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acid promotes intestinal epithelial barrier
function via AhR signaling
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Abstract

needed.

egy for improving intestinal epithelial barrier.

Aryl hydrocarbon receptor

Background The intestinal epithelial barrier confers protection against the intestinal invasion by pathogens and
exposure to food antigens and toxins. Growing studies have linked the gut microbiota to the intestinal epithelial
barrier function. The mining of the gut microbes that facilitate the function of intestinal epithelial barrier is urgently

Results Here, we studied a landscape of the gut microbiome of seven pig breeds using metagenomics and 165
rDNA gene amplicon sequencing. The results indicated an obvious difference in the gut microbiome between Congji-
ang miniature (CM) pigs (a native Chinese breed) and commercial Duroc x [Landrace x Yorkshire] (DLY) pigs. CM finish-
ing pigs had stronger intestinal epithelial barrier function than the DLY finishing pigs. Fecal microbiota transplantation
from CM and DLY finishing pigs to germ-free (GF) mice transferred the intestinal epithelial barrier characteristics. By
comparing the gut microbiome of the recipient GF mice, we identified and validated Bacteroides fragilis as a microbial
species that contributes to the intestinal epithelial barrier. B. fragilis-derived 3-phenylpropionic acid metabolite had an
important function on the enhancement of intestinal epithelial barrier. Furthermore, 3-phenylpropionic acid facili-
tated the intestinal epithelial barrier by activating aryl hydrocarbon receptor (AhR) signaling.

Conclusions These findings suggest that manipulation of B. fragilis and 3-phenylpropionic acid is a promising strat-
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Background

The intestinal epithelial barrier is vital for maintaining
homeostasis in mammals [1]. The intestinal epithelial
barrier confers protection against intestinal invasion by
pathogens and exposure to food antigens and toxins [2].
Growing evidence has linked the intestinal epithelial bar-
rier disorders to inflammatory bowel disease (IBD), irri-
table bowel syndrome (IBS), and infectious diarrhea [1].
The dysfunction of intestinal epithelial barrier increases
the selective permeability of the intestinal epithelium,
causing increased translocation of pathogens, endo-
toxins, and inflammatory mediators [3]. The three key
indicators, including serum diamine oxidase activities,
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endotoxin levels, and D-lactic acid levels, were widely
used to evaluate the intestinal epithelial barrier function
[4]. In pig production, intestinal epithelial barrier may
be impaired by several stressors, such as early weaning-
induced stress and feed change-induced stress [5]. Anti-
biotics were widely used in preventing the intestinal
epithelial barrier damage-associated diseases. However,
in-feed antibiotics were gradually banned because of the
increased risk of antibiotic-resistant pathogens [6, 7].
Therefore, mining potential strategy for preventing intes-
tinal epithelial barrier dysfunction is urgently needed.

Increasing evidence has demonstrated that gut micro-
biota has an important role in host physiology [8].
Manipulation of gut microbiota is considered a promis-
ing avenue to facilitate host health [9]. Some probiotics
(such as Bifidobacterium and Lactobacillus) enhance the
intestinal epithelial barrier function [10-13]. Probiotics
promote the intestinal epithelial barrier function, pref-
erentially through upregulating the intestinal epithelial
tight junctions, adherence junctions, and gap junctions,
that are responsible for the selective permeability of the
gut barrier [14]. Recent evidence has revealed that the
intestinal epithelial barrier function may be regulated by
gut microbial metabolites such as short-chain fatty acids,
indole derivatives, bile acids, conjugated fatty acids, and
polyamines [15]. Therefore, manipulating of the gut
microbiota using probiotics is a promising avenue to
enhance intestinal epithelial barrier function.

Native breeds of livestock are increasingly being rec-
ognized as important resources because of their disease
resistance and stress tolerance, although most farms
run on commercial breeds of livestock [16]. Our previ-
ous study demonstrated that native Congjiang min-
iature (CM) piglets have stronger diarrhea resistance
than commercial Landrace X Yorkshire (LY) piglets and
that diarrhea resistance is associated with the intesti-
nal microbiota [17]. Here, we systematically deciphered
the gut microbiome in seven pig breeds and identified
an obvious distinction in the gut microbiome between
commercial DurocX [Landrace X Yorkshire] (DLY) pigs
and native CM pigs. Our results demonstrated that CM
finishing pigs have stronger intestinal epithelial barrier
function than the DLY finishing pigs. Fecal microbiota
transplantation (FMT) from CM finishing pigs and DLY
finishing pigs to germ-free (GF) mice transferred intes-
tinal epithelial barrier characteristics. We screened and
validated the Bacteroides fragilis as a microbial spe-
cies that contributes to the intestinal epithelial barrier
function. B. fragilis-derived 3-phenylpropionic acid
metabolite promoted the intestinal epithelial barrier by
activating the aryl hydrocarbon receptor (AhR) signaling.
Our results suggest a promising avenue for the preven-
tion of intestinal epithelial barrier dysfunction in pigs.
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Methods

Pig fecal samples collection and microbial genomic DNA
extraction

A total of 112 pigs (including 56 weaned piglets and 56
finishing pigs from 7 breeds) were used in this study to
dissect the landscape of pig gut microbiome. All weaned
piglets (including eight commercial DLY, eight native
Tibetan miniature (TM), eight native Laiwu (LW), eight
native Shaziling (SZL), eight native CM, eight native
Huanjiang miniature (HM), and eight native Ningxiang
(NX) piglets) and finishing pigs (including eight DLY,
eight TM, eight LW, eight SZL, eight CM, eight HM, and
eight NX pigs) ate food and drank water freely. A total
112 fresh feces samples from these 112 pigs were individ-
ually collected and immediately frozen in liquid nitrogen.
Fecal microbial genomic DNA extraction was conducted
as previously described [18].

Metagenomics sequencing and data analysis

The DNA libraries for the metagenomics of 112 fecal
samples from pigs were constructed using kits (Illumina)
and were then sequenced on the Hiseq Xten platform
(Illumina) using the strategy of PE150. The raw data were
filtered to remove the low-quality reads, duplication
reads, and adapter contamination reads using the SOAP-
nuke software. The host genomic sequencing reads were
trimmed by Bowtie2 software. The obtained high-quality
clean reads were assembled de novo using the IDBA-UD
software to generate contigs individually. Open reading
frames (ORFs) in contigs were predicted using Meta-
GeneMark software. The predicted genes from each sam-
ple were merged and clustered using CD-Hit software
based on the criteria of identity of >95% and coverage of
>90% to remove redundant genes. The non-redundant
(NR) gene abundance profile was constructed using the
Salmon software. The gene functions of NR gene set were
further annotated based on KEGG database by Diamond
software. We used the MEGAN software to determine
the species taxonomic classification of each gene using
the NR database BLAST results. Species abundance and
functional abundance profiles were generated by sum-
ming the abundance of the genes. Principal component
analysis (PCA) for KEGG orthologous groups (KOs) was
conducted using package “ade4” of R software. Shannon
index of KOs were analyzed using package “vegan” of R
software.

The DNA libraries for the metagenomics of 17 fecal
samples from the recipient GF mice were constructed
using the kits (BGI) and were then sequenced on the
BGISEQ-2000 platform using the strategy of PE150. Raw
data were filtered to remove low-quality reads, duplica-
tion reads, and adapter contamination reads using the
SOAPnuke software, and the host genomic sequencing
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reads were trimmed using SOAP2. The obtained high-
quality clean reads were assembled de novo by MEGA-
HIT software to individually generate contigs. Open
reading frames (ORFs) in contigs were predicted using
the MetaGeneMark software. The predicted genes from
each sample were merged and clustered using the CD-
Hit software to remove redundant genes. We used the
MEGAN software to determine the taxonomic classifica-
tion of each gene using the NR database BLAST results.
Species abundance and functional abundance profiles
were generated by summing the abundance of the genes.
The gene functions of non-redundant gene sets were fur-
ther annotated based on public databases (including NR
and KEGG) using the Diamond software. The Venn dia-
gram for NR genes and histograms for taxonomic com-
positions were visualized using the R software. Principal
coordinates analysis (PCoA) of gut microbial KOs was
performed by package “vegan” of R software. The clad-
ogram for microbial taxonomic composition was ana-
lyzed using the LEfSe software. Heatmaps for taxonomic
composition were generated using the R software. The
Circos for KOs was analyzed using the Circos software.
Beta diversity was analyzed using package “vegan” of R
software, and the results were visualized using scatter-
plots from the PCoA and the heatmap. The comparison
analysis of microbial taxonomic compositions at several
levels were conducted using the STAMP software.

Bacterial 16S rDNA gene amplicon sequencing and data
analysis

Bacterial 16S rDNA gene amplicon sequencing of 112
fecal samples from pigs was performed using the fol-
lowing procedure. Briefly, the bacterial V4 region
was amplified using the following primers: F, 5-
NNNNNNNNGTGTGCCAGCMGCCGCGGTAA-3’
and R, 5-GGACTACHVGGGTWTCTAAT-3. High-
throughput sequencing was conducted on the Illumina
HiSeq2500 platform using the PE250 strategy. Clean data
were obtained from sequencing raw data using a previ-
ously described filter method [18]. The paired-end clean
reads with overlaps were merged into tags using the
FLASH software. These tags were clustered into OTUs
using USEARCH with 97% similarity. Based on the ribo-
somal database project (RDP) database, these OTUs were
taxonomically classified using the RDP Classifier soft-
ware. The observed species index was calculated using
the Mothur software and rarefaction curves were drawn
using R software. Species accumulation curve was drawn
by R software. The Shannon index was calculated using
the Mothur software. Beta diversity based on bray curtis
distance was analyzed by the QIIME software and shown
using a scatterplot from PCoA. The cladogram was con-
structed based on the LEfSe software.
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The bacterial 16S rDNA gene amplicon sequenc-
ing of 17 fecal samples from the recipient GF mice and
16 fecal samples from donor pigs was conducted as fol-
lows. Briefly, the bacterial V3-V4 region was amplified
using the following primers: F, 5~-NNNNNNNNACT
CCTACGGGAGGCAGCAG-3 and R, 5-GGACTA
CHVGGGTWTCTAAT-3. High-throughput sequenc-
ing was conducted on the Illumina Hiseq2500 platform
using the PE300 strategy. After filtering, clean data were
obtained from raw data. We used the FLASH to merge
the clean reads into tags. The bacterial tags were then
clustered into amplicon sequence variants (ASVs) with
100% sequence similarity using DADA2. Based on the
RDP database, the bacterial ASVs were taxonomically
classified by the RDP classifier. Alpha diversity (includ-
ing the Chao and Shannon indices) was calculated using
Mothur, and rarefaction curves were generated by the R
software. The beta diversity was analyzed using QIIME
and was shown through the scatter plot of the PCoA,
Unifrac cluster tree, and heatmap, respectively. The Venn
diagram based on the ASVs was drawn using R software.
A cladogram was constructed based on LEfSe. A heat-
map of the Spearman correlation was generated using
the R software. Cytoscape software was performed to
construct a correlation network diagram. Histograms
and heatmaps for taxonomic composition were gener-
ated using the R software. The enterotype analysis of
fungal communities was conducted using the R software.
The GraPhlAn diagram analysis was conducted using the
GraPhlAn software. The KEGG pathway and COG func-
tion in bacterial community were predicted using the
PICRUSt2 software.

