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Daily feeding frequency impacts
muscle characteristics and fat
deposition in finishing pigs
associated with alterations in
microbiota composition and bile
acid profile

Luga Hu*, Huayu Tang®, Zhaoxi Xie!, Hongyu Yi?, Lunjie Feng?,
Pan Zhou?, Yong Zhang?, Jingbo Liu?, Xiang Ao?,
Jianchuan Zhou? and Honglin Yan'*

!School of Life Science and Engineering, Southwest University of Science and Technology, Mianyang,
China, ?Feng Guangde Laboratory, Sichuan TQLS Group, Mianyang, Sichuan, China

Introduction: Feeding frequency has been shown to affect growth and body
composition of the host associated with gut microbiota. It remains unknown
whether adjusting feeding frequency could effectively regulate both skeletal
muscle development and whole-body lipid metabolism and thus affect carcass
composition and feed conversion efficiency. Therefore, this study aimed to
explore the effects of feeding frequency on muscle growth, fat deposition, cecal
microbiota composition, and bile acid composition in finishing pigs.

Methods: Sixteen Sichuan-Tibetan black pigs, with an initial weight of
121.50 + 1.60 kg, were divided into two groups and fed either two meals
(M2) or four meals (M4) per day. The trial lasted 30 days. The muscle fiber
characteristics, lipid metabolism in adipose tissue, and cecal microbiota and bile
acid composition were determined.

Results: The present study revealed that pigs fed four meals exhibited a lower
feed-to-gain ratio, abdominal fat weight, and average backfat thickness
(p < 0.05), as well as a higher loin eye area (p = 0.09) and myofiber diameter
in the longissimus muscle than their counterparts. The mRNA expression of
slow-twitch fiber and myogenesis-associated genes in the longissimus muscle
was upregulated, while lipid metabolism-related genes in the backfat were
downregulated in the M4 group compared to the M2 group (p < 0.05). The
M4 pigs exhibited higher abundances of Firmicutes, Actinobacteriota, Bacillus,
Clostridium_sensu_1, and Romboutsia, and lower abundances of Spirochaetota,
Verrucomicrobiota, Treponema, and Muribaculaceae in the cecal content than
the M2 pigs (p < 0.05). A higher feeding frequency increased the levels of primary
bile acids and decreased the concentrations of taurine-conjugated bile acids in
the cecal content of pigs (p < 0.05).

Conclusion: Our research suggested that the M4 feeding pattern, compared
to the M2 pattern, promoted muscle growth and reduced fat deposition by
enhancing fast- to slow-twitch fiber conversion and myogenesis in the muscle
and repressing lipid metabolism in adipose tissue, associated with altered
microbiota composition and bile acid profiles.
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feeding frequency, myofiber type transformation, lipid deposition, microbiota, bile
acids
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1 Introduction

As epidemiological studies (Wilkinson et al., 2020; Wei et al., 2018)
have revealed the role of intermittent feeding/fasting in controlling
body weight and composition in both humans and rodents, the effects
of feeding frequency on growth rate and feed utilization efficiency of
pigs have gained increasing research interest. The majority of the
studies have revealed that adjusting feeding frequency could affect the
growth rate of pigs, resulting in either improved or reduced feed
efficiency (Gourley et al., 2020; Bruun et al., 2023; Ren et al., 2017). It
has been shown that the regulation effects on the lipid deposition of
feeding frequency contribute to the changes in feed efficiency (Zhang
etal., 2022; Liu et al., 2017; Yan et al., 2020). It is well known that the
skeletal muscle composes approximately 40 ~ 50% of body mass, and
its development plays a key role in determining the growth rate and
carcass composition of animals (Matarneh et al., 2021). Previous
studies showed that the carcass composition of pigs was mainly
influenced by the muscle-to-bone ratio when the body fat level was
kept at a relatively constant range, implying that both skeletal muscle
and fat deposition rates contribute to the feed utilization efficiency of
animals (Ismail and Joo, 2017). However, only fragmentary information
on the effects of feeding frequency on skeletal muscle growth showed
that altered feeding frequency influenced muscle mass and protein
expression related to glucose metabolism, energy production, and lipid
utilization (Cao et al., 2022; Liu et al., 2017). Therefore, the effects and
mechanisms of feeding frequency on skeletal muscle properties need
to be further clarified.

