 10.1128/msphere.00182-24

17. WangK, Yin ], Chen J, MaJ, Si H, Xia D. Inhibition of inflammation by berberine:
Molecular mechanism and network pharmacology analysis. Phytomedicine. (2024)
128:155258. doi: 10.1016/j.phymed.2023.155258

18. Wang Y, Zhang Z, Du M, Ji X, Liu X, Zhao C, et al. Berberine alleviates ETEC-
induced intestinal inflammation and oxidative stress damage by optimizing intestinal
microbial composition in a weaned piglet model. Front Immunol. (2024) 15:1460127.
doi: 10.3389/fimmu.2024.1460127

19. Dehau T, Cherlet M, Croubels S, van Immerseel F, Goossens E. A high
dose of dietary berberine improves gut wall morphology, despite an expansion of
Enterobacteriaceae and a reduction in beneficial microbiota in broiler chickens.
mSystems. (2023) 8:€0123922. doi: 10.1128/msystems.01239-22

20. LiangY, Ye C, Chen Y, Chen Y, Diao S, Huang M. Berberine improves behavioral
and cognitive deficits in a mouse model of alzheimer’s disease via regulation of beta-
amyloid production and endoplasmic reticulum stress. ACS Chem Neurosci. (2021)
12:1894-904. doi: 10.1021/acschemneuro.0c00808

21. Ji X, Tang Z, Zhang F, Zhou E Wu Y, Wu D. Dietary taurine supplementation
counteracts deoxynivalenol-induced liver injury via alleviating oxidative stress,
mitochondrial dysfunction, apoptosis, and inflammation in piglets. Ecotoxicol Environ
Saf. (2023) 253:114705. doi: 10.1016/j.ecoenv.2023.114705

22. Hu H, Xu K, Wang K, Zhang E, Bai X. Dissecting the effect of berberine on
the intestinal microbiome in the weaned piglets by metagenomic sequencing. Front
Microbiol. (2022) 13:862882. doi: 10.3389/fmicb.2022.862882

23. NRC. Nutrient Requirements of Swine. Committee on Nutrient Requirements of
Swine. 11th ed. Washington, DC: National Academies Press (2012).

24. Alkhudhayri A, Thagfan FA, Al-Quraishy S, Abdel-Gaber R, Dkhil MA.
Assessment of the oxidative status and goblet cell response during eimeriosis and
after treatment of mice with magnesium oxide nanoparticles. Saudi J Biol Sci. (2022)
29:1234-8. doi: 10.1016/j.5jbs.2021.09.034

25. Zhang E, Jin E, Liu X, Ji X, Hu H. Effect of dietary Fructus mume and Scutellaria
baicalensis georgi on the fecal microbiota and its correlation with apparent nutrient
digestibility in weaned piglets. Animals. (2022) 12:2418. doi: 10.3390/ani12182418

26. Zhang F, Zheng W, Xue Y, Yao W. Suhuai suckling piglet hindgut microbiome-
metabolome responses to different dietary copper levels. Appl Microbiol Biot. (2019)
103:853-68. doi: 10.1007/s00253-018-9533-0

27. Wen C, Zhang H, Guo Q, Duan Y, Chen S, Han M, et al. Engineered
Bacillus subtilis alleviates intestinal oxidative injury through Nrf2-Keapl pathway in
enterotoxigenic Escherichia coli (ETEC) K88-infected piglet. ] Zhejiang Univ Sci B.
(2023) 24:496-509. doi: 10.1631/jzus.B2200674

28. Zha A, Tu R, Qi M, Wang J, Tan B, Liao P, et al. Mannan oligosaccharides
selenium ameliorates intestinal mucosal barrier, and regulate intestinal microbiota to
prevent enterotoxigenic Escherichia coli-induced diarrhea in weaned piglets. Ecotoxicol
Environ Saf. (2023) 264:115448. doi: 10.1016/j.ecoenv.2023.115448

29. Li M, Zhao D, Guo J, Pan T, Niu T, Jiang Y, et al. Bacillus halotolerans
SW207 alleviates  enterotoxigenic  Escherichia  coli-induced  inflammatory
responses in weaned piglets by modulating the intestinal epithelial barrier, the
TLR4/MyD88/NF-kappaB pathway, and intestinal microbiota. Microbiol Spectr. (2024)
12:¢0398823. doi: 10.1128/spectrum.03988-23

