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Several studies on the role of HCA species in regulating glucose homeostasis
have indicated their therapeutic value in human obesity and diabetes. There is a
clear difference in the percentage of hyocholic acid (HCA) and its derivatives
(also known as HCA species) in the total bile acid (BA) pool in the plasma
between humans, rats and pigs. However, the role of gut microbiota in BA
profiles of pigs remains unclear. We generated five germ-free pig models and
six gnotobiotic pig models by fecal microbiota transplantation (FMT). A total of
46 BAs were detected in the jejunum, cecum, colon, and rectum chyme, 37 and
33 BAs were detected in bile, 33 BAs were detected in ileal chyme and liver, and
31 BAs were detected in serum. FMT increased the percentages of HCA species
in total bile acids in the serum (79%), liver (78%), and bile (71%), but decreased
the proportions of HCA species in the total BAs of the ileum (61%), cecum (47%),
colon (51%), and rectum (57%) of pigs, as compared to GF piglets. FMT
significantly induced the production of conjugated bile acids in the small
intestine and increased the concentrations of free BAs in the large intestine
of pigs (P < 0.01). FMT piglets had over 68-fold and 104-fold increases in
conjugated BAs in the ileum compared to the germ-free piglets. FMT piglets
had an expression pattern distinct from that of germ-free piglets for genes
involved in bile acid receptors, synthesis, signaling, and transport. The gene
expression levels of the rate-limiting enzyme CYP7A1 and the enzymes CH25H
and BAAT involved in BA synthesis were significantly decreased in the liver of
FMT piglets, and there was a significant reduction in the gene expression of FXR
and TGR5 through the FGFR4/B-Klotho pathway that promotes the BA pool in
the liver of piglets after FMT.
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piglets, bile acid profile, fecal microbiota transplantation, farnesoid X receptor, bile
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Introduction

Bile acids (BAs) constitute approximately 50% of the organic
components of bile. BAs are water-soluble end products of
cholesterol metabolism that are synthesized in the liver
hepatocytes and secreted into the duodenum through the bile
flow (Begley et al, 2005). BAs have distinct physiological
regulation of their synthesis, conjugation, transport, and
detoxification. Studies in the past several decades have
revealed that BAs play important roles in fat emulsification
and absorption, antibacterial defense, and shaping the host
immune responses (Inagaki et al., 2006; Deeks, 2016; Shapiro
et al., 2018).

A recent study has reported that there is a distinct difference
in the BA composition and concentration between pigs, humans,
and rats. Cholic acid (CA) and chenodeoxycholic acid (CDCA)
are the primary BAs in humans, while muricholic acid (MCA),
CA, and CDCA are the major BAs in rats. However, pigs have a
high proportion of hyocholic acid (HCA) and its derivatives
(also known as HCA species) in the plasma (>75%), but these
comprised only ~1% of total BAs in the plasma of humans and
rats (Spinelli et al., 2016). HCA species, including HCA,
hyodeoxycholic acid (HDCA), and their glycine- and taurine-
conjugated derivatives (glycohyocholic acid [GHCA],
taurohyocholic acid [THCA], glycohyodeoxycholic acid
[GHDCA], and taurohyodeoxycholic acid [THDCA]), are
correlated with glucose levels in diabetes and play a key role in
regulating glucose homeostasis through a nuclear farnesoid X
receptor (FXR) and cell membrane G-protein-coupled BA

Abbreviations: HCA, hyocholic acid; BA, bile acid; GF, germ-free; FMT, fecal
microbiota transplantation; CDCA, chenodeoxycholic acid; CA, cholic acid;
DCA, deoxycholic acid; LCA, lithocholic acid; UDCA, ursodeoxycholic acid;
GCDCA, glycohenodeoxycholic acid; TCDCA, taurodeoxycholic acid; GCA,
glycoholic acid; TCA, taurocholic acid; UCA, ursocholic acid; ACA, allocholic
acid; TDCA, taurodeoxycholic acid; GDCA, glycodeoxycholic acid; GUDCA,
glycoursodeoxycholic acid; TUDCA, tauroursodeoxycholic acid; GLCA,
glycolithocholic acid; TLCA, taurolithocholic acid; TP, total protein; GLO,
globulin; ALB/GLO, albumin/globulin ratio; ALT, alanine aminotransferase;
NA, sodium; CL, chlorinum; TC, total cholesterol; LDL, low-density
lipoprotein; ADP, adiponectin; GLP1, glucagon-like peptide 1; INS, insulin;
BUN, urea nitrogen; FXR, farnesoid X receptor; TGR5, Takeda G-protein-
coupled receptor 5; FGFR4, fibroblast growth factor receptor 4; CYP7A1,
cholesterol 7alpha-monooxygenase; CYP27A1, cholestanetriol 26-
monooxygenase; CYP39A1, 24-hydroxycholesterol 7alpha-hydroxylase;
CYP8BI, sterol 12-alpha-hydroxylase; CYP7B1, 25/26-hydroxycholesterol
7apha-hydroxylase; CH25H, cholesterol 25-hydroxylase; HSD3B7, steroid
delta isomerase 7; RXRa, retinoid X receptor-alpha; SHP, small heterodimer
partner; FGF19, fibroblast growth factor 19; NTCP, Na* taurocholate
cotransporting polypeptide; ASBT, apical sodium-dependent bile acid
transporter; MRP3, multidrug resistance protein 3; MRP4, multidrug

resistance protein 4; SGLT1, sodium-glucose contransporter, member 1.
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receptor (TGR5) signaling (Claudel et al., 2005; Zheng
et al., 2021a).

During passage through the intestine after a meal, BAs are
transformed by the indigenous microbiome (Midtvedt, 1974; Xie
et al, 2021). In healthy pigs, a total of 19 bacterial phyla have
been detected, and Firmicutes and Bacteroidetes are the most
abundant microbial phyla in the pig gut microbiome
(accounting for 70% of the total sequences), with fewer
members in Proteobacteria and Actinobacteria (Wang et al,
2019). There are three main transformations of host-derived
primary BAs by gut microbes: deconjugation, 7o-
dehydroxylation, and 7o-dehydrogenation for the production
of secondary BAs (Begley et al., 2005).

Germ-free (GF) mice colonized with human/mouse
microbiota have been used to study the effects of
environmental and genetic factors on the correlation between
gut microbiota and host physiology. However, the BA profile
and levels in hepatic and extra-hepatic tissues of pigs, as well as
the key roles of gut microbiota in the composition and
concentration of BAs, remain unclear. In our previous study
we had demonstrated that fecal microbiota transplantation
(FMT) increased the total BA level and proportion of
secondary BAs in jejunal content and feces of the piglets (Li
et al., 2020). Here, we aimed to determine whether and how
healthy pig microbiota can affect the BA profile. Such knowledge
will be important for understanding the microbiota-induced
regulation of BA synthesis and transport in pigs.