Fecal microbiota transplantation experiments

We transferred the fecal microbiota of pigs to GF mice.
Fecal suspension was prepared as previously described
[17]. Briefly, fresh feces were collected from health CM
and DLY finishing pigs, respectively. A sterile PBS solu-
tion was added to the feces and the fecal slurry was mixed
in an anaerobic incubator. Subsequently, the fecal slurry
was filtered using steel tea strainers and then filtered
again using a 0.224-mm stainless cell strainer. Methylene
blue staining was used to stain live microbes, which were
counted using a light microscope. Finally, the fecal sus-
pension was supplemented with 10% glycerol (final con-
centration) and frozen in a refrigerator at —80 °C.

A total of 17 GF Kunming (KM) mice of similar weights
were randomly divided into two groups. All mice ate
the same food and drank same water freely. GF mice in
each group were housed in separate sterile isolators. GF
mice in group 1 (DLY-R, n=7) were orally administrated
a fecal suspension (150 pL, 10® CFU/mL) from DLY fin-
ishing pigs every 3 days from 3 to 8 weeks of age. The
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GF mice in group 2 (CM-R, n=10) were orally admin-
istrated a fecal suspension (150 pL, 10° CFU/mL) from
CM finishing pigs every 3 days from 3 to 8 weeks of age.
Seventeen fresh feces samples from these mice were
individually collected and immediately frozen in liquid
nitrogen. Fecal microbial genomic DNA extraction was
performed as previously described by us [18].

Measurements of serum diamine oxidase activities,
endotoxin levels, and D-lactic acid levels

The serum diamine oxidase activity was measured using
an assay kit (Nanjing Jiancheng Bioengineering Insti-
tute (NJBI), A088). The serum endotoxin and D-lactic
acid levels were measured using ELISA kits (MEIMIAN,
MM-0369, and MM-43853).

Measurements of organ and blood routine indices

and serum immunoglobulins levels

After slaughter, the organs (heart, liver, spleen, kidney,
and thymus) were weighted immediately. The epididy-
mal fat was weighted and the gut length was measured.
The organ weights were normalized to the body weights
of the mice. The epididymal fat weights and gut lengths
were also normalized to the body weights. Routine blood
indices were examined using an automatic hematology
analyzer (BC-2800vet, Mindray). The serum immuno-
globulins (IgA, IgG, and IgM) and interferon-y (IFN-y)
levels were measured using the ELISA kits (NJBI, H108-
1, H106, H109, and H025), respectively.

Analyses of intestinal histological morphology, intestinal
slgA levels, and intestinal goblet cell numbers
Hematoxylin and eosin (H&E) staining was used to ana-
lyze the intestinal histological morphology. The intesti-
nal sIgA levels were measured using an ELISA kit (NJBI,
H108-2). Protein concentration of whole cell lysates
(WCLs) was measured by a BCA protein assay kit (Beyo-
time, P0012). The sIgA levels were normalized to the total
protein content of WCLs. Intestinal periodic acid-Schiff
(PAS) staining was used to detect goblet cells. Intestinal
goblet cell numbers were normalized to the villus-crypt
units.

Measurements of intestinal IL-22 levels

After slaughter, the intestinal tissues were collected from
mice. The intestinal IL-22 levels were examined using
an ELISA kit (MEIMIAN, MM-0892). The protein con-
centration of the WCLs was measured by a BCA protein
assay kit (Beyotime, P0012). The IL-22 levels were nor-
malized to the total protein content of WClLs.
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Oral gavage of bacterial strains in mice

These bacterial species (including Bacteroides ovatus
(BNCC, 260545), Bacteroides fragilis (BNCC, 336948),
and Akkermansia muciniphila (BNCC, 341917)) were
provided by the BeNa Culture Collection in China. The
B. ovatus and B. fragilis were cultured in a brain heart
infusion (BHI) medium supplemented with 5 g/L yeast
extract, 5 mg/L hemin, 1 mg/L vitamin K1, and 0.3 g/L
L-cysteine hydrochloride under anaerobic conditions at
37 °C. The A. muciniphila was cultured in a thiolglycol-
late medium under anaerobic conditions at 37 °C. A total
of 50 specific pathogen free (SPF) KM mice with similar
weights were randomly divided into five groups (n=10).
The mice in the five groups were orally administrated
with sterile PBS (150 pL), a B. fragilis suspension (150 pL,
10® CFU/mL), a B. ovatus suspension (150 pL, 10® CFU/
mL), an A. muciniphila suspension (150 pL, 10® CFU/
mL), or a suspension containing three bacterial species
(150 pL, 10® CFU/mL, containing equal amounts of the
three bacterial species), respectively. This experiment
was conducted every other day from 3 to 8 weeks of age.
All the mice ate food and drank water freely.

Identification of serum and fecal metabolites using
metabolomics

Global metabolite profiling on serum and feces was con-
ducted using ultra-performance liquid chromatography
(UPLC) combined with mass spectrometry. Briefly, sam-
ple extracts were mixed equally and analyzed by UPLC
and quadrupole-time of flight (QTOF)-tandem mass
spectrometry (MS/MS) to identify metabolites based
on public databases (including Metline, KEGG, HMDB,
Massbank, and Nist-MSMS). By integrating the identi-
fied metabolite information into the metaware database
(MWDB) established previously by Metware, we con-
structed a new integrated database. Subsequently, the
sample extracts were analyzed by UPLC and electrospray
ionization (ESI)-triple quadrupole-linear ion trap mass
spectrometer (QTRAP)-MS/MS to identify the metabo-
lites based on the new integrated metabolite database.
The differential metabolites between the two groups were
identified using the criteria of variable importance in
projection (VIP) > 1, absolute Log, (fold change) >1, and
p-value<0.05. The scores OPLS-DA plot was generated
using package “MetaboAnalystR” of R software to show
the difference among samples. The principal component
analysis was drawn by R software to show the difference
among samples. A volcano plot was drawn using the R
software to show the differential metabolites between the
two groups. Identified metabolites were further anno-
tated based on the KEGG database. KEGG enrichment
analysis was conducted and shown in bubble diagram.
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Oral administration of metabolites and drugs in mice
A total of 95 SPF KM mice with similar weight were used
to evaluate the roles of candidate metabolites in intesti-
nal epithelial barrier function. These mice were randomly
divided into 19 groups (n=5). The mice in group 1 (Ctrl)
were orally administrated with a vehicle (150 pL) every
other day. The mice in groups 2~ 19 were orally admin-
istrated with 18 candidate metabolites (including des-
oxycortone (YuanyeBio-Technology, B65163), caffeic acid
(Macklin, C804975), salicylaldehyde (Macklin, S817504),
trimethylamine N-oxide (Macklin, T833724), 1-amino-
propan-2-ol (Macklin, D828281), 3-hydroxy-tetradeca-
noic acid (Macklin, H862427), malonic acid (Macklin,
M813041), Na-acetyl-L-glutamine (Macklin, N801345),
L-fucose (Macklin, L809666), 2-hydroxybutanoic acid
(Macklin, D862813), 3-phenylpropionic acid (Sangon
Biotech, A602088), cinnamic acid (Sangon Biotech,
A501967), L-rhamnose (YuanyeBio-Technology, S64831),
3-indolepropionic acid (Sigma, 220027), 2-[(3-oxo-
3-phenylpropyl)amino]acetic acid (Aladdin, P171014),
1,5-anhydro-D-glucitol (J&K Scientific, 309742), (R)-(-
)-2-phenylpropionic acid (Macklin, R815532), and (R)-
3-hydroxybutanoic acid (Macklin, R896558)) every other
day (60 mg/kg), respectively. The mouse experiments
were conducted from 3 to 8 weeks of age. All mice were
provided with the same food and drink water ad libitum.
A total of 32 SPF KM mice with similar weights were
used to investigate the role of the AhR signaling in
3-phenylpropionic acid-mediated intestinal epithelial
barrier function. These mice were randomly divided
into 4 groups (n=8). The mice in group 1 (Ctrl) were
orally administrated with a vehicle every other day. The
mice in group 2 (3-PPA) were orally administrated with
3-phenylpropionic acid (60 mg/kg; Sangon Biotech,
A602088) every other day. The mice in group 3 (SR1)
were orally administrated with StemRegenin 1 (20 mg/
kg; Selleck, S2858) every other day. The mice in group 4
(3-PPA +SR1) were orally administrated with 3-phenyl-
propionic acid (60 mg/kg; Sangon Biotech, A602088) and
StemRegenin 1 (20 mg/kg) every other day. The mouse
experiments were conducted from 3 to 8 weeks of age.
All mice were provided with the same food and drink
water ad libitum.

In vivo intestinal permeability assay using fluorescein
isothiocyanate-dextran

A total of 16 SPF mice with similar weights were ran-
domly divided into two groups (n=8). The mice in the
two groups were orally administrated with sterile PBS
(150 pL) or a B. fragilis suspension (150 uL, 103 CFU/
mL), respectively. This experiment was conducted every
other day from 3 to 7 weeks of age. At the end of this
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experiment, the mice were oral administrated with fluo-
rescein isothiocyanate—dextran 4 KDa (FD4) (200 mg/kg
body weight; Sigma Aldrich, FD4). Four hours later, the
blood was collected from the mice and then plasma was
obtained. The plasma FD4 fluorescence intensity (excita-
tion 485 nm/emission 525 nm) was measured by a fluo-
rescence microplate reader. The plasma FD4 levels was
calculated according to the fluorescence intensity and
standard curve.

A total of 16 SPF mice were randomly divided into two
groups (n=8). The mice in group 1 (Ctrl) were orally
administrated with a vehicle or 3-phenylpropionic acid
(60 mg/kg; Sangon Biotech, A602088), respectively. This
experiment was conducted every other day from 3 to
7 weeks of age. The in vivo intestinal permeability assay
using FD4 was conducted as described above.

A total of 32 SPF mice were randomly divided into
four groups (n=8). The mice in group 1 (Ctrl) were
orally administrated with a vehicle every other day. The
mice in group 2 (3-PPA) were orally administrated with
3-phenylpropionic acid (60 mg/kg; Sangon Biotech,
A602088) every other day. The mice in group 3 (SR1)
were orally administrated with StemRegenin 1 (20 mg/
kg; Selleck, S2858) every other day. The mice in group 4
(3-PPA +SR1) were orally administrated with 3-phenyl-
propionic acid (60 mg/kg; Sangon Biotech, A602088) and
StemRegenin 1 (20 mg/kg) every other day. The mouse
experiments were conducted from 3 to 7 weeks of age.
The in vivo intestinal permeability assay using FD4 was
conducted as described above. All mice were provided
with the same food and drink water ad libitum.