30. Zhou Y, Luo Y, Yu B, Zheng P, Yu J, Huang Z, et al. Agrobacterium sp. ZX09 beta-
glucan attenuates enterotoxigenic Escherichia coli-induced disruption of intestinal
epithelium in weaned pigs. Int ] Mol Sci. (2022) 23:10290. doi: 10.3390/ijms231810290

31. Xun W, Shi L, Zhou H, Hou G, Cao T, Zhao C. Effects of curcumin on growth
performance, jejunal mucosal membrane integrity, morphology and immune status in

Frontiersin

10.3389/fnut.2024.1494348

weaned piglets challenged with enterotoxigenic Escherichia coli. Int Immunopharmacol.
(2015) 27:46-52. doi: 10.1016/j.intimp.2015.04.038

32. Chen J, Xia Y, Hu Y, Zhao X, You J, Zou T, et al. blend of formic acid,
benzoic acid, and tributyrin alleviates ETEC K88-induced intestinal barrier dysfunction
by regulating intestinal inflammation and gut microbiota in a murine model. Int
Immunopharmacol. (2023) 114:109538. doi: 10.1016/j.intimp.2022.109538

33. Duan Q, Yu B, Huang Z, Luo Y, Zheng P, Mao X, et al. Protective effect
of sialyllactose on the intestinal epithelium in weaned pigs upon enterotoxigenic
Escherichia coli challenge. Food Funct. (2022) 13:11627-37. doi: 10.1039/D2FO02066A

34. XuH, GongJ, Lu P, Azevedo P, Li L, Yu H, et al. Functional evaluation of Bacillus
licheniformis PF9 for its potential in controlling enterotoxigenic Escherichia coli in
weaned piglets. Transl Anim Sci. (2024) 8:txae050. doi: 10.1093/tas/txae050

35. Zhang Y, Tian X, Dong Y, Li R, Shen M, Yi D, et al. Bacillus coagulans prevents
the decline in average daily feed intake in young piglets infected with enterotoxigenic
Escherichia coli K88 by reducing intestinal injury and regulating the gut microbiota.
Front Cell Infect Microbiol. (2023) 13:1284166. doi: 10.3389/fcimb.2023.1284166

36. Zhou Y, Luo Y, Yu B, Zheng P, Yu J, Huang Z, et al. Effect of beta-
Glucan supplementation on growth performance and intestinal epithelium functions
in weaned pigs challenged by enterotoxigenic Escherichia coli. Antibiotics. (2022)
11:519. doi: 10.3390/antibiotics11040519

37. Duan Q, Chen D, Yu B, Huang Z, Luo Y, Zheng P, et al. Effect of
sialyllactose on growth performance and intestinal epithelium functions in weaned
pigs challenged by enterotoxigenic Escherichia coli. ] Anim Sci Biotechnol. (2022)
13:30. doi: 10.1186/s40104-022-00673-8

38. Zhang L, Guo T, Zhan N, Sun T, Shan A. Effects of the antimicrobial
peptide WK3 on diarrhea, growth performance and intestinal health of weaned
piglets challenged with enterotoxigenic Escherichia coli K88. Food Nutr Res. (2021)
65:3448. doi: 10.29219/fnr.v65.3448

39. Tang Q, Xu E, Wang Z, Xiao M, Cao S, Hu S, et al. Dietary Hermetia illucens
larvae meal improves growth performance and intestinal barrier function of weaned
pigs under the environment of enterotoxigenic Escherichia coli k88. Front Nutr. (2021)
8:812011. doi: 10.3389/fnut.2021.812011

40. Becker SL, Li Q, Burrough ER, Kenne D, Sahin O, Gould SA, et al. Effects of an
F18 enterotoxigenic Escherichia coli challenge on growth performance, immunological
status, and gastrointestinal structure of weaned pigs and the potential protective effect
of direct-fed microbial blends. ] Anim Sci. (2020) 98:skaal13. doi: 10.1093/jas/skaall3

41. Xu ], Jia Z, Xiao S, Long C, Wang L. Effects of enterotoxigenic
Escherichia  coli  challenge on  jejunal  morphology and  microbial
community profiles in weaned crossbred piglets. Microorganisms. (2023)
11:2646. doi: 10.3390/microorganisms11112646