Materials and methods
Ethics approval

The institutional ethics committee of the Chongqing
Academy of Animal Science (Chongqing, China) reviewed the
relevant ethical issues and approved this study (permit number
xky-20150113). All of the experiments were conducted at the
Experimental Swine Engineering Center of the Chongging
Academy of Animal Sciences (CMA No. 162221340234;
Chongging, China).

Pig models

Screening of the FMT donors and the preparation of the
fecal suspensions were performed according to a previously
reported method (Sun et al, 2021). In brief, donors were
animals that reported no eight bacterial enteric pathogens,
seven viruses, two parasites, and one mycoplasma, which were
line with the recommended national standards of control and
monitoring of Specific pathogen-free (SPF) swine pathogens
issued by the Standardization Administration of China
(https://std.samr.gov.cn; GB/T 22914-2008). Here, the fecal
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suspensions from six multiparous Bama sows (Zhou et al,
2021a) were processed and preserved for FMT. In this study,
based on the method used by Pang et al. (2007), the preparation
method of fecal suspension was follow: Freshly stool was
collected and put into a sterile, disposable homogenized bag,
and the fecal suspension was prepared within 2 hours. In the
ultra-clean table, freshly passed stool was diluted 5-fold and
homogenized in sterile pre-reduced 0.1M phosphate buffer
saline (pH 7.2), filtered through four layers of sterilized
medical gauze, and the fecal suspension was collected in a
sterile beaker. Finally, the fecal suspension was mixed with
10% sterilized glycerin (vol/vol), and then dispensed to
cryotubes and immediately transferred to an environment with
temperature of -80 °C.

Twelve neonatal GF Bama miniature piglets (Sus scrofa)
were obtained by hysterectomy and were kept in six rearing
isolators (Class Biologically Clean Ltd., Madison, Wisconsin,
USA). Prior to FMT, each GF piglet in an isolator was checked
for aerobic and anaerobic bacterial contamination, and six GF
piglets in three isolators were used for FMT at postnatal day 7
(FMT group), and it continued for 3 days. In brief, FMT
preparation included an overnight fast prior to FMT, and the
FMT protocol comprised an oral administration of 1 mL of
homogenized donor fecal suspension (unfrozen at room
temperature prior to FMT) blended in 5 mL of sterilized fluid
milk (the Co60-y-irradiated sterile milk powder prepared in our
laboratory (Zhou et al.,, 2020). The remaining six GF piglets in
three isolators were treated as the GF group, and the first meal
each morning was supplemented with 5 mL of sterilized fluid
milk when they were fed at 7-9 days of age. Their rectal swabs
and oral mucosa were checked for aerobic and anaerobic
bacterial contamination at least once per week until sample
collection, and the results of microbial monitoring were
recorded as negative or positive (Zhou et al., 2020). Each post-
FMT or GF piglet was reared in the isolator and was hand fed.
The Co60-y-irradiated sterile corn-soybean feed prepared in our
laboratory (Zhou et al., 2020).

Sample collection

At 42 days of age, blood samples (3 mL in EDTA tubes, 3 mL
in heparin tubes, and 20 mL in plain tubes) of each piglet were
obtained from the anterior vena cava before the piglets were
euthanized under isoflurane anesthesia. The serum samples were
separated from blood samples and stored at —80°C for further
analysis. On a vertical airflow clean bench, approximately 500
mg digesta from the jejunum, ileum, cecum, colon, and rectum
(or fresh feces) were collected on ice and then immediately
frozen at —80°C for the BA and metagenomic analyses. Then, the
tissues of the jejunum, ileum, cecum, colon, and rectum were
washed with cold saline solution, immediately collected in liquid
nitrogen, and then stored at —80°C for further analysis. In
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addition, the left lateral lobe of the liver (~1 g) and bile in the
gallbladder of each piglet were also collected and frozen in liquid
nitrogen and then stored at —80°C.

Metagenomic analysis of FMT gut
microbiome

Total DNA was extracted from 200 mg of jejunal chyme or
stool samples of the FMT group using the QIAamp DNA stool
mini kit (QIAGEN Inc., Avenue Stanford, Valencia, USA).
Genomic DNA was visualized on 1% agarose gels and
determined using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Libraries were generated
and sequenced on the Illumina HiSeq2500 platform (2 x 150 bp)
(Shanghai Majorbio Bio-pharm Technology Co., Ltd,
Shanghai, China).

The data were deposited in the Majorbio I-Sanger Cloud
Platform (http://www.i-sanger.com) for further analysis. In
detail, sequencing read datasets were quality filtered and then
assembled using Multiple Megahit. MetaGene (http://metagene.
cb.ku-tokyo.ac.jp/) was used for gene (ORF) prediction. A non-
redundant gene set was constructed by pairwise comparisons of
all of the genes using CD-HIT (http://www.bioinformatics.org/
cd-hit/) under the criteria of identity > 95% and overlap > 90%.
Gene alignment was performed by SOAPaligner (http://soap.
genomics.org.cn/) under the criterion of identity > 95%. Gene
taxonomic assignments were made on the basis of a BLASTP
(BLAST ver. 2.2.28+, http://blast.ncbi.nlm.nih.gov/Blast.cgi)
search (e < le-5) of the NCBI-NR database and 126 known
gut bacteria genomes.

RNA isolation and qPCR

Total RNA was isolated from the frozen jejunum, ileum,
cecum, colon, rectum, and liver using Trizol reagent (TakaRa) in
accordance with the manufacturer’s instructions. The purity and
concentration of the RNA were detected using a NanoDrop ND-
2000 spectrophotometer (NanoDrop, Germany). The integrity
of RNA was measured by agarose gel electrophoresis, and the
28S:18S ribosomal RNA band ratio was approximately equal to
2. RNA was reverse transcribed into cDNA by the GoScriptTM
Reverse Transcription System following the manufacturer’s
guidelines. Primers for the associated genes (Table 1) were
synthesized by Genewiz Ltd. (Suzhou, China). The qPCR was
analyzed on an ABI Prism 7000 detection system in a two-step
protocol with SYBR Green (Applied Biosystems, Foster City,
CA, USA). Each reaction contained 5 pL SYBR®Premix Ex
TaqTM II (Tli RNaseH plus), 3.5 UL cDNA, 0.4 uL of each
forward and reverse primer, 0.2 LL ROXReference Dye (50x),
and 0.5 UL Rnase free dH,O. The PCR conditions were an initial
denaturation at 95°C for 30 s, followed by 40 cycles of
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denaturation at 95°C for 5 s, then annealing at 60°C for 30 s and
a 72°C extension step for 5 min. A melting curve was formed
following each quantitative real-time PCR determination to
verify the specificity of the reactions. GAPDH (as a
housekeeping gene) was selected as the reference gene to
normalize the mRNA expression of target genes. Gene
abundance values of the replicate samples were computed by
the 274" method. Each sample was determined in triplicate.