In vivo intestinal permeability assay using lactulose/
mannitol test

A total of 16 SPF mice were randomly divided into two
groups (n=38). The mice in the two groups were orally
administrated with sterile PBS (150 uL) or a B. fragi-
lis suspension (150 pL, 10® CFU/mL), respectively. This
experiment was conducted every other day from 3 to
7 weeks of age. At the end of this experiment, the mice
were orally administrated with 250 pL solution contain-
ing lactulose (250 mg/ml; J&K Scientific, 598584) and
D-mannitol (50 mg/ml; J&K Scientific, 351126). The gav-
age doses of lactulose and D-mannitol in our study were
chosen as previously described [19]. The gavage doses of
lactulose and D-mannitol may affect the ratio of lactulose
recovery to mannitol recovery in mice according to pre-
vious studies [19-23]. The urine samples were collected
for next 24 h from the mice. The lactulose and mannitol
contents in urine samples were measured using the lactu-
lose assay kit (Megazyme, K-LACTUL) and D-mannitol
assay kit (Megazyme, K-MANOL), respectively. The per-
centage of urinary recovery of lactulose and mannitol
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was calculated, respectively. Lactulose/mannitol ratio
was calculated as the ratio of the two percentages.

A total of 16 SPF mice were randomly divided into two
groups (n=38). The mice in group 1 (Ctrl) were orally
administrated with a vehicle or 3-phenylpropionic acid
(60 mg/kg; Sangon Biotech, A602088), respectively. This
experiment was conducted every other day from 3 to
7 weeks of age. The in vivo intestinal permeability assay
using lactulose/mannitol test was conducted as described
above.

A total of 32 SPF mice were randomly divided into
four groups (n=8). The mice in group 1 (Ctrl) were
orally administrated with a vehicle every other day. The
mice in group 2 (3-PPA) were orally administrated with
3-phenylpropionic acid (60 mg/kg; Sangon Biotech,
A602088) every other day. The mice in group 3 (SR1)
were orally administrated with StemRegenin 1 (20 mg/
kg; Selleck, S2858) every other day. The mice in group 4
(3-PPA + SR1) were orally administrated with 3-phenyl-
propionic acid (60 mg/kg; Sangon Biotech, A602088) and
StemRegenin 1 (20 mg/kg) every other day. The experi-
ment was conducted from 3 to 7 weeks of age. The in vivo
intestinal permeability assay using lactulose/mannitol
test was conducted as described above. All mice were
provided with the same food and drink water ad libitum.

Immunohistochemistry analysis

Immunohistochemistry was conducted to analyze the
jejunal E-Cadherin, ZO-1, Connexin 43, and Regllly
expression distribution in mice. These antibodies, includ-
ing the anti-E-cadherin (Servicebio, GB12083), anti-ZO-1
(Servicebio, GB111402), anti-Connexin 43 (Servicebio,
GB12234), and Regllly (Abcam, ab198216) were used in
the immunohistochemical analysis. The immunohisto-
chemistry assay was conducted as previously described
[24]. The experiments for negative controls were per-
formed by omitting the primary antibody as previously
described [25-27]. The mean optical density was ana-
lyzed using Image] software.

Western blot

We used the jejunal mucosa to prepare the protein
samples for western blot assay, as previously described
[28-30]. The jejunal segments samples were collected
from the approximately middle positions in the jejunal
tracts, as previously described [28, 31]. The mid-jejunal

(See figure on next page.)

Page 6 of 23

segments were rinsed with PBS solution, and then the
jejunal mucosa samples were gently scraped off. WCLs
of the jejunal mucosa were prepared in RIPA lysis buffer
(Sangon Biotech, C500005). The nuclear and cytoplas-
mic extraction of the intestinal epithelium was con-
ducted using a kit (Thermo Fisher Scientific, 78833).
This western blot assay was conducted as previously
described [31]. Primary antibodies included the anti-E-
cadherin (Cell Signaling Technology, 14472S), anti-ZO-1
(ABclonal, A11417), anti-Connexin 43 (Proteintech,
26980-1-AP), anti-Lamin B1 (Proteintech, 12987-1-AP),
anti-CYP1A1 (Proteintech, 13241-1-AP), anti-AhR (Pro-
teintech, 67785-1-Ig), anti-B-actin (Sigma, A5441), and
anti-p-tubulin (Proteintech, 66240-1-Ig). Secondary anti-
bodies included the HRP-conjugated secondary antibod-
ies (Cell Signaling Technology, 7076S and 7074S).

Statistical analysis

The software (including GraphPad Prism, R, and STAMP)
was used for statistical analysis. Detailed descriptions of
the statistical methods are provided in the figure legends.
Statistical significance was set at p <0.05.

Results

A landscape of pig gut microbiome revealed

by metagenomics and 16S rDNA gene amplicon
sequencing

To mine the potential probiotics that contribute to intes-
tinal epithelial barrier function, we analyzed the gut
microbiome of pigs from seven representative breeds
(including commercial DLY pigs, native TM pigs, native
LW pigs, native SZL pigs, native CM pigs, native HM
pigs, and native NX pigs) in China. Principal compo-
nent analysis (PCA) of the KEGG orthologous groups
(KOs) based on metagenomics showed the differences
in gut microbial functional profiles among pig breeds,
especially between commercial DLY pigs and native CM
pigs (Fig. 1a). The diversity of KOs based Shannon index
showed that native CM pigs have significantly higher
diversity than commercial DLY pigs (Fig. 1b).

We further used the 16S rDNA gene amplicon
sequencing to investigate the gut bacterial community
in pigs. Our data showed that the sequencing depth was
sufficient to detect the almost all bacterial species, as evi-
denced by the rarefaction curves (Fig. 1c) and the spe-
cies accumulation curves (Fig. 1d). Principal coordinates

Fig. 1 A landscape of pig gut microbiome in China. a PCA of gut microbial KEGG orthologous groups (KOs) in pigs revealed by metagenomics. b
Diversity analysis of KOs based on Shannon index revealed by metagenomics. ¢ Rarefaction curves of the observed species index revealed by 16S
rDNA gene amplicon sequencing. d Species accumulation curve analysis of OTUs revealed by 16S rDNA gene amplicon sequencing. e PCoA of
gut bacterial community based on the Bray—Curtis distance. f Analysis of gut bacterial alpha diversity based on the Shannon index. g Cladogram
of gut bacterial compositions in weaned piglets using LEfSe. h Cladogram of gut bacterial compositions in finishing pigs using LEfSe. The data are
presented as the mean + SEM (n=8) and were evaluated by Kruskal-Wallis test. **p <0.01, *p < 0.05
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analysis (PCoA) of beta diversity further suggested obvi-
ous differences in bacterial communities among pig
breeds, especially between commercial DLY pigs and
native CM pigs (Fig. 1e). Alpha diversity based on Shan-
non index also showed differences in gut bacterial com-
munities among the pig breeds (Fig. 1f). The results
showed that native CM finishing pigs have significantly
higher alpha diversity than commercial finishing DLY
pigs (Fig. 1f). Further LEfSe analysis of weaned piglets
suggested the differences in bacterial taxonomic compo-
sitions among pig breeds (Fig. 1g). LEfSe analysis of fin-
ishing pigs indicated that the gut bacterial communities
in native CM finishing pigs were mainly enriched with
these families, such as Bacteroidaceae, Porphyromona-
daceae, and Desulfovibrionaceae (Fig. 1h). Overall, these
results showed the differences in the gut microbial func-
tional profiles and taxonomic compositions among the
pig breeds, especially between commercial DLY pigs and
native CM pigs.

Fecal microbiota transplantation from pigs to germ-free
mice transfers the intestinal epithelial barrier
characteristics
Given an obvious difference in the gut microbiome
between the commercial DLY pigs and native CM pigs,
our data suggested a potential difference in the contribu-
tion of gut microbiota to host physiology between com-
mercial DLY pigs and native CM pigs. Considering that
intestinal epithelial barrier function is critical for host
homeostasis maintenance and may be mediated by gut
microbiota, we compared the intestinal epithelial bar-
rier function between commercial finishing DLY pigs
and native CM finishing pigs. The results showed that the
serum diamine oxidase activities, endotoxin levels, and
D-lactic acid levels (three key indicators of intestinal epi-
thelial barrier function) were lower in CM finishing pigs
than those in DLY finishing pigs (Fig. 2a—c), indicating
that CM finishing pigs have a stronger intestinal epithe-
lial barrier function than DLY finishing pigs. Thus, these
findings suggest a potential link between gut microbiome
and intestinal epithelial barrier function in pigs.

Next, we investigated whether gut microbiota has a
regulatory role in intestinal epithelial barrier. To con-
firm the dominant role of gut microbiota and rule out

(See figure on next page.)
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the genetic influence, we transferred fecal microbiota
from native CM finishing pigs and commercial DLY fin-
ishing pigs to GF mice, respectively (Fig. 2d). The results
demonstrated that the serum diamine oxidase activities,
endotoxin levels, and D-lactic acid levels in the recipi-
ent GF mice that received the fecal microbiota of CM
pigs (CM-R group) were lower than those in the recipient
GF mice that received the fecal microbiota of DLY pigs
(DLY-R group) (Fig. 2e—g). The levels of intestinal epithe-
lial ZO-1 (a tight junction protein), E-cadherin (an adhe-
sion junction protein), and Connexin 43 (a gap junction
protein), that are responsible for selective gut barrier per-
meability and vital for intestinal epithelial barrier, were
higher in the CM-R group than those in DLY-R group
(Fig. 2h—k). These findings revealed that the CM-R group
had a stronger intestinal epithelial barrier function than
the DLY-R group.

Furthermore, our results showed that the CM-R group
had higher levels of secretory IgA in the duodenum than
the DLY-R group (Fig. 21-n). The levels of serum IgA and
IgM in CM-R group were higher than those in DLY-R
group (Fig. 20-r). The number of peripheral immune
cells (including white blood cells, lymphocytes, mono-
cytes, and neutrophils) was not significantly different
between the CM-R and DLY-R groups (Additional file 1:
Fig. Sla-d). Additionally, there was no significant dif-
ference in the number of peripheral red blood cells and
blood platelets and the levels of peripheral hemoglobin
between the CM-R and the DLY-R groups (Additional
file 1: Fig. Sle-g). The kidney index was higher in the
CM-R group than that in the DLY-R group, whereas other
organ indices (including the heart, liver, spleen, and thy-
mus) were not significantly different between the CM-R
and DLY-R groups (Additional file 1: Fig. S1h-I). Neither
the epididymal fat nor the gut length indices were sig-
nificantly different between the CM-R and DLY-R groups
(Additional file 1: Fig. S1m, n). The intestinal morphol-
ogy analysis showed that neither the villus height nor the
crypt depth was significantly different between the CM-R
and DLY-R groups (Additional file 2: Fig. S2). Moreover,
the number of intestinal goblet cells was not significantly
different between the CM-R and DLY-R groups (Addi-
tional file 3: Fig. S3). Overall, these results showed that
FMT from the commercial DLY pigs and native CM pigs

Fig. 2 Effects of fecal microbiota transplantation from two pig breeds to germ-free mice on intestinal epithelial barrier function. a-c The serum
diamine oxidase activities (a), serum endotoxin levels (b), and serum D-lactic acid levels (c) in pigs (DLY, Duroc x [Landrace X Yorkshire]; CM,
Congjiang miniature). d The experimental design of FMT from pigs to GF mice. e-g Serum diamine oxidase activities (e), serum endotoxin levels (f),
and serum D-lactic acid levels (g) in the recipient GF mice (CM-R, the recipient GF mice that received the fecal microbiota from Congjiang miniature
pigs; DLY-R, the recipient GF mice that received the fecal microbiota from Duroc x [Landrace x Yorkshire] pigs). h Representative western blotting

of ZO-1, E-cadherin, Connexin 43, and B-tubulin in the jejunal epithelium of the recipient GF mice. i~k Quantitation of ZO-1 (i), E-cadherin (j), and
Connexin 43 (k) levels normalized to 3-tubulin levels. I-n Levels of sIgA in the duodenum (), jejunum (m), and ileum (n), respectively. o-r Levels of
serum IgA (o), I9G (p), IgM (q), and IFN-y (r), respectively. The data are presented as the mean + SEM and evaluated using Student’s t-test; n =8 (a—c);
n=10 (CM-R group in e-g and I-r) and n=7 (DLY-R group in e-g and I-r); n=3 (i-k). **p <0.01, *p < 0.05; ns not significant
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to GF mice transferred the intestinal epithelial barrier
characteristics, suggesting a critical role of gut microbi-
ota in intestinal epithelial barrier function.