42. Peng X, Wang R, Hu L, Zhou Q, Liu Y, Yang M, et al. Enterococcus faecium
NCIMB 10415 administration improves the intestinal health and immunity in neonatal
piglets infected by enterotoxigenic Escherichia coli K88. ] Anim Sci Biotechnol. (2019)
10:1-15. doi: 10.1186/s40104-019-0376-z

43. Deng Y, Han X, Tang S, Li C, Xiao W, Tan Z. Magnolol and honokiol
attenuate apoptosis of enterotoxigenic Escherichia coli-induced intestinal epithelium
by maintaining secretion and absorption homeostasis and protecting mucosal integrity.
Med Sci Monit. (2018) 24:3348-56. doi: 10.12659/MSM.910350

44. Lin Q, Su G, Wu A, Chen D, Yu B, Huang Z, et al. Bombyx mori
gloverin A2 alleviates enterotoxigenic Escherichia coli-induced inflammation
and intestinal mucosa disruption. Antimicrob Resist Infect Control. (2019)
8:189. doi: 10.1186/513756-019-0651-y

45. Sheikh A, Wangdi T, Vickers TJ, Aaron B, Palmer M, Miller MJ, et al.
Enterotoxigenic Escherichia coli degrades the host muc2 mucin barrier to facilitate
critical pathogen-enterocyte interactions in human small intestine. Infect Immun.
(2022) 90:¢0057221. doi: 10.1128/iai.00572-21

46. Kumar P, Luo Q, Vickers TJ, Sheikh A, Lewis WG, Fleckenstein JM. EatA, an
immunogenic protective antigen of enterotoxigenic Escherichia coli, degrades intestinal
mucin. Infect Immun. (2014) 82:500-8. doi: 10.1128/IAI1.01078-13

47. Bravo Santano N, Juncker Boll E, Catrine Capern L, Cieplak TM, Keleszade
E, Letek M, et al. Comparative evaluation of the antimicrobial and mucus induction
properties of selected Bacillus strains against enterotoxigenic Escherichia coli.
Antibiotics. (2020) 9:849. doi: 10.3390/antibiotics9120849

48. Luo Q, Kumar P, Vickers TJ, Sheikh A, Lewis WG, Rasko DA, et al.
Enterotoxigenic Escherichia coli secretes a highly conserved mucin-degrading
metalloprotease to effectively engage intestinal epithelial cells. Infect Immun. (2014)
82:509-21. doi: 10.1128/IAL.01106-13

49. Yang S, Yu M. Role of goblet cells in intestinal barrier and mucosal immunity. J
Inflamm Res. (2021) 14:3171-83. doi: 10.2147/JIR.S318327

50. Liang C, Fu R, Chen D, Tian G, He J, Zheng P, et al. Effects of mixed fibres and
essential oils blend on growth performance and intestinal barrier function of piglets
challenged with enterotoxigenic Escherichia coli K88. ] Anim Physiol Anim Nutr. (2023)
107:1356-67. doi: 10.1111/jpn.13866

51. Liu X, Liu E Ma Y, Li H, Ju X, Xu J. Effect of puerarin, baicalin
and berberine hydrochloride on the regulation of IPEC-J2 cells infected