Parallel reaction monitoring (PRM) assay

PRM assay evaluation was used for the measurement of the
expression levels of BA synthesis- and metabolism-related
proteins in the liver and ileum samples. The first step was the
extraction of protein from the samples, and the second step was
to quantify the protein concentration by the Bradford method or
the BCA method. Third, SDS-PAGE of protein samples was used
to analyze and determine whether the quality of samples met the
requirements of subsequent experiments. For sample
preparation, reduction alkylation treatment was carried out on
the proteins with the standard quality, and then, an equal
amount of each protein sample was taken for Trypsin-
removal treatment.

For PRM assays, peptide separation was optimized on an
EASY-nLC C;g column (75 um x 25 c¢m, Thermo Fisher
Scientific, USA) using a multistep gradient of B starting at 5%
for 1 min, 5%-23% for 63 min, 23%-48% for 88 min, and 48%-
100% for 89 min. B was then held at 100% for 95 min and then
decreased to 0 to equilibrate the system. A flow rate of 300 nL/
min was used, and the total run time was 120 min. ESI source
settings were maintained as described above. The PRM assays
consisted of one full MS scan, followed by up to 27 targeted MS2
scans. The full MS scan covered the mass range m/z 300-1500
with 60000 resolving power, an AGC target value of 3e6, and
maximum IT 100MS. For MS2, the scan settings were 15000
resolving power, AGC target 5e5, and maximum IT 80 ms, and
the precursor isolation window was set to 2.0 m/z. The PRM
parameters were optimized for up to seven points (0, 0.125, 0.5,
0.75, 1.0, 1.5, 2 mg/mL) across the standard curve.

Quantitative analysis of BAs

BAs were quantified by liquid chromatography coupled with
mass spectrometry (LC-MS) (Water Acquity UPLC-Xevo TQ-S,
Novogene Co., China). A total of 58 kinds of BA standards were
accurately weighed, and an aliquot of 0.5 mM standard stock
solution was prepared by mixing BA standards. A series of
standard calibration solutions were diluted with desalted serum
(depleted of BAs using activated charcoal) for the calibration
curve. The concentrations of the mixed standard solutions were
1500, 150, and 5 nM as high, medium, and low concentration
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quality control samples (QC samples). Approximately 10 mg of
the sample was mixed with 180 UL acetonitrile-methanol (8:2 v/
v) containing 10 internal standards (ISs) (GCA-d4, TCA-d4,
TCDCA-d9, UDCA-d4, CA-d4, GCDCA-d4, GDCA-d4, DCA-
d4, LCA-d4, and B-CA-d5, 150 nM for each). All of the mixtures
were allowed to stand at —20°C for 10 min and then were
centrifuged at 13500 rpm at 4°C for 20 min. The supernatant was
transferred to another tube and then vacuum-dried. A total of
200 pL acetonitrile-methanol (8:2 v/v) was added. The sample
was centrifuged at 13500 rpm at 4°C for 20 min. The supernatant
from the extraction was used for LC-MS analysis. Finally, each
bile sample was divided into two parts and diluted 1000 and
10000 times with acetonitrile-methanol (8:2 v/v).

All chromatographic separations were performed with an
ACQUITY UPLC Cortecs C18 analytical column (1.6 pM,
100 mm x 2.1 mm internal dimensions) (Waters Corp.,
Milford, MA). The mobile phase consisted of water with
0.01% formic acid (mobile phase A) and acetonitrile/
methanol (8/2, v/v) (mobile phase B). The column was
maintained at 30°C, and the injection volume for all samples
was 5 UL. The flow rate was 0.4 mL/min, and gradient elution
was applied. The mass spectrometer was operated in negative
ion mode, and the source and desolvation gas temperatures
were 150°C and 550°C, respectively. The data were collected
with a multiple reaction monitor (MRM), and the cone and
collision energy for each BA used the optimized settings from
Quan Optimize application manager (Waters Corp., Milford,
MA). The processing and quantification of the BA profile raw
data were performed using TargetLynx software (Waters
Corp., Milford, MA) based on the method described by
Zheng et al., (2021a).

Serum parameter measurement

We analyzed the levels of 28 biochemical parameters in the
serum of FMT and GF piglets using an AU680 automatic
biochemical analyzer (Beckman Coulter, Inc., USA). The
concentrations of adiponectin, low-density lipoprotein-
cholesterol (LDL-c), total cholesterol (TC), glucagon-like
peptide 1 (GLP-1), and insulin (INS) of GF piglets were
detected and reported by our group (Zhou et al., 2021b). The
liver function parameters total protein (TP), globulin (GLO),
albumin/globulin (ALB/GLO) ratio, glutamic-pyruvic
transaminase (ALT), gamma-glutamyltransferase (GGT),
alkaline phosphatase (AKP), cholinesterase (CHE), lactic
dehydrogenase (LDH), and creatine kinase (XQCK); the renal
function parameters urea nitrogen (BUN) and creatinine
(CREA); the glucose parameters glucose (GLU), glucagon
(GC), and leptin (LEP); the electrolyte parameters serum
sodium ion (NA), serum chloride ion (CL), and serum kalium
(K); and the lipid parameters triglyceride (TG) and high-density
lipoprotein (HDL) were analyzed in this study.
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TABLE 1 Primers for genes related to BA biosynthesis, receptors, signaling and transport.

Pathway

BA? biosynthesis

BA receptors

BA signaling

BA transport

Frontiers in Animal Science

Gene

CYP7B1

CYP27A1

CYP8BI

CYP7B1

CYP39A1

HSD3B7

CYP4A21

CH25H

BAAT

BACS (FATP5)

ACOTS

FXR (NR1H4)

TGR5 (GPBAR-1)

FGF19

SHP (NROB2)

FGFR4

B-Klotho

IBABP

HNF4od

LRH-1 (NR5A2)

ASBT

OSTo

MRP2

MRP3

05

10.3389/fanim.2022.951840

Primer sequences (5°-3)