Comparison analysis of gut microbiome in the recipient
germ-free mice after fecal microbiota transplantation
revealed by metagenomics

To identify the specific intestinal microbial species that
contribute to the intestinal epithelial barrier, we ana-
lyzed the gut microbiome in the recipient GF mice after
EMT using metagenomics. Our data identified a total of
613,791 non-redundant (NR) genes, and the gene length
mainly ranged from 200 to 1000 bp (Fig. 3a). A total of
72,770 NR genes were shared by the CM-R and DLY-R
groups, while 315,213 NR genes were only identified in
the CM-R group (Fig. 3b). The PCoA and Circos of KOs
showed an obvious difference in the gut microbial func-
tional profiles between the CM-R and DLY-R groups
(Fig. 3c and Additional file 4: Fig. S4a). The KEGG path-
way analysis indicated that the gut microbiome in the
CM-R group was mainly enriched with several KEGG
pathways (such as “bacterial chemotaxis’, “flagellar
assembly’, “methane metabolism’, “glycosaminoglycan
degradation’, “porphyrin and chlorophyll metabolism’,
“phosphonate and phosphinate metabolism’, “two-com-
ponent system’, and “nitrotoluene degradation”) (Addi-
tional file 4: Fig. S4b). However, the gut microbiome
in the DLY-R group was mainly enriched with several
KEGG pathways (such as “alanine, aspartate, and gluta-
mate metabolism’, “lysine biosynthesis’, “protein export’,
“the biosynthesis of amino acids’, “phosphotransferase
system’, “folate biosynthesis’, and “cyanoamino acid
metabolism”) (Additional file 4: Fig. S4b).

Next, we analyzed the gut microbial taxonomic com-
position in the recipient GF mice. The results of PCoA
based on beta diversity showed an obvious difference in
the gut microbial composition between the CM-R and
DLY-R groups at the phylum (Additional file 5: Fig. S5a)
and genus (Additional file 5: Fig. S5b) levels, respectively.
The results of the heatmap based on beta diversity fur-
ther showed an obvious difference in the gut microbial
composition between the CM-R and DLY-R groups at the
phylum (Additional file 5: Fig. S5c) and genus (Additional
file 5: Fig. S5d) levels, respectively. The histogram analy-
sis showed an obvious difference in the gut microbial
taxonomic composition between the CM-R and DLY-R

(See figure on next page.)
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groups at the phylum (Fig. 3d) and genus (Fig. 3e) levels,
respectively. The results further showed that the relative
abundances of the phyla Bacteroidetes and Actinobacte-
ria in CM-R group were lower than those in the DLY-R
group (Additional file 6: Fig. S6a). However, the relative
abundances of the phyla Proteobacteria and Verrucomi-
crobia in the CM-R group were higher than those in the
DLY-R group (Additional file 6: Fig. S6a). At the genus
level, the relative abundances of several genera (such as
Bacteroides, Parabacteroides, and Akkermansia) in the
CM-R group were higher than those in the DLY-R group
(Additional file 6: Fig. S6b). However, the relative abun-
dances of genera Prevotella in the CM-R group were
lower than those in the DLY-R group (Additional file 6:
Fig. S6b).

Further LEfSe analysis indicated that the gut microbi-
ota in the CM-R group was mainly enriched with these
families, such as Bacteroidaceae, Porphyromonadaceae,
Deferribacteraceae, and Desulfovibrionaceae (Fig. 3f).
While the gut microbiota in the DLY-R group was mainly
enriched with these families, such as Prevotellaceae
(Fig. 3f). The cluster analysis further demonstrated an
obvious difference in gut microbial taxonomic compo-
sition between the CM-R and DLY-R groups shown in
heatmaps at the phylum (Additional file 6: Fig. S6¢), genus
(Additional file 6: Fig. S6d), and species (Fig. 3g) levels,
respectively. Thus, these findings based on metagenom-
ics revealed that both the gut microbial functional pro-
files and taxonomic compositions were distinct between
the recipient GF mice that received the fecal microbiota
of CM and DLY pigs, respectively.

Comparison analysis of gut microbiota in the recipient
germ-free mice after fecal microbiota transplantation
revealed by 16S rDNA gene amplicon survey

Previous studies have suggested that gut bacterial com-
munity results from 16S rDNA amplicon sequencing
and metagenomics may be distinct [32, 33]. We further
utilized a 16S rDNA gene amplicon sequencing to ana-
lyze the gut bacterial community in the recipient GF
mice after FMT. Our sequencing data were sufficient
to capture almost all the bacterial species shown in the
rarefaction curves (Additional file 7: Fig. S7a). A total of
14 ASVs were identified in both the DLY-R and CM-R
groups, while 171 ASVs were only identified in the CM-R
group (Additional file 7: Fig. S7b). The PCoA showed an

Fig. 4 Comparative analysis of gut bacterial communities in the recipient germ-free mice treated with fecal microbiota transplantation by 165
rDNA gene amplicon sequencing. a PCoA of gut bacterial beta diversity based on weighted Unifrac distance. b Gut bacterial enterotypes analysis.
c—e Histogram analysis of gut bacterial taxonomic composition at phylum (c), genus (d), and species (e) levels, respectively. f Heatmap analysis
of gut bacterial taxonomic composition at species level. g Cytoscape analysis of gut bacterial species. h Heatmap analysis of gut bacterial species

based on Spearman’s correlation
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obvious difference in beta diversity between the DLY-R
and CM-R groups (Fig. 4a). Cluster analysis further sug-
gested an obvious difference in beta diversity between the
DLY-R and CM-R groups in the cluster tree (Additional
file 7: Fig. S7c) and heatmap (Additional file 7: Fig. S7d).
Our results showed that the gut bacterial community in
CM-R group exhibited a trend of higher alpha diversity
than that in the DLY-R group, as evidenced by the Chao
(Additional file 7: Fig. S7e) and Shannon indices (Addi-
tional file 7: Fig. S7f). The enterotype analysis identified
that the CM-R and DLY-R groups belonged to different
enterotypes, suggesting a distinct bacterial composition
(Fig. 4b). The GraPhlAn analysis revealed that the main
phyla included Bacteroidetes, Firmicutes, Proteobac-
teria, and Verrucomicrobia. The main genera included
Bacteroides belonging to family Bacteroidaceae, Para-
bacteroides belonging to family Porphyromonadaceae,
Sutterella belonging to family Alcaligenaceae, and Akker-
mansia belonging to family Verrucomicrobiaceae in the
recipient GF mice (Additional file 7: Fig. S7g). The LEfSe
analysis revealed that the gut bacterial communities in
the CM-R group were especially enriched with bacteria
belonging to the families, such as Bacteroidaceae, Porphy-
romonadaceae, Deferribacteraceae, Verrucomicrobiaceae,
and Desulfovibrionaceae (Additional file 7: Fig. S7h).

The histogram analysis of taxonomic compositions fur-
ther showed that several phyla (including Bacteroidetes,
Firmicutes, Proteobacteria, and Verrucomicrobia) were
predominant in the gut of the recipient GF mice (Fig. 4c).
The relative abundance of the phylum Bacteroidetes in
CM-R group was lower than those in the DLY-R group,
while the relative abundance of the phylum Verrucomi-
crobia in the CM-R group were higher than those in the
DLY-R group (Additional file 8: Fig. S8a). Several genera
including Bacteroides, Parabacteroides, Akkermansia,
Sutterella, Ruminococcus, Gemmiger, Oscillospira, Cop-
rococcus, Bilophila, Roseburia, Helicobacter, Clostrid-
ium, and Butyricimonas were predominant in the gut of
the recipient GF mice (Fig. 4d). The relative abundance
of several genera (such as Bacteroides, Parabacteroides,
Akkermansia, and Ruminococcus) in the CM-R group
were higher than those in the DLY-R group (Additional
file 8: Fig. S8b). Several species including Bacteroides
ovatus, Akkermansia muciniphila, Bacteroides fragilis,
Gemmiger formicilis, Roseburia faecis, and Clostridium

(See figure on next page.)
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celatum were the gut predominant species in the recipi-
ent GF mice (Fig. 4e). The cluster analysis indicated that
the CM-R group was especially enriched with three
species (B. fragilis, A. muciniphila, and B. ovatus), as is
shown in the heatmap (Fig. 4f). Our results indicated that
there were strong correlations among six bacterial spe-
cies (B. ovatus, A. muciniphila, B. fragilis, G. formicilis,
R. faecis, and C. celatum), as evidenced by the network
based on Cytoscape (Fig. 4g) and the heatmap based on
the Spearman correlation (Fig. 4h). We further used the
PICRUSt2 to predict the gut bacterial functional profiles.
The results showed that several KEGG pathways (such
as “transport and catabolism’, “cell motility”, “immune
system’; “digestive system’, “metabolism of cofactors and
vitamins’, and “glycan biosynthesis and metabolism”)
were especially enriched in CM-R group (Additional
file 9: Fig. S9a). Several COG functions (such as “lipid
transport and metabolism’, “secondary metabolites bio-
synthesis, transport, and catabolism’, and “coenzyme
transport and metabolism”) were especially enriched in
CM-R group (Additional file 9: Fig. S9b). Overall, these
findings based on the 16S rDNA gene amplicon survey
revealed that the gut bacterial diversity and taxonomic
composition were distinct between the recipient GF mice
that received the fecal microbiota of CM and DLY pigs,
respectively.