https://doi.org/10.3389/fnut.2024.1494348
https://doi.org/10.1016/j.crfs.2022.10.006
https://doi.org/10.3389/fnut.2023.1193289
https://doi.org/10.1016/j.jare.2023.05.011
https://doi.org/10.3390/molecules27103215
https://doi.org/10.1002/ptr.8077
https://doi.org/10.3389/fmicb.2023.1276383
https://doi.org/10.1128/msphere.00182-24
https://doi.org/10.1016/j.phymed.2023.155258
https://doi.org/10.3389/fimmu.2024.1460127
https://doi.org/10.1128/msystems.01239-22
https://doi.org/10.1021/acschemneuro.0c00808
https://doi.org/10.1016/j.ecoenv.2023.114705
https://doi.org/10.3389/fmicb.2022.862882
https://doi.org/10.1016/j.sjbs.2021.09.034
https://doi.org/10.3390/ani12182418
https://doi.org/10.1007/s00253-018-9533-0
https://doi.org/10.1631/jzus.B2200674
https://doi.org/10.1016/j.ecoenv.2023.115448
https://doi.org/10.1128/spectrum.03988-23
https://doi.org/10.3390/ijms231810290
https://doi.org/10.1016/j.intimp.2015.04.038
https://doi.org/10.1016/j.intimp.2022.109538
https://doi.org/10.1039/D2FO02066A
https://doi.org/10.1093/tas/txae050
https://doi.org/10.3389/fcimb.2023.1284166
https://doi.org/10.3390/antibiotics11040519
https://doi.org/10.1186/s40104-022-00673-8
https://doi.org/10.29219/fnr.v65.3448
https://doi.org/10.3389/fnut.2021.812011
https://doi.org/10.1093/jas/skaa113
https://doi.org/10.3390/microorganisms11112646
https://doi.org/10.1186/s40104-019-0376-z
https://doi.org/10.12659/MSM.910350
https://doi.org/10.1186/s13756-019-0651-y
https://doi.org/10.1128/iai.00572-21
https://doi.org/10.1128/IAI.01078-13
https://doi.org/10.3390/antibiotics9120849
https://doi.org/10.1128/IAI.01106-13
https://doi.org/10.2147/JIR.S318327
https://doi.org/10.1111/jpn.13866
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Du et al.

with enterotoxigenic Escherichia coli. J Evid Based Comp Altern Med. (2019)
2019:7438593. doi: 10.1155/2019/7438593

52. Li M, Wang M, Xi Y, Qiu S, Zeng Q, Pan Y. Isolation and identification of a
tibetan pig porcine epidemic diarrhoea virus strain and its biological effects on ipec-j2
cells. Int ] Mol Sci. (2024) 25:2200. doi: 10.3390/ijms25042200

53. Han Y, Huang J, Zhao C, Zhang F, Gu Y, Wang C, et al. Hericium erinaceus
polysaccharide improves the microstructure, immune function, proliferation and
reduces apoptosis of thymus and spleen tissue cells of immunosuppressed mice. Biosci
Biotechnol Biochem. (2023) 87:279-89. doi: 10.1093/bbb/zbac198

54. Li Q, Li L, Chen Y, Yu C, Azevedo P, Gong J, et al. Bacillus licheniformis
PF9 improves barrier function and alleviates inflammatory responses against
enterotoxigenic Escherichia coli F4 infection in the porcine intestinal epithelial cells.
J Anim Sci Biotechnol. (2022) 13:86. doi: 10.1186/s40104-022-00746-8

55. Kim N, Gu MJ, Kye YC, Ju YJ, Hong R, Ju DB, et al. Bacteriophage EK99P-
1 alleviates enterotoxigenic Escherichia coli K99-induced barrier dysfunction and
inflammation. Sci Rep. (2022) 12:941. doi: 10.1038/s41598-022-04861-4

56. Xie W, Song L, Wang X, Xu Y, Liu Z, Zhao D, et al. A bovine
lactoferricin-lactoferrampin-encoding ~ Lactobacillus  reuteri CO21  regulates
the intestinal mucosal immunity and enhances the protection of piglets
against enterotoxigenic Escherichia coli K88 challenge. Gut Microbes. (2021)
13:1956281. doi: 10.1080/19490976.2021.1956281

57. Xu Y, Lahaye L, He Z, Zhang ], Yang C, Piao X. Micro-encapsulated
essential oils and organic acids combination improves intestinal barrier
function, inflammatory responses and microbiota of weaned piglets challenged
with enterotoxigenic Escherichia coli F4 (K88(+)). Amim Nutr. (2020)
6:269-77. doi: 10.1016/j.aninu.2020.04.004

58. Hossain MM, Cho SB, Kim IH. Strategies for reducing noxious gas emissions
in pig production: a comprehensive review on the role of feed additives. ] Anim Sci
Technol. (2024) 66:237-50. doi: 10.5187/jast.2024.e15

59. Liu L, Chen D, Yu B, Yin H, Huang Z, Luo Y, et al. Fructooligosaccharides
improve growth performance and intestinal epithelium function in weaned
pigs exposed to enterotoxigenic Escherichia coli. Food Funct. (2020) 11:9599-
612. doi: 10.1039/DOFO01998D