GAAAGAGAGACCACATCTCGG
GAATGGTGTTGGCTTGCGAT
ACTGAAGACCGCGATGAAAC
CAAAGGCGAATCAGGAAGGG
TGGCCATTGTGGGATACCTG
GCCTAGCTGCACGGTGAATA
CAGTAGAAGGCCACGTGTTTC
CTCCAATGAAAGGAAGCCAGC
GGCCCCTGGTGTCATTACT
CCTTTTTCCAACGTTCAGGC
CCTTCCCCTCATCTTGGGCA
CCAGGTGTAGGTCGAAGACG
GATCCAGGAACTGCATTGGGA
CACAATTCCTTGAATAGGAACGGG
CACTCACAGACTAGTACCTTTCG
TCCCAGTATTTTGTCCCAGTG
GGCTGATGATCCGAGAAGGG
ATGCCCCCAAACAAGTCGAT
CTGGCTCCCTGCCTATGCT
GAACGTGCTTGTGGTCTCCAA
CTACTTTGTTCGGACAGGGGAC
GAAGGAGGCCTGGCAGATAA
TATGAACTCAGGCGAATGCCTGCT
ATCCAGATGCTCTGTCTCCGCAAA
TGCTGTCCCTCATCTCATTGG
TGTGTAGCGATGATCACCCAG
AAGATGCAAGGGCAGACTCA
AGATGGTGTTTCTTGGACCAGT
ACCATTCTCTTCAACCCTGATGT
GCTGCGAGGAGAACACGAG
GCTCAGAGGTGGAGGTCCTA
GCCTGCCAGACAGGTGTATT
GCACCGAGTGGAAGGAGT
TTGCCAGTAGGAAGGATTG
GCAAGGAGTGCGACATAGAGAC
TGGTGGTAGTTGGGGCTGTT
GCCTCTCCAAAACCCTGGTC
CTGATGGGGATGTGTCATTGC
GGTACCACTATGGGCTCCTCAC
TCGGCCCTTACCGCTTCT
AAGTTCCTGGGGCACGTAAA
CTCCTGGACAGCATCCCATT
TGTACAAGAACACTCGCTGC
GAACACACACACTATCGTGGG
GAACAGGTTTGCTGGCGATATT
GCCAGGAGCGCAAAGACA
TGGACAAAGGGACAATAGCTGAGT
TGGCCATCCCGTAGAAGATG

(Continued)
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TABLE 1 Continued

Pathway Gene

BSEP
OATPI

NTCP

“BA means bile acid.

Statistical analysis

For statistical comparisons, data were analyzed with SPSS
(V24.0, IBM, USA) using the Welch Two-Sample ¢-test. Analyte
levels in tables and figures are presented as mean + SE or mean +
SD. Spearman’s rank correlation coefficients were calculated to
examine the association of BAs and blood parameters or the
relative abundance of the bacterial taxa identified in the gut
microbiota. Two-tailed p values smaller than 0.05 were
considered significant. OriginPro (2019, OriginLab Corp.,
USA) and Microsoft Office Excel 2016 (Microsoft, USA) were
used for graphics generation.

Results

Colonization of pig microbiota increased
the concentration of BAs

To understand the potential effects of gut microbiota on the
BA profile, we compared the BA composition and concentration
in the liver, sera, bile (from the gall bladder) as well as intestinal
chyme in the jejunum, ileum, cecum, colon, and rectum of GF
and FMT piglets. Not enough jejunal or rectal chyme of a GF
piglet (named GF-2) was taken; therefore, only five GF piglets
and six FMT piglets were used for the analysis of BA profiles in
this study. The results (Figure 1A) showed that 46 BAs were
detected in the jejunum, cecum, colon, and rectum chyme of
both GF and FMT piglets; 37 BAs were detected in bile samples;
33 BAs were detected in ileal chyme and liver samples; and 31
BAs were detected in sera from both GF and FMT piglets. There
was no difference in the types of BAs between groups, except for
ileal chyme. Specifically, there were 21 BAs in all intestinal
chyme samples, and 21 BAs in the liver, sera, and bile were
shared between the GF and FMT groups.

In this study, the percentages of BAs detected in sera were
0.29% (25.63 + 4.5 umol/mL) of the total BAs in the FMT group
and 0.49% (29.31 + 6.8 umol/mL) of the total BAs in the GF group
(Figure 1B). The total BAs of GF piglets (average concentration,
5939.62 + 949.5 umol/mL) primarily consisted of the detected
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Primer sequences (5°-3)

CGCAGCGTGAAGAAATGTGG
AAAACCGAAACAGTTGAAAGAGGC
TGCTTAAAACTCCCACCCCT
GTTTGCTTCATTCACGGCTT
TGTCATCAAGGGAGGAACGA
CGAGCATTGAGGCGGAAAAG

BAs in the liver and intestinal chyme, accounting for 91.41%
(average concentration, 5939.63 + 1004.4 wmol/mL) and 6.65%
(average concentration, 395.50 + 194.2 umol/mL), respectively.
Colonization of gut microbiota significantly increased the total BA
pool in FMT piglets (average concentration, 8931.49 + 1966.6
umol/mL), being largely composed of the detected BA levels in
intestinal chyme (53.97%; 4820.68 + 1743.2 pmol/mL) and liver
(44.85%; 4005.57 + 496.4 umol/mL). More than 99% of BAs in the
gut were primarily formed in the small intestines (including
jejunum and ileum) (Figure 1D).

Colonization of pig microbiota increased
the level of HCA species

HCAs are primary species of BAs in the plasma of pigs that
are inversely correlated with glucose levels in humans with
T2DM (Zheng et al.,, 2021a). Figures 1C-E show the relative
proportions of HCA species in the total BAs in eight analyzed
tissues. Of note, FMT increased the proportion of HCA species,
and the highest concentration was detected in the liver (average
concentration, 3138.21 + 329.9 umol/mL), accounting for 78%
of the total BAs; the proportion of HCA species in the bile and
serum accounted for 86% and 79% of the total BAs, respectively
(average concentration, 68.33 + 6.4 pmol/mL and 15.17 + 2.9
umol/mL, respectively). After the colonization of gut microbiota,
FMT piglets produced the highest concentrations of HCA
species in the small intestine (SI) (238.50 + 50.2 umol/mL in
the jejunum and 3322.45 + 1182.2 umol/mL in the ileum),
accounting for 82% and 61% of the total BAs, respectively.
About 99.89% of HCA species were absorbed after passage
through the ileum, and the detected concentration in the cecal
chyme of FMT piglets was 4.05 + 0.6 pmol/mL (accounting for
47% of the total BAs in the cecum on average). In the large
intestine (LI), about 42.22% of HCA species produced in the
cecum were re-absorbed, while 2.34 + 0.3 umol/mL and 1.49 +
0.1 pmol/mL of HCA species were detected in the colonic and
rectal chyme of FMT piglets, respectively. Compared to the FMT
group, the concentration of HCA species in the liver (3865.77 +
697.0 umol/mL; P = 0.343) and serum (20.02 + 4.7 umol/mL; P =
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FIGURE 1

Concentrations of the total bile acids (BAs) in FMT and GF piglets. Changes in composition (A) and percentage (B) of total BAs in the liver, bile,
serum, and gut of GF piglets after colonization. Microbiota-induced changes in the composition of HCA species in the liver, bile, and serum (C).
(D) Effects of colonization of pig microbiota on BA concentration in the small intestine (SI) and large intestine (LI); (E) Microbiota-induced
changes in the percentage of HCA species concentrations in the total BAs in the jejunum, ileum, cecum, colon, and rectum. Gut™ represents

the jejunum, cecum, colon, and rectum, except ileum.