We also compared the gut bacterial communities
between the donor pigs and the recipient GF mice. The
results of PCoA showed that CM-R group was relatively
close to CM-D group (donor CM pigs) in the beta diver-
sity (Additional file 10: Fig. S10a). The results of PCoA
also showed that DLY-R group was relatively close to
DLY-D group (donor DLY pigs) in the beta diversity
(Additional file 10: Fig. S10a). The heatmap analysis fur-
ther showed CM-D group was clustered together with
CM-R group, suggesting that the gut bacterial genus-
level taxonomic composition was similar between CM-D
and CM-R groups (Additional file 10: Fig. S10b). The
heatmap analysis showed DLY-D group was clustered
together with DLY-R group, suggesting that the gut bac-
terial genus-level taxonomic composition was similar
between DLY-D and DLY-R groups (Additional file 10:
Fig. S10b). Thus, these findings suggested an efficacy of
FMT that transferred the gut bacterial community char-
acteristics from pigs to GF mice.

Fig.5 Screening of gut microbial species candidates that contribute to intestinal epithelial barrier function. a Comparison analysis of the relative
abundances of gut microbial species by metagenomics. b Comparison analysis of the relative abundances of gut bacterial species by 165 rDNA
gene amplicon survey. ¢ Venn diagram analysis of gut microbial species. The numbers of the corresponding microbial species whose relative
abundances in CM-R group are higher than those in DLY-R group are shown in Venn diagram. The differential microbial species were identified by
metagenomics and 165 rDNA gene amplicon survey, respectively. The data are presented as the mean relative abundance and evaluated using the

Wilcoxon rank-sum test; n=10 (CM-R group) and n="7 (DLY-R group)
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Oral administration of Bacteroides fragilis promotes
intestinal epithelial barrier function

Next, we screened for potential gut microbial species that
may contribute to the intestinal epithelial barrier. We used
the two methods (including 16S rDNA amplicon sequenc-
ing and metagenomics) to obtain more precise results of
differentially bacterial species between CM-R group and
DLY-R group. The metagenomics analysis showed that the
relative abundance of 18 microbial species in the CM-R
group were higher than those in the DLY-R group, and all
of them were bacterial species (Fig. 5a). The 16S rDNA
gene amplicon sequencing analysis indicated that the rela-
tive abundances of eight bacterial species in the CM-R
group were higher than those in the DLY-R group (Fig. 5b).
Furthermore, a total of three bacterial species (B. ovatus,
B. fragilis, and A. muciniphila) were identified as the com-
mon species whose relative abundances were higher in the
CM-R group than those in the DLY-R group as evidenced
by both the metagenomics and 16S rDNA gene amplicon
survey (Fig. 5¢). Therefore, we determined that these three
bacterial species were positively correlated with intestinal
epithelial barrier function.

We transferred the three bacterial suspensions (including
B. ovatus, B. fragilis, and A. muciniphila) to mice to inves-
tigate their potential roles in intestinal epithelial barrier
function. Our data indicated that oral gavage of B. fragilis
alone or a consortium of three bacterial species (includ-
ing B. ovatus, B. fragilis, and A. muciniphila) significantly
decreased the serum diamine oxidase activities, endo-
toxin levels, and D-lactic acid levels, thereby suggesting an
enhanced intestinal epithelial barrier function (Fig. 6a—c).
The data showed that FD4 levels in plasma and lactulose/
mannitol ratio were significantly decreased by B. fragilis
treatment (Fig. 6d, €). Our results demonstrated that the
oral administration of B. fragilis significantly increased the
levels of jejunal epithelial ZO-1, E-cadherin, and Connexin
43 (Fig. 6f-i). The results of immuohistochemical stain-
ing showed that the localization of jejunal epithelial ZO-1,
E-cadherin, and Connexin 43, was not altered by oral
administration of B. fragilis (Additional file 11: Fig. S11).
Our data also demonstrated that jejunal epithelial ReglIly
levels were not significantly changed by oral administration

(See figure on next page.)
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of B. fragilis (Additional file 12: Fig. S12). The results of
negative controls did not show obvious staining intensity,
suggesting the specific roles of primary antibodies (Addi-
tional files 11 and 12: Figs. S11 and 12). The intestinal mor-
phology analysis also showed that neither the villus height
nor the crypt depth was significantly changed by the oral
administration of B. fragilis (Additional file 13: Fig. S13).
These results reveal the beneficial role of B. fragilis in intes-
tinal epithelial barrier function.

Bacteroides fragilis-derived 3-phenylpropionic acid
metabolite contributes to intestinal epithelial barrier
function

Next, we investigated the mechanism underlying of B. fra-
gilis-mediated intestinal epithelial barrier function. Grow-
ing evidence has suggested that gut microbial metabolites
may be the intermediates for host-gut microbiota interac-
tion [34]. Thus, we performed a metabolomic analysis to
identify the serum metabolite candidates involved in the B.
fragilis-mediated intestinal epithelial barrier function. The
OPLS-DA (Fig. 6j) and PCA (Fig. 6k) indicated an obvious
difference in the serum metabolite composition between
the control group and the B. fragilis group, thereby sug-
gesting a potent effect of B. fragilis on host physiology. The
volcano plot further showed the differential serum metabo-
lites affected by B. fragilis (Fig. 61). The results showed that
a total of 18 serum metabolites were upregulated, while 5
serum metabolites were downregulated by the oral gav-
age of B. fragilis (Fig. 61). Several KEGG pathways (such as
“porphyrin and chlorophyll metabolism’, “phenylalanine
metabolism’, and “fatty acid metabolism”) were enriched
with the differential serum metabolites (Fig. 6m).

We then transferred these 18 serum metabolites,
which were upregulated by the B. fragilis, into mice by
oral gavage and evaluated the intestinal epithelial barrier
function of mice. The results demonstrated that serum
diamine oxidase activities of mice were decreased sig-
nificantly with the treatments including three metabo-
lites (N-acetyl-L-glutamine, 2-hydroxybutanoic acid, and
3-phenylpropionic acid) (Fig. 7a). The serum endotoxin
levels in mice were decreased significantly with the treat-
ments including five metabolites (N-acetyl-l-glutamine,

Fig. 6 The oral administration of Bacteroides fragilis facilitates the intestinal epithelial barrier function and serum metabolomics analysis. a Activities
of serum diamine oxidase (Ctrl control, BF Bacteroides fragilis, BO Bacteroides ovatus, AKK Akkermansia muciniphila; Mix, three-bacteria consortium
[containing equal numbers of Bacteroides fragilis, Bacteroides ovatus, and Akkermansia muciniphilal). b Levels of serum endotoxin. ¢ Levels of serum
D-lactic acid. d Plasma FD4 levels. e Lactulose/mannitol ratio. f Representative western blotting of ZO-1, E-cadherin, Connexin 43, and 3-tubulin

in jejunal epithelium of mice. g-i Quantitation of the ZO-1 (g), E-cadherin (h), Connexin 43 (i) levels normalized to -tubulin levels. j OPLS-DA of
serum metabolites. k Principal component analysis of serum metabolites. I Volcano plot analysis of serum metabolites. m The enrichment analysis
of KEGG pathways by differential serum metabolites. The data are presented as the mean + SEM and evaluated by one-way ANOVA with adjustment
for multiple comparisons in a—c (n=10). The data are presented as the mean +SEM and evaluated using Student’s t-test in d (n=8), e (1=48), and
g-i (n=3). In addition, the data were assessed by the VIP > 1 from OPLS-DA, absolute Log, (fold change) > 1, and p-value <0.05 in I (n=6). **p <0.01,

*p<0.05
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L-fucose, 2-hydroxybutanoic acid, 3-phenylpropionic
acid, and L-rhamnose) (Fig. 7b). The serum D-lactic acid
levels in mice were decreased significantly with the treat-
ments including three metabolites (L-fucose, 3-phenyl-
propionic acid, and L-rhamnose) (Fig. 7c). Interestingly,
the Venn diagram showed that only one metabolite,
3-phenylpropionic acid, significantly decreased all the
indicators (including serum diamine oxidase activities,
endotoxin levels, and D-lactic acid levels) (Fig. 7d). The
metabolomic analysis showed that 3-phenylpropionic
acid was the serum metabolite with the highest fold of
change among all the serum metabolites upregulated by
B. fragilis (Figs. 6] and 7e). The results showed that the
FD4 levels in plasma and lactulose/mannitol ratio were
significantly decreased by 3-phenylpropionic acid treat-
ment (Fig. 7f, g). Our results further demonstrated that
the levels of intestinal epithelial ZO-1, E-cadherin, and
Connexin 43 were significantly increased by 3-phenyl-
propionic acid (Fig. 7h—k). These findings indicated that
3-phenylpropionic acid confers the beneficial effects on
the intestinal epithelial barrier function.

We further performed the metabolomic analysis to
identify fecal metabolites in mice affected by B. fragi-
lis. The results of OPLS-DA showed an obvious differ-
ence in the fecal metabolite compositions between the
control and B. fragilis groups (Fig. 71). The volcano plot
further showed that 252 fecal metabolites were upregu-
lated, while 331 fecal metabolites were downregulated
by the oral gavage of B. fragilis (Fig. 7m). Several KEGG
pathways (such as “phenylalanine metabolism’, “histidine
metabolism’, and “ascorbate and aldarate metabolism”)
were enriched with the differential fecal metabolites
(Fig. 7n). Interestingly, 3-phenylpropionic acid in feces of
mice was also significantly increased with the treatment
of B. fragilis (Fig. 70), suggesting that 3-phenylpropionic
acid may be produced by intestinal B. fragilis and then
absorbed into the blood. Together, these findings dem-
onstrated that 3-phenylpropionic acid, a key metabolite
derived from B. fragilis, contributes to the intestinal epi-
thelial barrier function.

(See figure on next page.)
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3-Phenylpropionic acid facilitates intestinal epithelial
barrier function through AhR signaling

Next, we investigated the mechanism underlying 3-phe-
nylpropionic acid-mediated intestinal epithelial barrier
function. Given that AhR signaling may be involved in
the regulatory roles of aryl hydrocarbon derivatives [35],
we examined whether the AhR signaling was activated
by 3-phenylpropionic acid. The results demonstrated
that the translocation of AhR from the cytoplasm into
the nucleus was promoted by the 3-phenylpropionic acid
treatment (Fig. 8a—d). CYP1Al, a protein downstream of
AhR signaling, was significantly upregulated by 3-phenyl-
propionic acid (Fig. 8a—d). Our results also demonstrated
that the translocation of AhR from the cytoplasm into
the nucleus was promoted and that CYP1A1 was signifi-
cantly upregulated by the B. fragilis treatment (Fig. 8e—
h). Our results further showed that IL-22, which is also
downstream of the AhR signaling, was significantly
upregulated by both the 3-phenylpropionic acid and B.
fragilis treatment (Fig. 8i, j). These results revealed that
AhR signaling was activated by B. fragilis-derived 3-phe-
nylpropionic acid.