60. Liu Z, Zhang Y, Ai C, Wen C, Dong X, Sun X, et al. Gut microbiota
response to sulfated sea cucumber polysaccharides in a differential
manner using an in vitro fermentation model. Food Res Int. (2021)
148:110562. doi: 10.1016/j.foodres.2021.110562

61. Fourie NH, Wang D, Abey SK, Creekmore AL, Hong S, Martin CG, et al.
Structural and functional alterations in the colonic microbiome of the rat in a
model of stress induced irritable bowel syndrome. Gut Microbes. (2017) 8:33-
45. doi: 10.1080/19490976.2016.1273999

62. Qiao L, Dou X, Song X, Chang J, Zeng X, Zhu L, et al. Replacing
dietary sodium selenite with biogenic selenium nanoparticles improves the growth
performance and gut health of early-weaned piglets. Anim Nutr. (2023) 15:99-
113. doi: 10.1016/j.aninu.2023.08.003

63. Zhang W, Ma C, Xie P, Zhu Q, Wang X, Yin Y, et al. Gut microbiota of
newborn piglets with intrauterine growth restriction have lower diversity and different
taxonomic abundances. ] Appl Microbiol. (2019) 127:354-69. doi: 10.1111/jam.14304

64. Zheng Y, Yu Z, Zhang W, Sun T. Lactobacillus rhamnosus Probio-M9
improves the quality of life in stressed adults by gut microbiota. Foods. (2021)
10:2384. doi: 10.3390/foods10102384

65. Barducci RS, Santos AAD, Pacheco LG, Putarov TC, Koch JFA,
Callegari MA, et al. Enhancing weaned piglet health and performance: the
role of autolyzed vyeast (Saccharomyces Cerevisiae) and beta-glucans as a
blood plasma alternative in diets. Animals. (2024) 14:631. doi: 10.3390/
anil4040631

66. Gao J, Liu Z, Wang C, Ma L, Chen Y, Li T. Effects of dietary protein level on the
microbial composition and metabolomic profile in postweaning piglets. Oxid Med Cell
Longev. (2022) 2022:3355687. doi: 10.1155/2022/3355687

67. Han X, Hu X, Jin W, Liu G. Dietary nutrition, intestinal microbiota
dysbiosis and post-weaning diarrhea in piglets. Anim Nutr. (2024) 17:188-
207. doi: 10.1016/j.aninu.2023.12.010

68. Wu Y, Cheng B, Ji L, Lv X, Feng Y, Li L, et al. Dietary lysozyme improves growth
performance and intestinal barrier function of weaned piglets. Anim Nutr. (2023)
14:249-58. doi: 10.1016/j.aninu.2023.06.003

69. Liu G, Liu H, Tian W, Liu C, Yang H, Wang H, et al. Dietary
nucleotides influences intestinal barrier function, immune responses and
microbiota in 3-day-old weaned piglets. Int Immunopharmacol. (2023)
117:109888. doi: 10.1016/j.intimp.2023.109888

Frontiersin

21

10.3389/fnut.2024.1494348

70. Li YQ, Zhang Y, Bai DY, Liu YH, He XL, Ito K, et al. Effects of dietary
chlorogenic acid on ileal intestinal morphology, barrier function, immune factors and
gut microbiota of broilers under high stocking density stress. Front Physiol. (2023)
14:1169375. doi: 10.3389/fphys.2023.1169375

71. Zhang B, Yue R, Chen Y, Huang X, Yang M, Shui J, et al. The herbal medicine
scutellaria-coptis alleviates intestinal mucosal barrier damage in diabetic rats by
inhibiting inflammation and modulating the gut microbiota. Evid Based Comp Alternat
Med. (2020) 2020:4568629. doi: 10.1155/2020/4568629

72. Grothaus JS, Ares G, Yuan C, Wood DR, Hunter CJ. Rho kinase inhibition
maintains intestinal and vascular barrier function by upregulation of occludin in
experimental necrotizing enterocolitis. Am J Physiol Gastrointest Liver Physiol. (2018)
315:514-28. doi: 10.1152/ajpgi.00357.2017