0.390) increased in GF piglets, comprising 71% of the total BAs
in the liver and 77% of the total BAs in the sera of the GF group.
The detected concentration of HCA species in the intestinal
chyme of GF piglets was significantly decreased. GF piglets had
37% and 94% reductions of HCA species concentrations in the
jejunum (141.96 + 47.0 pmol/mL; P = 0.201) and ileum (186.87
+ 151.3 umol/mL; P = 0.056) compared to the FMT group,
respectively. After passage through the cecum, over 99.65% of
HCA species were absorbed, and only 0.37 + 0.2 umol/mL of
HCA species was detected in the colon chyme. FMT piglets had
significant 86% (P = 0.001), 82% (P = 0.001) and 77% (P = 0.000)
increases in HCA species in the cecum, colon, and rectum,
respectively compared to the GF group (Figure 2). In addition,
FMT piglets also had significant (> 99%) increases of HDCA
concentration in the cecum (P = 0.016), colon (P = 0.031), and
rectum (P = 0.028) compared to the GF group.

Colonization of pig microbiota increased
the level of other BA species

Chenodeoxycholic acid (CDCA) and its derivates (also
known as CDCA species) were the second most abundant BA
species in the pig intestine (Figure 3). The SI had a higher
concentration of CDCA species than the LI of piglets in this
study, and the highest concentration was detected in the ileum
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chyme (1065.19 + 458.7 umol/mL in the FMT group and 15.31 +
5.1 umol/mL in the GF group). Only 0.69 + 0.17 umol/mL and
0.03 + 0.007 umol/mL of CDCA species were detected from the
cecal contents of FMT and GF piglets, with re-absorption ratios
of 99.93% and 99.75%, respectively.

In addition, the colonization of pig microbiota had a strong
influence on the production and re-absorption of other BA
species in the pigs. For example, CA species and deoxycholic
acid (DCA) species were mainly produced in the ileum (the
average concentrations were 46024.95 + 16024.5 nmol/mL and
12887.46 + 7491.4 nmol/mL, respectively) and re-absorbed in
the cecum so that the average concentrations in the cecum were
reduced to 68.22 + 14.2 nmol/mL and 44.58 + 15.0 nmol/mL,
respectively. In contrast, the concentrations of CA species and
DCA species in the ileum of GF piglets were 1591.18 + 916.4
nmol/mL and 6.22 *+ 6.2 nmol/mL, respectively. These species
were almost completely absorbed in the cecum, where only 3.42
+ 1.7 nmol/mL (P = 0.006) and 0.13 + 0.03 nmol/mL (P = 0.031)
were detected in the cecum of GF piglets, respectively (Figure 3).

Colonization of pig microbiota
decreased the level of serum sugar

The levels of 12 biochemical parameters were significantly
different between the FMT and GF groups (P < 0.05)
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FIGURE 2

Changes in HCA species concentrations in different gut sites after colonization. Concentrations of HCA species in the jejunum, ileum, cecum,
colon, and rectum. Mean values + SE are plotted; n = 5 samples in the GF group, n = 6 samples in the FMT group. Red values with a down
arrow represent the percentage reduction (%) of BA in the GF group compared to the FMT group. *P < 0.05, **P < 0.01 indicate differences
versus GF by the Welch Two-Sample t-test. HCA = hyocholic acid; GHDCA = glycohyodeoxycholic acid; GHCA = glycohyocholic acid; THCA =
taurohyocholic acid; THDCA = taurohyodeoxycholic acid; HDCA = hyodeoxycholic acid.

(Figures 4A, B). In detail, colonization of the pig microbiota in
this study resulted in significant decreases of two liver function
indices (ALB/GLO ratio and ALT), a blood electrolyte (NA), a
serum lipid (ADP), two blood sugar indices (GLP-1 and INS),
and one renal functional index (BUN) in the serum of FMT
piglets. Compared to GF piglets, FMT induced significant
increases in the levels of TP and GLO (liver functional
parameters), CL (blood electrolyte parameter), and TC and
LDL (lipid functional parameters). The colonization of gut
microbiota significantly decreased the ALB/GLO ratio in the
FMT group compared to the GF group.

After the colonization of the pig microbiota, FMT piglets
had slight reductions of the concentrations of HCA species
(24%) (P = 0.390) and CDCA species (37%) in the serum of
FMT piglets (643.80 + 176.3 nmol/mL; P = 0.311) compared to
the GF piglets that may have resulted in a significant increase of
TC (P = 0.020), TP (P = 0.001), and low-density lipoprotein
(LDL; P = 0.005) in the serum of the FMT group. The
concentration of CA species in the serum of FMT piglets was
positively correlated with HDL (r = 0.829, P = 0.042) and TC (r =
0.829, P = 0.042), respectively. The concentration of CA species
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in the serum of GF piglets was negatively correlated with GC (r =
-9.00, P = 0.037), and the concentration of deoxycholic acid
(DCA) species in the GF group was negatively correlated with
TC (r = -0.975, P = 0.005). There is a significantly negative
correlation between the concentration of ursodeoxycholic acid
(UDCA) species and TG (r 0.975, P = 0.005). The
concentration of lithocholic acid (LCA) species in the GF

group was positively correlated with GLP-1 (r = 0.900, P =
0.037) (Figures 4C, D). In addition, there were increases in DCA
species (2-fold), UDCA species (7-fold), and LCA species (14-
fold) in the serum of FMT piglets after the colonization of
pig microbiota.

Gut sites determine the composition of
intestinal microbiota in FMT piglets

Principal coordinate analysis of Bray-Curtis distances
showed a clear separation between the microbial communities
in the jejunum and rectum of FMT piglets at the first principal
coordinate (x-axis) that explained more than 68% of the variance
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FIGURE 3

Performance of other BA species in the FMT and GF groups, except HCA species. CDCA species: GCDCA, TCDCA, and CDCA; CA species: CA,
GCA, TCA, UCA, and ACA; DCA species: DCA, TDCA, GDCA; UDCA species: UDCA, GUDCA, and TUDCA; LCA species: LCA, GLCA, and TLCA
Mean values + SE are plotted; n = 5 samples in the GF group, n = 6 samples in the FMT group. Red values with a down arrow represent the
percentage reduction (%) of BA in the GF group compared to the FMT group. The circle” or the symbol * represents the outliers in the data

batch using a boxplot graph.