The mammal’s gastrointestinal tract contains many commensal
microbes providing beneficial metabolites that trigger host metabolic
pathways. Hence, gut microbiota has been regarded as a ‘metabolic
organ’ that can regulate host metabolism (Devin et al., 2016). The
relationship between gut microbiota and skeletal muscle development
and lipid metabolism of the host has been extensively studied in the
past decade, showing that lipid metabolism and myofiber development
are associated with gut microbiota (Wu et al., 2021). Our previous
studies have demonstrated that the growth rate of the skeletal muscle
and lipid metabolism of animals was decided by the gut microbiota
and their metabolites, which was proved to mediate the effects of
nutrition strategies that had on skeletal muscle development and body
composition of pigs (Zhang et al., 2019). Accumulated evidence
showed that the effects of feeding frequency on the feed conversion
efficiency of pigs may be attributed to the regulation of gut microbiota
composition and bile acid profile (Yan et al., 2016; Zhu et al., 2022).
Previous studies have indicated that the bile acids acting as the signal
molecules activate the farnesoid X receptor (FXR), resulting in the
increased secretion of fibroblast growth factor (FGF) 15/19 from the
gut into the blood (Kir et al., 2011; Ridaura et al., 2013). FGF15/19 has
been shown to promote the skeletal muscle growth of the host (Devin
etal,, 2016). Hence, it can be hypothesized that feeding frequency may
have a strong effect on regulating skeletal muscle development by
shaping the gut microbiota composition and bile acid profile.

Owing to the effects that feeding frequency had on the growth and
body composition of the host and the existing connection between gut
microbiota and skeletal muscle properties and lipid deposition of the
host, we hypothesized that adjusting feeding frequency could
effectively regulate both skeletal muscle development and whole-body
lipid metabolism and thus affect carcass composition and feed
conversion efficiency of finishing pigs. These effects may be attributed
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to the changes in the composition of microbiota and bile acids.
Sichuan-Tibetan black pigs, a newly developed obese pig breed from
Sichuan province, China, are characterized by a fast growth rate but
exhibit high-fat deposition during the late growth phase. Typically,
during the finishing period, these pigs are fed two meals per day with
a restricted feed allowance to control body composition and achieve
relatively higher feed efficiency. However, it remains unknown
whether higher or lower feeding frequency is more suitable for the
Sichuan-Tibetan black pigs in the late growth phase. Therefore, the
purpose of this study was to explore the effects of feeding frequency
on growth performance, carcass traits, meat quality, myofiber
characteristics, and protein deposition in skeletal muscle, lipid
metabolism in adipose tissue, and bile acid profile and microbiota
composition in the hindgut of Sichuan-Tibetan black pigs.

2 Materials and methods

The experimental protocols for the current study were approved
by the Institutional Animal Care and Use Committee of Southwest
University of Science and Technology (No. 20220106).

2.1 Animal housing and experimental
design

Sixteen 210-day-old castrated Sichuan-Tibetan black pigs with
an average initial body weight of 121.50 + 1.60 kg were chosen for
the present study and were randomly assigned to two treatment
groups: the pigs were fed either with two meals (8:00 and 16:00) per
day (M2 group) or with four meals (8:00, 12:00, 16:00, and 20:00)
per day (M4 group). Each treatment had eight replicates; each
replicate included one pig. The pigs were individually housed in a
pen (1.5m x 1.5 m) with a feeder and a nipple waterer in an
environmentally controlled room. All the pigs were offered 2.60 kg
of feed allowance per day. Pigs that were fed the M2 regimen
received feed with one-half of their feed allowance per meal, and
pigs that were fed the M4 regimen received a diet with one-fourth
of the daily feed allowance per meal. Each meal for both the M2 and
M4 groups lasted 2 h. At d0 and d30 of the trial, the pigs were
weighed to record the initial and final weights and to calculate the
average daily gain (ADG). The feed-to-gain ratio was calculated by
dividing the fixed feed allowance (2.60 kg/d/pig) by ADG. The
composition and nutrient levels of the used diet are shown in
Supplementary Table S1. The feeding trial was conducted at the
experimental unit of TQLS Group (Mianyang, Sichuan, China).