We then evaluated whether AhR signaling is essential
for 3-phenylpropionic acid-mediated intestinal epithelial
barrier function. The results showed that StemRegenin
1, an AhR inhibitor, blocked the roles of 3-phenylpropi-
onic acid in AhR signaling activation (Additional file 14:
Fig. S14). Our results demonstrated that the oral gavage
of StemRegenin 1 inhibited the regulatory roles of 3-phe-
nylpropionic acid in serum diamine oxidase activities,
endotoxin levels, and D-lactic acid levels (Fig. 8k—m). The
results showed that StemRegenin 1 inhibited the regula-
tory roles of 3-phenylpropionic acid in the FD4 levels in
plasma and lactulose/mannitol ratio (Fig. 8n, 0). StemRe-
genin 1 also inhibited the promoting roles of 3-phenyl-
propionic acid on the intestinal epithelial levels of ZO-1,
E-cadherin, and Connexin 43 (Fig. 8p—s). Together, these
findings revealed that B. fragilis-derived 3-phenylpropi-
onic acid promotes intestinal epithelial barrier function
through AhR signaling.

Fig. 7 Bacteroides fragilis-derived 3-phenylpropionic acid confers the beneficial effects on the intestinal epithelial barrier function. a Activities of
serum diamine oxidase (Ctrl control; 1 to 18, the first metabolite candidate to the 18th metabolite candidate and the detailed metabolite names
were shown in the Methods section). b Levels of serum endotoxin. ¢ Levels of serum D-lactic acid. d Venn diagram analysis of metabolite candidates
that decrease the serum diamine oxidase activities, endotoxin levels, and D-lactic acid levels, respectively. The numbers of corresponding
metabolite candidates were shown in the Venn diagram. e Relative abundance analysis of serum 3-phenylpropionic acid in mice (Ctrl control, BF
Bacteroides fragilis). f Plasma FD4 levels (3-phenylpropionic acid, 3-PPA). g Lactulose/mannitol ratio. h Representative western blotting of ZO-1,
E-cadherin, Connexin 43, and B-tubulin in the jejunal epithelium of mice. i—k Quantitation of the ZO-1 (i), E-cadherin (j), and Connexin 43 (k) levels
normalized to B-tubulin levels. 1 The OPLS-DA of fecal metabolites. m The volcano plot analysis of fecal metabolites. n The enrichment analysis of
KEGG pathways by differential fecal metabolites. o Relative abundance analysis of fecal 3-phenylpropionic acid in mice. The data are presented

as the mean + SEM and evaluated by one-way ANOVA with adjustment for multiple comparisons in a-c (n=5). The data are presented as the
mean + SEM and evaluated by Student’s t-test in f (1=8), g (n=8), and i-k (n=3). In addition, the data were assessed by the VIP > 1 from OPLS-DA,
absolute Log, (fold change) > 1, and p-value <0.05 in m (n=6). **p <0.01, *p <0.05
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Discussion

Given that the intestinal epithelial barrier disorder is
associated with several gastrointestinal diseases (such
as IBD and IBS) and has detrimental effects on host
homeostasis maintenance [1, 3], preventive strategies are
urgently required. Here, we screened and validated B.
fragilis as a bacterial species that confers beneficial roles
in the intestinal epithelial barrier function, by combin-
ing the FMT, metagenomics, and 16S rDNA gene ampli-
con sequencing. First, we studied the gut microbiome of
seven pig breeds and found an obvious difference in the
gut microbiome between native CM pigs and commer-
cial crossbred DLY pigs. CM pigs had a stronger intes-
tinal epithelial barrier function than DLY pigs. Next,
we demonstrated that FMT from two pig breeds to GF
mice transferred the intestinal epithelial barrier char-
acteristics. Then, we screened the bacterial candidates
that mediated intestinal epithelial barrier function. Our
previous study also revealed that FMT from native CM
piglets to commercial crossbred LY piglets deceased the
incidence of diarrhea in early-weaned piglets and identi-
fied two key microbial species that mediate the diarrhea
resistance [17]. These results suggest that native breeds of
livestock confer potential intestinal microbial resources
that may be associated with the higher disease resistance
and stress tolerance than commercial breeds.

Precise probiotic manipulation is increasingly being
recognized as an important strategy for preventing gas-
trointestinal dysfunction [9], although many studies have
demonstrated the efficacy of FMT [36]. Recent evidence
suggests that FMT may increase the risk of transmitting
pathogens to recipients [37, 38]. Several factors (such
as donor selection, fecal material transfer, and recipi-
ent parameters) may also affect the efficacy of FMT [39].
Thus, mining the functional gut microbes that mediate
host health is urgently needed. Interestingly, FMT may
contribute to establishing the potential relationships
between gut microbiota and host characteristics (such as
obesity and regulatory T cells induction) [40, 41]. Grow-
ing evidence has shown that gut microbial omics (such
as metagenomics, bacterial 16S rDNA gene amplicon

(See figure on next page.)
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sequencing, and fungal ITS gene amplicon sequencing)
help to further identify the specific gut microbial spe-
cies that mediate host health, such as colitis [42], obesity
[43], Clostridium difficile infection resistance [44], and
antitumor immunity [45]. To specifically screen the gut
microbial species candidates, we combined the metagen-
omics and bacterial 16S rDNA gene amplicon sequencing
to dissect the difference in the gut microbiota between
the recipient GF mice in this study. Therefore, the use of
gut microbial omics will provide a technical basis for the
high-throughput screening of functional microbial spe-
cies and thus contributes to the precise probiotics manip-
ulation in preventing gastrointestinal dysfunction.

Many studies have demonstrated that GF mice consti-
tute an appropriate research model for the investigation
of gut microbiota-host interactions [46]. A previous study
indicated that gut microbiota has a critical role in host fat
deposition by transferring the fecal microbiota from obese
and lean humans to GF mice, respectively [41]. A recent
study revealed that FMT from patients with colorectal
cancer and healthy individuals to GF mice transferred
the intestinal carcinogenesis characteristics, suggest-
ing a relationship between gut microbial alterations and
the development of colorectal cancer [47]. Considering
that host genetics has important impacts on physiologi-
cal metabolism, we also used a GF mouse model to elim-
inate the influence of host genetics. In the present study,
FMT from native CM pigs and commercial DLY pigs to
GF mice transferred the intestinal epithelial barrier char-
acteristics, suggesting that gut microbiota has a vital func-
tion on intestinal epithelial barrier regulation. Our data
indicated that compared to DLY-R group, the gut micro-
bial communities in the recipient GF mice, that received
the fecal microbiota from native CM finishing pigs, were
mainly enriched with these families, such as Bacteroi-
daceae, Porphyromonadaceae, and Desulfovibrionaceae.
Interestingly, gut microbial communities in native CM
finishing pigs were also mainly enriched with these fami-
lies, such as Bacteroidaceae, Porphyromonadaceae, and
Desulfovibrionaceae, compared to commercial DLY fin-
ishing pigs. These findings suggested an efficacy of FMT

Fig. 8 AhRsignaling is essential for the 3-phenylpropionic acid-mediated enhancement on the intestinal epithelial barrier function.

a Representative western blotting of AhR, Lamin B1, 3-actin, and CYP1A1 in the jejunal epithelium of mice from the control (Ctrl) and
3-phenylpropionic acid (3-PPA) groups. b—d Quantitation of AhR levels (b) normalized to Lamin B1 levels. Quantitation of AhR (c) and CYP1A1 (d)
levels normalized to B-actin levels. e Representative western blotting of AhR, Lamin B1, 3-actin, and CYP1A1 in the jejunal epithelium of mice from
the Ctrl and Bacteroides fragilis (BF) groups. f-h Quantitation of AhR levels (f) normalized to Lamin B1 levels. Quantitation of AhR (g) and CYP1A1
(h) levels normalized to -actin levels. i, j Levels of IL-22 in the jejunal epithelium of mice. k-m Activities of serum diamine oxidase (k) and the
levels of endotoxin (I) and D-lactic acid (m), respectively (SRT StemRegenin 1). n Plasma FD4 levels. o Lactulose/mannitol ratio. p Representative
western blotting of ZO-1, E-cadherin, Connexin 43, and 3-tubulin in jejunal epithelium of mice. g—s Quantitation of the ZO-1 (q), E-cadherin (r), and
Connexin 43 (s) levels normalized to 3-tubulin levels. The data are presented as the mean + SEM and evaluated by Student’s t-test in b-d (n=3),
f-h (n=3),i(n=5),and j (h=10). The data are presented as the mean + SEM and evaluated by one-way ANOVA with adjustment for multiple
comparisons in k-0 (1=28) and g-s (n=3). **p<0.01, *p <0.05; ns not significant
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using GF mice as the recipients. Therefore, GF animals are
increasingly being used as important models for the evalu-
ation of the function of gut microbiota in host physiology.
A previous study showed that the gut permeability in GF
mice increased with FMT treatment using one healthy
adult human donor, and the gut permeability reached the
highest levels within a week [48]. Our data revealed that
the GF mice in CM-R group had a lower gut permeabil-
ity than those in DLY-R group after FMT treatment every
3 days for 5 weeks. The FMT treatment period of 5 weeks
in our study was longer than the period of 1 week in the
previous study. Our results also demonstrated that the gut
length index, the intestinal morphology, and the number
of intestinal goblet cells were not significantly different
between CM-R and DLY-R groups. Thus, compared to
DLY-R group, the lower permeability observed in CM-R
group may not reflect a default in maturation of the gut
with the CM microbiota. The difference in the gut perme-
ability shown in our data may mainly be the result of the
stimulation of different microbiota for a longer time than
that in the previous study.

Mining the gut functional microbial species that enhance
intestinal barrier function is still urgently needed, although
previous studies have demonstrated the vital function of
gut microbiota in intestinal epithelial barrier maintenance
[15, 49]. Our results identified B. fragilis as a microbial
species that promotes intestinal epithelial barrier func-
tion, suggesting that it may be a potential probiotic for
intestinal health maintenance. Gut microbiota promotes
intestinal epithelial barrier function mainly via microbial
structural components and metabolites [15]. Following
the high-throughput screening of metabolites via metabo-
lomics, we further demonstrated that B. fragilis-derived
3-phenylpropionic acid plays beneficial roles in intestinal
epithelial barrier function. Furthermore, we showed that
3-phenylpropionic acid can activate the intestinal epithe-
lial AhR signaling and that B. fragilis-derived 3-phenyl-
propionic acid enhanced the intestinal epithelial barrier
through AhR signaling. These data further supported that
aryl hydrocarbon derivatives have the potential to activate
the AhR signaling and the regulatory roles of aryl hydrocar-
bon derivatives may be involved with AhR signaling. Thus,
our findings reveal a mechanism of gut microbiota-driven
intestinal epithelial barrier function and further suggest
these important targets for protection against intestinal
disorders. These results will further deepen our under-
standings of that gut microbial metabolites may be the
intermediates for host-gut microbiota interaction.

Conclusions

In sum, we identified B. fragilis as a bacterial species that
contributes to intestinal epithelial barrier function, using
EMT, metagenomics, and 16S rDNA gene amplicon
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sequencing analysis. Our findings indicate that B. fragilis-
derived 3-phenylpropionic acid activates AhR signaling
to confer the beneficial effects on the intestinal epithelial
barrier. These results suggest that the gut microbes that
produce 3-phenylpropionic acid may also have regulatory
roles in the intestinal epithelial barrier and that 3-phenyl-
propionic acid may be a potential biomarker for intesti-
nal epithelial barrier maintenance. Our findings suggest a
potential avenue to prevent intestinal barrier dysfunction
in mammals.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540168-023-01551-9.