73. Arias CA, Murray BE. The rise of the Enterococcus: beyond vancomycin
resistance. Nat Rev Microbiol. (2012) 10:266-78. doi: 10.1038/nrmicro2761

74. Wu M, Yi D, Zhang Q, Wu T, Yu K, Peng M, et al. Puerarin enhances intestinal
function in piglets infected with porcine epidemic diarrhea virus. Sci Rep. (2021)
11:6552. doi: 10.1038/s41598-021-85880-5

75. Pramanick R, Nathani N, Warke H, Mayadeo N, Aranha C. Vaginal dysbiotic
microbiome in women with no symptoms of genital infections. Front Cell Infect
Microbiol. (2021) 11:760459. doi: 10.3389/fcimb.2021.760459

76. Chen X, Wu Y, Hu Y, Zhang Y, Wang S. Lactobacillus rhamnosus GG
reduces B-conglycinin-allergy-induced apoptotic cells by regulating bacteroides and
bile secretion pathway in intestinal contents of BALB/c mice. Nutrients. (2020)
13:55. doi: 10.3390/nu13010055

77. Hong CT, Chan L, Chen KY, Lee HH, Huang LK, Yang YSH, et al. Rifaximin
modifies gut microbiota and attenuates inflammation in parkinson’s disease: preclinical
and clinical studies. Cells. (2022) 11:3468. doi: 10.3390/cells11213468

78. Liu Y, Wang Q, Liu H, Niu JI, Jiao N, Huang L, et al. Effects of dietary
Bopu powder supplementation on intestinal development and microbiota in broiler
chickens. Front Microbiol. (2022) 13:1019130. doi: 10.3389/fmicb.2022.1019130

79. Montanari C, Ceccarani C, Corsello A, Zuvadelli ], Ottaviano E, Dei Cas M,
et al. Glycomacropeptide safety and its effect on gut microbiota in patients with
phenylketonuria: a pilot study. Nutrients. (2022) 14:1883. doi: 10.3390/nu14091883

80. Jin C, Liu J, Jin R, Yao Y, He S, Lei M, et al. Linarin ameliorates dextran sulfate
sodium-induced colitis in C57BL/6] mice via the improvement of intestinal barrier,
suppression of inflammatory responses and modulation of gut microbiota. Food Funct.
(2022) 13:10574-86. doi: 10.1039/D2F002128E

81. Piacentino D, Grant-Beurmann S, Vizioli C, Li X, Moore CF Ruiz-
Rodado V, et al. Gut microbiome and metabolome in a non-human primate
model of chronic excessive alcohol drinking. Transl Psychiatry. (2021)
11:609. doi: 10.1038/s41398-021-01728-6

82. Wang K, Hu C, Tang W, Azad MAK, Zhu Q, He Q, et al. The enhancement
of intestinal immunity in offspring piglets by maternal probiotic or synbiotic
supplementation is associated with the alteration of gut microbiota. Front Nutr. (2021)
8:686053. doi: 10.3389/fnut.2021.686053

83. Pang J, Zhou X, Ye H, Wu Y, Wang Z, Lu D, et al. The high level of
xylooligosaccharides improves growth performance in weaned piglets by increasing
antioxidant activity, enhancing immune function, and modulating gut microbiota.
Front Nutr. (2021) 8:764556. doi: 10.3389/fnut.2021.764556

84. Heiss BE, Ehrlich AM, Maldonado-Gomez MX, Taft DH, Larke JA, Goodson
ML, et al. Bifidobacterium catabolism of human milk oligosaccharides overrides
endogenous competitive exclusion driving colonization and protection. Gut Microbes.
(2021) 13:1986666. doi: 10.1080/19490976.2021.1986666

85. Cani PD. Human gut microbiome: hopes, threats and promises. Gut. (2018)
67:1716. doi: 10.1136/gutjnl-2018-316723

86. Yue M, Tao Y, Fang Y, Lian X, Zhang Q, Xia Y, et al. The gut microbiota
modulator berberine ameliorates collagen-induced arthritis in rats by facilitating the
generation of butyrate and adjusting the intestinal hypoxia and nitrate supply. FASEB
J. (2019) 33:12311-23. doi: 10.1096/f).201900425RR