2.2 Sample collection

At d30 of the experiment, after 8 h of fasting, 10 mL of blood was
collected from each pig in a non-anticoagulant tube, followed by
centrifuging at 3,000 x g for 10 min at 4°C to obtain the serum
samples, which were stored at —20°C for parameters measurements.
Subsequently, all the pigs were slaughtered to collect samples of
longissimus muscle, backfat, and cecal contents, which were snap-
frozen in liquid nitrogen, then transferred to the laboratory, and
stored at —80°C for further analyses.
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2.3 Carcass traits and meat quality

After the pigs were slaughtered and exsanguinated, the hot carcass
weight was recorded by weighing the remaining body without the
head, hoof, tail, and viscera. The dressing percentage refers to the
proportion of hot carcass weight in the live body weight of the pigs.
The abdominal fat was completely collected from the belly and
weighed to record abdominal fat weight. The average backfat thickness
was the average value of backfat depth at the 1st thoracic vertebra, last
thoracic vertebra, and last lumbar vertebra of the left side of the carcass.

The pH values of the longissimus muscle between the 6th and 7th
ribs from the left side of the carcass were measured 45 min and 24 h
post mortem (referred to as pH 45 min and pH 24 h) using a pH meter
(PH-STAR, SFK-Technology,
manufacturer’s instructions. The pork color including lightness (L¥),

Denmark) according to the
redness (a*), and yellowness (b*) was measured as the mean of three
readings of each muscle sample using a Minolta CR300 Chromameter
(Minolta Camera, Osaka, Japan). Each chop of the longissimus muscle
from pigs was weighed, vacuum-packed in a plastic bag, and cooked in
a water bath at 75°C to reach an internal temperature of 70°C. The
cooked samples were chilled down for 30 min, blotted dry, and weighed.
The difference between pre-and post-cooking weights was divided by
the precooked weight to calculate the cooking loss percentage. Two
replicate samples were determined on each muscle sample.

2.4 Muscle morphology

A small piece (2 cm x 1 cm x 1 cm) of the longissimus muscle was
collected and placed in a 4% paraformaldehyde solution for fixation.
Upon the initiation of morphology determination, the muscle samples
that were immersed in the solution were dehydrated and embedded in
paraffin wax. Three slices with 5-um thickness of each sample were cut
and stained with hematoxylin and eosin to observe the muscle
morphology. The stained slices were photographed using an Olympus
CX41 microscope at 40x magnification. The Olympus Cell B software
(Olympus) was used to determine myofiber characteristics. Muscle
fibers from 10 random fields of each sample were chosen to measure
and calculate the diameter and cross-sectional area of myofiber. The
fiber number of each field was counted and converted to the myofiber
density by dividing the area of the field. Myofiber density was expressed
as the fiber number in 1 mm? of muscle.

2.5 Reverse transcription quantitative PCR

Total RNA from the longissimus muscle and backfat was isolated
using RNAiso Plus, and only high-quality RNA was further reverse-
transcribed to synthesize cDNA using the PrimeScript RT kit (TakaRa,
Chengdu, China) according to the manufacturer’s instructions. The
RT-qPCR was performed on a CFX96 Touch Real-Time PCR Detection
System (Bio-Rad Laboratories, Inc.) using the TB Green Premix Ex Taq
II (TakaRa, Chengdu, China). Each reaction consisted of 5 uL TB
Green Premix Ex TaqII, 0.5 pL forward primer (10 pM), 0.5 pL reverse
primer (10 pM), 2 uL Milli-Q water, and 2 pL cDNA template in a total
reaction system of 10 pL. The thermal cycling conditions were as
follows: an initial denaturation and enzyme activation step at 95°C for
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3 min, then 40 cycles of denaturation/annealing/extension and data
acquisition (95°C for 30 s, 40 s at annealing temperature depending on
primer), and melt curve analysis from 65 to 90°C with 0.5°C increment
every 5s. In the current study, PCR amplification efficiencies
consistently ranged from 90 to 110% and were used to convert the Cq
values into raw data. The ACTB was used as a reference gene. The
primer sequences are listed in Supplementary Table S2.