(Figure 5A). The second principal coordinate (y-axis) accounted
for 17% of the variance and separated the microbial
communities by gut site. The microbial composition differed
between the jejunum and rectum of FMT piglets; in addition to
the 41 bacterial phyla found in the jejunum, the rectum of FMT
piglets had 104 unique phyla (Figure 5B). Among these,
Proteobacteria, Bacteroidetes, and Firmicutes were the most
abundant bacterial phyla in the jejunal chyme, with average
abundances of 51.84% + 16.9%, 32.37% + 14.4%, and 12.33% =+
8.4%, respectively. In contrast, the rectal microbiota had a
significantly higher abundance of Firmicutes (57.15% = 3.0%,
P < 0.01; Figure 5C).

Next, Spearman correlation analysis was carried out between
the top 10 bacterial phyla and the detected amounts of HCA
species in the jejunum/rectum (Figure 5D). The results showed
that the content of HCA species was positively correlated (P <
0.001) with Proteobacteria, and the level of HCA species was
negatively correlated (P < 0.001) with the relative abundances of
Firmicutes, Streptophyta, and Chlamydiae. In the rectum, the
level of HCA species was slightly correlated with the relative
abundance of the top 10 bacterial phyla (|r| < 0.8), and only the
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GHCA level was significantly positively correlated with the
Proteobacteria (r = 0.83, P < 0.05). The HDCA level was
negatively correlated with the abundance of Verrucomicorbia
(r =-0.88, P < 0.05).

Colonization of pig microbiota increased
the production of conjugated BAs in the
small intestine (Sl) and free BAs in the
large intestine (LI)

The results showed that the SI was the main site of conjugated
and free BA production, and the highest level of conjugated and
free BAs was detected in the ileum. The average levels of free and
conjugated BAs in the SI of GF piglets were 22.46 + 0.2 umol/g
and 206.81 + 71.9 umol/g, respectively. The colonization of gut
microbiota stimulated BA production; the average levels of free
and conjugated BAs in the SI of FMT piglets were 1407.03 £ 709.9
pmol/g and 3685.44 + 828.9 umol/g, respectively. Specifically, the
colonization of pig microbiota significantly increased the levels of
conjugated BAs in the ileum of FMT piglets (3407.49 + 1084.3

frontiersin.org


https://doi.org/10.3389/fanim.2022.951840
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org

Sun et al. 10.3389/fanim.2022.951840
A B
Serum Liver function parameters
30000 “FMT mGF
800
“FMT
25000 - wor 700
20000 600
500
15000 w0
10000 300
200
5000 100
o 0
HCA species CDCA species CA species. P{\ @/\ 9? eve f «\*& e\y GGT AKP CHE ™ LDH Xack
0 Serum =FMT wcF € Glucose parameters
s Renal function parameters
s Ry 3 SEMT 1450 “FMT
s @ » "GP 1000 nGF
40 40 :: 1350
30 0 15 e 1300 | 1
» 2 ° - 1250
0 04 s !
o o L o 1200
DCA species UDCA species LCA species. BUN CREA 6LY 6c INS  GLP1 LeP
Serum R Electrolyte parameters s Lipid parameters
= : PR 4
16000 byl nGF % I—‘ "GP
14000 76
12000 74
10000 2
8000 7
6000 68
4000 66
2000 64
0 62
HDCA+GHDCA HCA+GHCA ADP
C @ @ g o o <
" 2 o 2 » Q ] @ o 2 o 9
8 8 8 <« g a
R I BT B A -
§ 78 27 8 %% L B O A S
v g & & < @ & 9 v g L S - S
§ 8 < § 8 8§ 8 8§ § 8 <« §8 8% 8 8§
I o o (=] =] - T I T o (() aQ 2 3 I I
HCA species -
CDCA species
CA species
DCA species
050
UDCA species I on I o
. 052 024
LCA species ::: 000
- 023
HDCA+GHDCA 2 b
HCA+GHCA o I oot
— L= | = =T |
D 2 2 < ° <
° o o 8
& 5 , & & 5 < 8 g 2 , 8 8 % <« 8
] § e & © 2 8 F T g 8 9 8 & 9 I
g & % g § & T © g & 5 8 8 & Z O
o 2 @ o % - 4 o x
< a « 9 X @ g & @ @ < 9 X
s 8:3 58 ¢38 § 8 :3358%5§&
I 0 o a 3 5 I I € 8 3 8 39 S & 2
HCA species -
CDCA species
CA species
DCA species
UDCA species 090 085
oo s | B
052 033
LCA species - poes 007
o014 019
HDCA+GHDCA o GLP post
025 w72
HCA+GHCA Iw Iw
FIGURE 4

Bile acid species and blood biochemical parameters in the serum of FMT and GF piglets. (A) Changes in the concentrations of various bile acid
species. (B) Changes in the levels of blood biochemical parameters after colonization of pig microbiota. Mean values + SE are plotted; n = 5
samples in the GF group, n = 6 samples in the FMT group. *P < 0.05, **P < 0.01 indicate differences versus GF by the Welch Two-Sample t-test.
Spearman correlation coefficients for concentrations of HCA species and the blood biochemical parameters in the serum of FMT piglets (C) or
GF piglets (D). The value in the unit square represents the correlation coefficient. An asterisk * represents a significant correlation at the 0.05
level (two-tailed); ** represents a significant correlation at the 0.01 level (two-tailed).

pumol/g in average; P = 0.036) as well as the level of free BAs in the
LI (15.86 + 2.2 umol/g; P = 0.001) (Figure 6D). The levels of free
BAs in the cecum, colon, and rectum of FMT piglets were
significantly higher compared with the mean levels of the GF
control group. The average concentrations of free BAs in the FMT
group were 8.53 + 1.4 umol/g (in the cecum; P = 0.001), 4.72 + 0.6
pmol/g (in the colon; P = 0.000), and 2.60 + 0.3 pmol/g (in the
rectum; P = 0.001). The average concentrations of free BAs in the
cecum, colon, and rectum samples of GF piglets were 0.59 * 0.
umol/g, 0.47 + 0.3 umol/g, and 0.34 + 0.2 umol/g, respectively.
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We analyzed the ratio of the glycine- to taurine-
conjugated BAs (G/T ratio) in the liver, bile, serum, and
intestine (Figures 6A, B). The colonization of pig microbiota
resulted in significant increases in the G/T ratio in the
liver and bile of FMT piglets compared with the GF group
(P = 0.002). Significant increases of glycine-conjugated
(P = 0.026) and taurine-conjugated BAs (P = 0.011) were
observed in the ileum of FMT piglets, with an over 68-fold
and 104-fold induction compared to the GF piglets,
respectively (Figure 6C).
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FIGURE 5