Additional file 1: Fig. S1. Analyses of blood routine indices and organ
indices in GF mice treated with FMT. (a-g) The number of peripheral white
blood cells (a), lymphocytes (b), monocytes (c), neutrophils (d), red blood
cells (e), and blood platelets (f) in mice and the levels of peripheral hemo-
globin (g) in mice (CM-R, the recipient GF mice that received the fecal
microbiota from Congjiang miniature pigs; DLY-R, the recipient GF mice
that received the fecal microbiota from Duroc x [Landrace X Yorkshire]
pigs). (h-n) The heart (h), liver (i), spleen (j), kidney (k), thymus (1), epididy-
mal fat (m), and gut length indices (n) in mice. The data are presented as
the mean + SEM and evaluated using Student’s t-test; n = 10 (CM-R) and
n =7 (DLY-R). **p < 0.01; ns, not significant.

Additional file 2: Fig. S2. Analysis of intestinal histological morphol-

ogy in GF mice treated with FMT. (a) Representative images of intestinal
histological morphology by hematoxylin and eosin staining of duodenum,
jejunum, and ileum, respectively. (b-d) Statistical analysis of the villus
height (b), crypt depth (c), and the ratio of the villus height to the crypt
depth (d). The data are presented as mean + SEM and evaluated by two-
way analysis of variance (ANOVA); n = 10 (CM-R) and n = 7 (DLY-R); ns, not
significant.

Additional file 3: Fig. S3. Analysis of the numbers of intestinal goblet
cells in GF mice treated with FMT. (a) Representative images of intestinal
goblet cells stained with PAS staining of the duodenum, jejunum, and
ileum, respectively. (b) Statistical analysis of goblet cell numbers in the
duodenum, jejunum, and ileum, respectively. The data are presented

as the mean = SEM and evaluated by two-way ANOVA; n = 5; ns, not
significant.

Additional file 4: Fig. S4. Analysis of gut microbial functional profiles
in GF mice treated with FMT by metagenomics. (a) Circos analysis of gut
microbial KEGG orthologous groups (KOs). (b) Enrichment analysis of
KEGG pathways in the gut microbiome.

Additional file 5: Fig. S5. Analysis of gut microbial taxonomic composi-
tion based on beta diversity by metagenomics. (a and b) PCoA of gut
microbial taxonomic composition based on beta diversity at phylum

(@) and genus (b) levels, respectively. (c and d) Heatmap analysis of gut
taxonomic composition based on beta diversity at phylum (c) and genus
(d) levels, respectively.

Additional file 6: Fig. S6. Comparison analysis and heatmap analysis of
gut microbial taxonomic composition by metagenomics. (@ and b) Com-
parison analysis of the relative abundances of gut microbial taxonomic
compositions at phylum (a) and genus (b) levels by metagenomics,
respectively. (c and d) Heatmap analysis of gut taxonomic compositions
based on relative abundance at phylum (c) and genus (d) levels, respec-
tively. The data was evaluated by Wilcox test analysis; n = 10 (CM-R) and n
=7 (DLY-R).

Additional file 7: Fig. S7. Analysis of gut bacterial diversity and taxo-
nomic compositions by 16S rDNA gene amplicon survey. (@) Rarefaction
curve analysis based on the Chao index. (b) Venn diagram analysis of
bacterial ASVs. (c) Cluster tree analysis of gut bacterial beta diversity based
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on weighted unifrac distance. (d) Heatmap analysis of gut bacterial beta
diversity based on the weighted Unifrac distance. (e and f) Alpha diversi-
ties evaluated using the Chao index (e) and Shannon index (), respec-
tively. (g) GraPhlAn analysis of gut bacterial compositions. (h) Cladogram
of gut bacterial compositions using LEfSe.

Additional file 8: Fig. S8. Comparison analysis of gut bacterial taxonomic
composition by 16S rDNA gene amplicon survey. (@) Comparison analysis
of the relative abundances of gut bacterial taxonomic composition at
phylum level by 165 rDNA gene amplicon survey. (b) Comparison analysis
of the relative abundances of gut bacterial taxonomic composition at
genus level by 16S rDNA gene amplicon survey. The data was evaluated
by Wilcox test analysis; n = 10 (CM-R) and n = 7(DLY-R).

Additional file 9: Fig. S9. Analysis of KEGG pathways and COG functions
in the bacterial communities predicted by PICRUSt2. (a) Analysis of dif-
ferential KEGG pathways in gut bacterial communities between CM-R
group and DLY-R group predicted by PICRUSt2. (b) Analysis of differential
COG functions in gut bacterial communities between CM-R group and
DLY-R group predicted by PICRUSt2. The data was evaluated by Wilcox test
analysis; n =10 (CM-R) and n = 7 (DLY-R).

Additional file 10: Fig. S10. Comparison analysis of gut bacterial com-
munities in the FMT donor pigs and recipient GF mice. (a) PCoA of gut
bacterial beta diversity based on weighted Unifrac distance (DLY-D, the
donor Duroc x [Landrace X Yorkshire] pigs; CM-D, the donor Congjiang
miniature pigs; DLY-R, the recipient GF mice that received the fecal micro-
biota from Duroc X [Landrace x Yorkshire] pigs; CM-R, the recipient GF
mice that received the fecal microbiota from Congjiang miniature pigs).
(b) Heatmap analysis of gut bacterial taxonomic compositions.

Additional file 11: Fig. S11. Analysis of intestinal immuohistochemi-

cal staining of E-Cadherin, ZO-1, and Connexin 43 proteins in SPF mice
treated with B. fragilis. (a-c) Representative images of immuohistochemical
staining of the jejunal E-Cadherin (a), ZO-1 (b), and Connexin 43 proteins
(). The experiments for negative control were performed by omitting the
primary antibody.

Additional file 12: Fig. S12. Analysis of intestinal immuohistochemical
staining of Regllly protein in SPF mice treated with B. fragilis. (@ and b)
Representative images of immuohistochemical staining of the jejunal
Regllly protein (a) and mean optical density analysis of Regllly (b). The
experiments for negative control were performed by omitting the primary
antibody. The data are presented as mean + SEM (n = 5) and evaluated
using Student’s t-test; ns, not significant.

Additional file 13: Fig. S13. Analysis of intestinal histological morphology
in SPF mice treated with B. fragilis. (@) Representative images of intestinal
histological morphology by hematoxylin and eosin staining of duodenum,
jejunum, and ileum, respectively (Ctrl, control; BF, B. fragilis). (b-d) Statistical
analysis of the villus height (b), crypt depth (c), and the ratio of the villus
height to the crypt depth (d). The data are presented as mean + SEM (n =
5) and evaluated using two-way ANOVA; ns, not significant.

Additional file 14: Fig. S14. Effects of StemRegenin 1 on the 3-phe-
nylpropionic acid-activated AhR signaling. (a) Representative western
blotting of AhR, Lamin B1, B-actin, and CYP1A1 in the jejunal epithelium
of mice (Ctrl, control; 3-PPA, 3-phenylpropionic acid; SR1, StemRegenin

1). (b-d) Quantitation of AhR levels (b) normalized to Lamin B1 levels.
Quantitation of AhR () and CYP1A1 (d) levels normalized to B-actin levels.
(e) Levels of IL-22 in the jejunal epithelium of mice. The data are presented
as the mean + SEM and evaluated by one-way ANOVA; n = 3 (b-d) and n
=8 (e);**p < 0.01; *p < 0.05; ns, not significant.

Acknowledgements
We thank all the members of Yan lab who have contributed comments and
ideas.

Authors’ contributions

J.H.and X. H.Y. designed the study. J. H., X. J. X, Q. L. H,, and J. R. performed
the experiments. J. H., and J. W. C. analyzed the data. J. H. and X. H. Y. wrote
the paper. All authors have reviewed and approved the final version of the
manuscript.

Page 22 of 23

Funding

This work was supported by the National Natural Science Foundation of China
(31925037 and 31730090) to X. H.Y, the National Natural Science Founda-

tion of China (32102499), the National Postdoctoral Program for Innovative
Talents of China (BX20190133), the Postdoctoral Science Foundation of

China (2019M662671), the Natural Science Foundation of Hubei Province
(2022CFB358 and 2021CFA018), and the Hubei Provincial Postdoctoral Innova-
tive Post Project of China to J. H.

Availability of data and materials

The raw sequencing data has been deposited into China National GeneBank
Sequence Archive (CNSA) of China National GeneBank DataBase (CNGBdb)
with the accession numbers CNP0002106 and CNP0003730.

Declarations

Ethics approval and consent to participate

All experimental procedures for pig and mice were approved by the Institu-
tional Animal Care and Use Committee of Huazhong Agricultural University
(approval number: HZAUSW-2018-026; HZAUMO-2019-089).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 18 March 2022 Accepted: 17 April 2023
Published online: 08 May 2023

References

1. Rescigno M. The intestinal epithelial barrier in the control of homeostasis
and immunity. Trends Immunol. 2011;32(6):256-64.

2. Okumura R, Takeda K. Roles of intestinal epithelial cells in the mainte-
nance of gut homeostasis. Exp Mol Med. 2017;49(5):e338.

3. Peterson LW, Artis D. Intestinal epithelial cells: regulators of barrier func-
tion and immune homeostasis. Nat Rev Immunol. 2014;14(3):141-53.

4. Martini E, Krug SM, Siegmund B, Neurath MF, Becker C. Mend your
fences: the epithelial barrier and its relationship with mucosal immu-
nity in inflammatory bowel disease. Cell Mol Gastroenterol Hepatol.
2017;4(1):33-46.

5. Gresse R, Chaucheyras-Durand F, Fleury MA, Van de Wiele T, Forano E,
Blanquet-Diot S. Gut microbiota dysbiosis in postweaning piglets: under-
standing the keys to health. Trends Microbiol. 2017;25(10):851-73.

6. Allen HK, Trachsel J, Looft T, Casey TA. Finding alternatives to antibiotics.
Ann N'Y Acad Sci. 2014;1323:91-100.

7. Casewell M, Friis C, Marco E, McMullin P, Phillips |. The European ban on
growth-promoting antibiotics and emerging consequences for human
and animal health. J Antimicrob Chemother. 2003;52(2):159-61.

8. Sommer F, Backhed F. The gut microbiota - masters of host development
and physiology. Nat Rev Microbiol. 2013;11(4):227-38.

9. Lemon KP, Armitage GC, Relman DA, Fischbach MA. Microbiota-
targeted therapies: an ecological perspective. Sci Transl Med.
2012;4(137):137rv5.

10.  Anderson RC, Cookson AL, McNabb WC, Park Z, McCann MJ, Kelly WJ,
et al. Lactobacillus plantarum MB452 enhances the function of the intes-
tinal barrier by increasing the expression levels of genes involved in tight
junction formation. BMC Microbiol. 2010;10:316.

11. Ewaschuk JB, Diaz H, Meddings L, Diederichs B, Dmytrash A, Backer J,
et al. Secreted bioactive factors from Bifidobacterium infantis enhance
epithelial cell barrier function. Am J Physiol Gastrointest Liver Physiol.
2008;295(5):G1025-34.