87. Hou L, Wang ], Zhang W, Quan R, Wang D, Zhu §, et al. Dynamic alterations
of gut microbiota in porcine circovirus type 3-infected piglets. Front Microbiol. (2020)
11:1360. doi: 10.3389/fmicb.2020.01360

88. Mazgaj R, Lipinski P, Szudzik M, Jonczy A, Kope¢ Z, Stankiewicz AM,
et al. Comparative evaluation of sucrosomial iron and iron oxide nanoparticles
as oral supplements in iron deficiency anemia in piglets. Int J Mol Sci. (2021)
22:9930. doi: 10.3390/ijms22189930

89. Niu Q, Li P, Hao S, Kim SW, Du T, Hua J, et al. Characteristics of gut microbiota
in sows and their relationship with apparent nutrient digestibility. Int ] Mol Sci. (2019)
20:870-82. doi: 10.3390/ijms20040870


https://doi.org/10.3389/fnut.2024.1494348
https://doi.org/10.1155/2019/7438593
https://doi.org/10.3390/ijms25042200
https://doi.org/10.1093/bbb/zbac198
https://doi.org/10.1186/s40104-022-00746-8
https://doi.org/10.1038/s41598-022-04861-4
https://doi.org/10.1080/19490976.2021.1956281
https://doi.org/10.1016/j.aninu.2020.04.004
https://doi.org/10.5187/jast.2024.e15
https://doi.org/10.1039/D0FO01998D
https://doi.org/10.1016/j.foodres.2021.110562
https://doi.org/10.1080/19490976.2016.1273999
https://doi.org/10.1016/j.aninu.2023.08.003
https://doi.org/10.1111/jam.14304
https://doi.org/10.3390/foods10102384
https://doi.org/10.3390/ani14040631
https://doi.org/10.1155/2022/3355687
https://doi.org/10.1016/j.aninu.2023.12.010
https://doi.org/10.1016/j.aninu.2023.06.003
https://doi.org/10.1016/j.intimp.2023.109888
https://doi.org/10.3389/fphys.2023.1169375
https://doi.org/10.1155/2020/4568629
https://doi.org/10.1152/ajpgi.00357.2017
https://doi.org/10.1038/nrmicro2761
https://doi.org/10.1038/s41598-021-85880-5
https://doi.org/10.3389/fcimb.2021.760459
https://doi.org/10.3390/nu13010055
https://doi.org/10.3390/cells11213468
https://doi.org/10.3389/fmicb.2022.1019130
https://doi.org/10.3390/nu14091883
https://doi.org/10.1039/D2FO02128E
https://doi.org/10.1038/s41398-021-01728-6
https://doi.org/10.3389/fnut.2021.686053
https://doi.org/10.3389/fnut.2021.764556
https://doi.org/10.1080/19490976.2021.1986666
https://doi.org/10.1136/gutjnl-2018-316723
https://doi.org/10.1096/fj.201900425RR
https://doi.org/10.3389/fmicb.2020.01360
https://doi.org/10.3390/ijms22189930
https://doi.org/10.3390/ijms20040870
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

	Berberine alleviates enterotoxigenic Escherichia coli-induced intestinal mucosal barrier function damage in a piglet model by modulation of the intestinal microbiome
	1 Introduction
	2 Materials and methods
	2.1 Animal ethics
	2.2 Bacterial strains
	2.3 Animals, housing, and experimental design
	2.4 Samples collection
	2.5 Analysis of diamine oxidase, D-lactate, and endotoxin in plasma
	2.6 Intestinal morphology analysis
	2.7 Number of goblet cells
	2.8 Immunofluorescence staining
	2.9 Immunohistochemistry for TUNEL
	2.10 Real-time PCR
	2.11 Determination of VFAs
	2.12 Intestinal microbiota analysis
	2.13 Statistical analyses

	3 Results
	3.1 Intestinal permeability
	3.2 Small intestinal histomorphology
	3.3 Goblet cells in villus and crypts
	3.4 Intestinal chemical barrier
	3.5 Intestinal epithelial cell apoptotic status
	3.6 Intestinal physical barrier
	3.7 Intestinal immune barrier
	3.8 VFA concentrations in colonic content
	3.9 Intestinal biological barrier
	3.10 Correlations between intestinal microbiota and intestinal barrier function

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