Comparison of jejunal and rectal microbiota in FMT piglets. (A) Principal coordinate analysis (PCoA). (B) Venn diagram analysis of bacterial phyla
and genera between jejunal and rectal microbiota of FMT piglets. (C) Relative abundance of three main bacterial phyla between jejunal and
rectal microbiota of FMT piglets. FMT_J represents the jejunal samples of FMT piglets; FMT_R represents the rectal samples of FMT piglets. An

independent t test was used to identify differences between groups. *P < 0.05, **

P < 0.01. (D) Spearman'’s rank correlation heatmap between

the concentrations of HCA species and the bacterial phyla in intestinal contents (jejunum or rectum) is shown. (E) Correlation heatmap between
the concentrations of HCA species and the bacterial species in intestinal contents (jejunum or rectum). Correlation coefficient R values are
shown in different colors. (F) Box chart (mean with SE) of the relative abundances of B. contaminans, B. lata, and R. timonensis in the jejunal and
rectal samples of FMT piglets. Correlation coefficient R values are shown in different colors. Asterisk (*) in the table cells represent significant
correlations at the 0.05 level (two-tailed). ** in the table cells represent significant correlations at the 0.01 level (two-tailed); *** represent

significant correlations at the 0.001 level (two-tailed).

Colonization of the pig microbiota
induced FXR signaling

We analyzed the expression of genes and proteins involved
in BA synthesis and found that colonization with pig microbiota
significantly decreased the gene expression of the rate-limiting

enzymes cholesterol 7alpha-monooxygenase (CYP7Al; P
0.030) and cholestanetriol 26-monooxygenase (CYP27A1; P
0.106) and also promoted decreased gene expression of other
enzymes involved in BA synthesis, such as cholesterol 25-
hydroxylase (CH25H), 24-hydroxycholesterol 7alpha-
hydroxylase (CYP39A1), and steroid delta isomerase 7
(HSD3B7) (Figure 7). The gene expression of the enzyme

CYP7B1 was decreased after the colonization of pig microbiota
(P > 0.05). In this study, the expression levels of FXR and G-
protein-coupled bile acid receptor, Gpbarl (TGR5) genes were
significantly decreased in the liver after the colonization of pig
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microbiota (Figure 7), resulting in decreases of their target gene
small heterodimer partner (SHP). The colonization of pig
microbiota resulted in significant decreases in the gene
expression of fibroblast growth factor receptor 4 (FGFR4) (P =
0.008) in liver compared to the GF group (Figure 7). Only the
gene expression of the co-receptor B-klotho of fibroblast growth
factor 19 (FGF19) in the ileum of FMT piglets showed over 3-
fold induction compared to the GF group after the colonization
(P > 0.05).

The apical sodium-dependent bile acid transporter (ASBT;
SLC10A2) is the ileal counterpart to the hepatic BA
transporter Na® taurocholate co-transporting polypeptide
(NTCP, SLC10A1), an up-regulation of the NTCP gene in
the liver of FMT piglets (Figure 7A) may have contributed to
the increased hepatocellular accumulation of total BAs in the
liver samples. The expression of ASBT in the ileal samples was
significantly decreased after 5 weeks of microbiota
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unconjugated BAs from the liver cells back into
the bloodstream.

Discussion

Our results and those of previous studies indicate that pigs
have a predominant percentage of HCA species in the total BA
pool, as HCA species account for over 70% of total BAs in the
serum of pigs, but humans and mice only have 2%-4% of HCA
species in their BA pool (Zheng et al, 2021a; Zheng et al,
2021b). It has been reported that the levels of HCA species were
negatively correlated with glucose parameters (GLP-1 and blood
glucose levels) (Zheng et al, 2021a), and metabolism of HCA
species is closely associated with gut microbiota in mice and
humans (Eyssen et al., 1999; Rajani and Jia, 2018). In this study,
we found that the colonization of pig microbiota promoted the
percentage of HCA species in the serum BA pool and
significantly decreased the levels of GLP-1 secretion and serum
INS and LEP (Figure 4). It is well known that the administration
of a CA-supplemented diet induces a significant decrease of
serum ADP level in rats, and this regulates the cecal microbiota
and affects host health (Islam et al., 2011). We observed that the
serum level of ADP decreased significantly in FMT piglets, given
the colonization of pig microbiota compared to the GF piglets
(Figure 4). From these results, therefore, the colonization of pig
microbiota appeared to affect the concentrations of HCA species
and further regulated serum ADP level in pigs.

Our data showed that the total BA concentrations in the
liver and intestinal chyme were increased after the
colonization of pig microbiota. We also observed that FMT
increased the percentage of HCA species in the pig BA pool.
Our data showed that the endogenous BA species in pigs are
tissue specific (Figure 1A). Administration of CA significantly
increased the percentage of Firmicutes in the gut microbiota of
rats and the concentration of DCA in feces by a bacterial 7o.-
dehydroxylation reaction (Islam et al., 2011). In this study,
after the colonization of fecal microbiota from SPF sows, over
84% of the microbial community in the jejunum of FMT
piglets was dominated by two phyla, Proteobacteria and
Bacteroidetes, while Bacteroidetes and Firmicutes had the
highest percentages in the rectal microbiota of FMT piglets
(Figure 5C). The gut microbiome alters host physiology by
producing microbial-derived secondary BAs via
biotransformation of primary BAs. Previous studies have
confirmed the importance of the genes that express bile salt
hydrolases (BSHs) in the deconjugation of BAs by bacterial
members of Firmicutes, Bacteroidetes, and Actinobacteria
(Jones et al., 2008; O’Flaherty et al., 2018). Here, our data
showed that several bacterial species were involved in the
concentrations of HCA species. According to the results of
Spearman correlation analysis (Figure 5D), we observed that
in the jejunum, the relative abundances of several bacterial
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species of Proteobacteria (B. lata and B. contaminans) were
positively correlated with the concentration of HCA species,
while the abundance of R. timonesis in Firmicutes was
negatively correlated with the concentration of HCA species
(Figures 5E, F). It has been reported that Burkholderia
cepacian SE-1 can transform environmental cholesterol into
7B-hydroxycholesterol, 7-oxocholesterol, and a correlative
hydroxylase that belong to the catalases/peroxidase family
(Zhu et al., 2016). Bacterial strains isolated from GIT are
believed to be more resistant to the influence of bile salts than
those from other sources (Bustos et al., 2018). Therefore, it
seems be a good choice to isolate desirable or probiotic
bacterial strains that are related to the production of HCA
and derivatives from the intestinal chyme of pigs. In the
future, it is necessary to increase the individuals for FMT
and the sample size for metagenomic analysis to confirm
whether these two strains are really closely linked to the
abundance of HCA species in the jejunum of piglets. After
that, we should consider the isolation of the strains and use GF
or SPF pigs to verify whether the potential effects of the strain
(s) in promoting the abundance of HCA species, the growth or
development, or health of piglets.