12. HuJ, Chen LL, Zheng WY, Shi M, Liu L, Xie CL, et al. Lactobacillus frumenti
facilitates intestinal epithelial barrier function maintenance in early-
weaned piglets. Front Microbiol. 2018;9:897.

13. Zareie M, Johnson-Henry K, Jury J, Yang PC, Ngan BY, McKay DM,
et al. Probiotics prevent bacterial translocation and improve intestinal



Hu et al. Microbiome (2023) 11:102

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

barrier function in rats following chronic psychological stress. Gut.
2006;55(11):1553-60.

Bron PA, van Baarlen P, Kleerebezem M. Emerging molecular insights into
the interaction between probiotics and the host intestinal mucosa. Nat
Rev Microbiol. 2011;10(1):66-78.

Ghosh S, Whitley CS, Haribabu B, Jala VR. Regulation of intestinal barrier
function by microbial metabolites. Cell Mol Gastroenterol Hepatol.
2021;11(5):1463-82.

. Jeong HS, Kim DW, Chun SY, Sung S, Kim HJ, Cho S, et al. Native pig

and chicken breed database: NPCDB. Asian Australas J Anim Sci.
2014;27(10):1394-8.

. Hu J, Ma LB, Nie YF, Chen JW, Zheng WY, Wang XK, et al. A microbiota-

derived bacteriocin targets the host to confer diarrhea resistance in
early-weaned piglets. Cell Host Microbe. 2018;24(6):817-32.

. Hu J, Nie YF, Chen JW, Zhang Y, Wang ZC, Fan QW, et al. Gradual

changes of gut microbiota in weaned miniature piglets. Front Micro-
biol. 2016;7:1727.

. Ribeiro SA, Rodrigues FAP, Clementino MAF, Veras HDN, Siqueira RCL,

de Medeiros P et al. Consumption of a multi-deficient diet causes
dynamic changes in the intestinal morphofunctional barrier, body
composition and impaired physical development in post-weaning
mice. Br J Nutr. 2023;129(5):745-58.

Volynets V, Reichold A, Bardos G, Rings A, Bleich A, Bischoff SC. Assess-
ment of the intestinal barrier with five different permeability tests in
healthy C57BL/6J and BALB/cJ mice. Dig Dis Sci. 2016;61(3):737-46.

. JinW,Wang H, JiY, Hu Q Yan W, Chen G, et al. Increased intestinal

inflammatory response and gut barrier dysfunction in Nrf2-deficient
mice after traumatic brain injury. Cytokine. 2008;44(1):135-40.
Justino PF, Melo LF, Nogueira AF, Costa JV, Silva LM, Santos CM, et al.
Treatment with Saccharomyces boulardii reduces the inflammation
and dysfunction of the gastrointestinal tract in 5-fluorouracil-induced
intestinal mucositis in mice. Br J Nutr. 2014;111(9):1611-21.

Xu QL, Guo XH, Liu JX, Chen B, Liu ZF, Su L. Blockage of protease-
activated receptor 1 ameliorates heat-stress induced intestinal high

permeability and bacterial translocation. Cell Biol Int. 2015;39(4):411-7.

Wang Y, Yan X, Zhang W, Liu Y, Han D, Teng K, et al. Lactobacillus casei
Zhang prevents jejunal epithelial damage to early-weaned piglets
induced by Escherichia coli K88 via regulation of intestinal mucosal
integrity, tight junction proteins and immune factor expression. J
Microbiol Biotechnol. 2019;29(6):863-76.

Eom M, Han A, Lee MJ, Park KH. Expressional difference of RHEB,
HDACT, and WEET proteins in the stromal tumors of the breast and

their significance in tumorigenesis. Korean J Pathol. 2012;46(4):324-30.

Eom M, Lkhagyadorj S, Oh SS, Han A, Park KH. ROST expression in
invasive ductal carcinoma of the breast related to proliferation activity.
Yonsei Med J. 2013;54(3):650-7.

Peng L, Fu J, Wang W, Hofman FM, Chen TC, Chen L. Distribu-

tion of cancer stem cells in two human brain gliomas. Oncol Lett.
2019;17(2):2123-30.

Wang Y, Wu YP, Wang BK, Cao XF, Fu AK, Li YL, et al. Effects of probiotic
Bacillus as a substitute for antibiotics on antioxidant capacity and
intestinal autophagy of piglets. AMB Express. 2017;7(1):52.

Hu SL, Cao XF, Wu YP, Mei XQ, Xu H, Wang Y, et al. Effects of probiotic
Bacillus as an alternative of antibiotics on digestive enzymes activity
and intestinal integrity of piglets. Front Microbiol. 2018;9:2427.

Wang Q, Zhan XL, Wang BK, Wang F, Zhou YH, Xu SJ, et al. Modi-

fied montmorillonite improved growth performance of broilers by
modulating intestinal microbiota and enhancing intestinal barriers,
anti-inflammatory response, and antioxidative capacity. Antioxidants.
2022;11(9):1799.

Hu J, Nie YF, Chen SF, Xie CL, Fan QW, Wang ZC, et al. Leucine reduces
reactive oxygen species levels via an energy metabolism switch by acti-
vation of the mTOR-HIF-1 alpha pathway in porcine intestinal epithelial
cells. Int J Biochem Cell B. 2017;89:42-56.

Laudadio |, FulciV, Palone F, Stronati L, Cucchiara S, Carissimi C.
Quantitative assessment of shotgun metagenomics and 16S rDNA
amplicon sequencing in the study of human gut microbiome. OMICS.
2018;22(4):248-54.

Durazzi F, Sala C, Castellani G, Manfreda G, Remondini D, De Cesare

A. Comparison between 16S rRNA and shotgun sequencing data

Page 23 of 23

for the taxonomic characterization of the gut microbiota. Sci Rep.
2021;11(1):3030.

34. Krautkramer KA, Fan J, Backhed F. Gut microbial metabolites as multi-
kingdom intermediates. Nat Rev Microbiol. 2021;19(2):77-94.

35. Shinde R, McGaha TL. The aryl hydrocarbon receptor: connecting immu-
nity to the microenvironment. Trends Immunol. 2018;39(12):1005-20.

36. Hanssen NMJ, de Vos WM, Nieuwdorp M. Fecal microbiota transplanta-
tion in human metabolic diseases: from a murky past to a bright future?
Cell Metab. 2021;33(6):1098-110.

37. Papanicolas LE, Gordon DL, Wesselingh SL, Rogers GB. Improving risk-
benefit in faecal transplantation through microbiome screening. Trends
Microbiol. 2020;28(5):331-9.

38. Gupta S, Mullish BH, Allegretti JR. Fecal microbiota transplantation: the
evolving risk landscape. Am J Gastroenterol. 2021;116(4):647-56.

39. HuJ,Chen L, Tang, Xie C, Xu B, Shi M, et al. Standardized preparation for
fecal microbiota transplantation in pigs. Front Microbiol. 2018;9:1328.

40. Atarashi K, Tanoue T, Oshima K, Suda W, Nagano Y, Nishikawa H, et al. Treg
induction by a rationally selected mixture of Clostridia strains from the
human microbiota. Nature, 2013;500(7461):232-6.

41. Ridaura VK, Faith JJ, Rey FE, Cheng J, Duncan AE, Kau AL, et al. Gut micro-
biota from twins discordant for obesity modulate metabolism in mice.
Science. 2013;341(6150):1241214.

42. lliev ID, Funari VA, Taylor KD, Nguyen Q, Reyes CN, Strom SP, et al. Interac-
tions between commensal fungi and the C-type lectin receptor Dectin-1
influence colitis. Science. 2012;336(6086):1314-7.

43, Goodrich JK, Waters JL, Poole AC, Sutter JL, Koren O, Blekhman R, et al.
Human genetics shape the gut microbiome. Cell. 2014;159(4):789-99.

44. Buffie CG, BucciV, Stein RR, McKenney PT, Ling LL, Gobourne A, et al. Pre-
cision microbiome reconstitution restores bile acid mediated resistance
to Clostridium difficile. Nature. 2015;517(7533):205-8.

45. Sivan A, Corrales L, Hubert N, Williams JB, Aquino-Michaels K, Earley ZM,
et al. Commensal Bifidobacterium promotes antitumor immunity and
facilitates anti-PD-L1 efficacy. Science. 2015;350(6264):1084-9.

46. Grover M, Kashyap PC. Germ-free mice as a model to study effect of gut
microbiota on host physiology. Neurogastroent Motil. 2014;26(6):745-8.

47. Wong SH, Zhao LY, Zhang X, Nakatsu G, Han JQ, Xu WQ, et al. Gavage of
fecal samples from patients with colorectal cancer promotes intestinal
carcinogenesis in germ-free and conventional mice. Gastroenterology.
2017;153(6):1621-33.

48. Hayes CL, Dong J, Galipeau HJ, Jury J, McCarville J, Huang XX, et al. Com-
mensal microbiota induces colonic barrier structure and functions that
contribute to homeostasis. Sci Rep. 2018;8(1):14184.

49. Shimada Y, Kinoshita M, Harada K, Mizutani M, Masahata K, Kayama H,
et al. Commensal bacteria-dependent indole production enhances
epithelial barrier function in the colon. PLoS One. 2013;8(11):e80604.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Gut microbiota-derived 3-phenylpropionic acid promotes intestinal epithelial barrier function via AhR signaling
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Pig fecal samples collection and microbial genomic DNA extraction
	Metagenomics sequencing and data analysis
	Bacterial 16S rDNA gene amplicon sequencing and data analysis
	Fecal microbiota transplantation experiments
	Measurements of serum diamine oxidase activities, endotoxin levels, and D-lactic acid levels
	Measurements of organ and blood routine indices and serum immunoglobulins levels
	Analyses of intestinal histological morphology, intestinal sIgA levels, and intestinal goblet cell numbers
	Measurements of intestinal IL-22 levels
	Oral gavage of bacterial strains in mice
	Identification of serum and fecal metabolites using metabolomics
	Oral administration of metabolites and drugs in mice
	In vivo intestinal permeability assay using fluorescein isothiocyanate–dextran
	In vivo intestinal permeability assay using lactulosemannitol test
	Immunohistochemistry analysis
	Western blot
	Statistical analysis

	Results
	A landscape of pig gut microbiome revealed by metagenomics and 16S rDNA gene amplicon sequencing
	Fecal microbiota transplantation from pigs to germ-free mice transfers the intestinal epithelial barrier characteristics
	Comparison analysis of gut microbiome in the recipient germ-free mice after fecal microbiota transplantation revealed by metagenomics
	Comparison analysis of gut microbiota in the recipient germ-free mice after fecal microbiota transplantation revealed by 16S rDNA gene amplicon survey
	Oral administration of Bacteroides fragilis promotes intestinal epithelial barrier function
	Bacteroides fragilis-derived 3-phenylpropionic acid metabolite contributes to intestinal epithelial barrier function
	3-Phenylpropionic acid facilitates intestinal epithelial barrier function through AhR signaling

	Discussion
	Conclusions
	Anchor 34
	Acknowledgements
	References