It has been reported that mammalian BAs are synthesized
from cholesterol (typically from LDL particles) by a multi-
enzymatic process with CYP7AL1 as the rate-limiting enzyme, a
process that is regulated by microbiota (Wahlstrom et al., 2016)
in mice and humans. In this study, we found that the
colonization of pig microbiota significantly decreased the
expression of the CYP7Al gene and the expression of the
CYP7A1 enzyme in the liver. The inhibition of the expression
of the FGF19 gene in the liver of FMT piglets was consistent with
the feedback inhibition of FGF19 repressing BA synthesis via the
BA-FXR signaling pathway by inhibiting the activity of CYP7A1
(Lee et al,, 2006). Similar to CYP7AL1 as the rate-limiting enzyme
of the classic pathway of BA synthesis, CYP27A1 is the rate-
determining enzyme of the alternative pathway of BA synthesis
and also determines the amounts of BAs produced (Chiang,
1998). Recently, Rizzolo et al. found that DKO mice deficient in
Cyp7al and Cyp27al had a similar mRNA expression pattern as
wild-type (WT) mice for key genes involved in BA signaling,
synthesis, transport, and regulation (Rizzolo et al., 2021). Here,
we observed a significant decrease in CYP27A1 protein after the
colonization of fecal microbiota by FMT compared to the GF
group. The continuous enterohepatic recycling of the BA pool is
finely regulated to prevent BA overload and liver injury via
hepatic FXR and intestinal FXR activation (Zhang et al., 2012).
The gene expression of CYP8BI, which is required for CA
synthesis, was increased after colonization, in agreement with
a reported study in mice (Wahlstrom et al.,, 2017).
The expression of the enzyme CYP7BI that is responsible
for mediating 7o-hydroxylation of 27-hydroxycholesterol, 25-
hydroxycholesterol, dehydroepiandrosterone, and pregnenolone
(Ren et al, 2003) was significantly decreased after the
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colonization of pig microbiota. Farnesoid X receptor/retinoid X
receptor-alpha (FXR/RXRo) is the master transcriptional
regulator of BA synthesis and transport in the liver and
intestine (Hoeke et al., 2014; Ridlon et al.,, 2016). FXR is
activated by BAs and is regulated by the microbiota (Ikpa
et al, 2020). Our data showed that the colonization of pig
microbiota activated the expression of TGR5 and FXR in the
liver, as recent evidence suggests (Portincasa et al., 2020),
indicating that the hepatocyte cell cycle progression in
pigs may by modulated physiologically by FXR- and TGR5-
dependent mechanisms contributing to BA homeostasis. Further
studies should unravel the fundamental pathophysiological
effects and mechanism of TGR5 in order to understand how
TGR5-dependent regulation differs from FXR-dependent
regulation to prevent the consequences of BA overload. The
BA transporter NTCP (the Na+ taurocholate co-transporting
polypeptide; SLC10A1) represents the predominant
taurocholate uptake system in hepatocytes (Trauner and
Boyer, 2003; Geyer et al., 2006) and is regulated by a complex
interplay of hepatic transcription factors (small heterodimer
partner SHP-1, hepatocyte nuclear factors HNFla, HNF4o,
and HNF3B) and ligand-activated receptors (retinoic acid
receptor RAR«).

The subfamily C ATP-binding cassette (ABCC)
transporters, also referred to as MRPs, plays the important
role of mediating the transport of various substrates, including
BAs, through the cell membranes. MRP3 (ABCC3) is a member
of the ABCC subfamily and is expressed in the liver and intestine
of pigs (Figure 7), and the colonization of pig microbiota
significantly stimulated MRP3 gene expression in the ileum,
cecum, and colon. The expression of another transporter of this
subfamily, MRP4 (ABCC4) (Perez-Pineda et al., 2021), was also
significantly increased in the ileum after the colonization of pig
microbiota, suggesting that the gut microbiota could stimulate
BA accumulation in the bowel lumen through transferring BAs
in and out of the ileal cells via the ATP-binding cassette (ABC)
transporters. The sodium-glucose co-transporter (SGLT1) is one
of the nutrient transporters responsible for a portion of the
intestinal absorption capacity of water (Thomson et al.,, 2001)
and glucose (Du et al, 2016). After the colonization of pig
microbiota, the protein expression of SGLT1 in the ileum of
FMT piglets was significantly decreased compared with the
GF piglets.

CA and CDCA are the primary BAs synthesized in humans
and rodents, and these primary BAs are further metabolized via
N-acyl amidation to glycine or taurine, producing conjugated
BAs (Winston and Theriot, 2020). Conjugation is important for
the solubility of BAs, and the ratio of glycine to taurine (the G/T
ratio) conjugated BAs varies among mammal species (Begley
et al., 2005; Hofmann et al., 2010). Unlike mice, the G/T ratio in
human liver is regulated by diet (Hardison, 1978), and
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conjugated BAs activate pancreatic lipase and form mixed
micelles to promote the absorption of fatty acids and fat-
soluble vitamins by enterocytes (Ridlon et al., 2016).
Secondary taurine-conjugated or glycine-conjugated BAs,
deoxycholic acid (DCA), and lithocholic acid (LCA) are the
most potent endogenous ligands for the activation of the
expression of TGR5 (Kawamata et al, 2003). It has been
reported that patients with ileal disorders showed a marked
increase in the G/T ratio (McLeod and Wiggins, 1968; Sanyal
et al., 2021). Based on the results of this study, this increase is
therefore likely to be a physiological response that is directly
related to the colonization of intestinal microbiota, and more
careful validation tests are needed to investigate the changes of
TGR5 expression in the liver, intestine, and other tissues of
patients and the association between the G/T ratio and
the disease.

Conclusions

In this study, we characterized GF and FMT piglet models
raised under the same rearing environment and conditions.
The colonization of pig microbiota plays an important role in
the composition and concentration of the BA pool in pigs.
These two models have shown that FMT induced an increase of
HCA species concentrations in the serum, bile, liver, and
intestinal chyme of pigs. The ileum is the predominant site
for the production of conjugated BAs, and FMT induced an
over 68-fold increase of glycine-conjugated BAs and 104-fold
increase of taurine-conjugated BAs in the ileum of pigs. The
FMT piglets had significant decreases of the gene expression
levels of BA receptors FXR and TGR5 and a significantly
decreased mRNA expression pattern compared to GF piglets
for key genes involved in BA synthesis, signaling,
and transport.
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