2.6 Microbiota analysis of the cecal
contents

Cecal contents from all the pigs were used to isolate bacterial
genome DNA using a QiaAmp DNA Stool Mini Kit (Qiagen, Beijing,
China) following the manufacturer’s instructions. The DNA quality was
evaluated visually using agarose gel electrophoresis. The V4-V5
hypervariable region of the 16S rRNA gene was amplified by PCR using
the forward primer (5-GTGCCAGCMGCCGCGGTAA-3') and the
reverse primer (5-CCGTCAATTCMTTTRAGTTT-3’) for each cecal
content sample. All the Illumina libraries were constructed by purified
pooled amplicon DNA with the Ovation Rapid DR Multiplex System
1-96 (NuGEN, San Carlos, CA) and were sequenced on the Illumina
MiSeq platform using the PE250 sequencing strategy. After sequencing,
the Illumina data were processed using the Mothur software to get the
OTU abundance table and the OTU taxonomic assignment table, which
were further processed using R Studio v3.4.1. The representative
sequence of each OTU was annotated with its taxonomic information
with the Silva (SSU123) 16S rRNA database'. The diversity of
communities and bacterial abundances of taxa were analyzed using the
Community Ecology Package vegan and phyloseq in R script. To
minimize the biases caused by sequencing depth between samples, the
number of sequences per sample was randomly subsampled to the
minimum sequencing depth. The raw sequencing data can be accessed
with the accession number PRJNA1073754 in the NCBI
BioProject database.

2.7 Quantification of bile acids

The bile acids (BAs) in cecal contents were extracted according
to the methods described previously (Fang et al., 2018). Briefly, 50 mg
of cecal content samples was weighed and homogenized with 200 pL
of a mixture of acetonitrile and methanol for 5 min. The first
supernatant solution was transferred to a new vial after centrifugation
at 20,000 x g for 20 min. The remaining pellets were then
reconstituted with 200 pL of a mixture of acetonitrile and methanol
for 5 min and centrifuged at 20,000 x g for 20 min to obtain the
second supernatant solution, which was then transferred to the vial
containing the first supernatant solution. Each combination of two
supernatant solutions was further centrifuged at 20,000 x g for
10 min to obtain the test solution for UPLC/TQ-MS analysis. A
Waters Xevo TQ-S LC/MS Mass Spectrometer (Waters, Milford, MA,
United States) equipped with an ESI source was adopted to determine
the BA profile in samples. The concentration of each BA in the

1 http://www.arb-silva.de/
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samples was determined based on the series dilutions of standards,
and good linearity was confirmed.

2.8 Statistical analysis

Pigs were considered the experimental unit for all analyses (n = 8
per treatment), and all data are presented as mean + se. The parametric
data including the data on growth performance, carcass traits, meat
quality, myofiber characteristics, BA abundances, and gene expression
were tested for significance using the Student’s ¢-test by SAS 9.4. For
the bacterial data, alpha diversity and the relative abundances of taxa
were compared using the Mann-Whitney U-test by SAS 9.4, and the
intragroup statistic differences in beta diversity were assessed using
permutational multivariate analysis of variance (PERMANOVA) with
999 permutations using R script. Spearman’s correlation between the
top 30 genera and BAs and Pearson’s correlation between BAs and
gene expression data were calculated using the ggcor R package. The
Benjamini-Hochberg method was adopted to correct multiple
comparisons. The adjusted p-values less than 0.05 were considered
statistically significant.

3 Results
3.1 Growth performance

Pigs that were fed four meals per day exhibited a higher final
weight (p = 0.06), and ADG was significantly higher than the twice-fed
group (p < 0.05). Compared to the M2 group, pigs in the M4 group
had a significantly decreased feed-to-gain ratio (p < 0.05) (Table 1).

3.2 Carcass traits and meat quality

The hot carcass weight of pigs in the M4 group was significantly
higher than that in the M2 group. Adjusting the feeding frequency of
pigs from two meals to four meals per day significantly decreased
abdominal fat weight and the average backfat thickness (p < 0.05). The
higher feeding frequency tended to increase the loin eye area of
Sichuan-Tibetan pigs (p = 0.09). There was a trend toward a higher
value of lightness at 45 min post-mortem (p = 0.08) and cooking loss
(p = 0.06) in the longissimus muscle in the M4 group compared to the
M2 group (Table 2).

TABLE 1 Effects of different feeding frequencies on the growth
performance of Sichuan-Tibetan black pigs.

Items M2 M4 P-value
Initial weight, (kg) 121.38 +1.40 121.63 + 1.10 0.89
Final weight, (kg) 139.25+ 1.34 143.00 + 1.24 0.06
ADFI, (kg) 2.60 +0.01 2.60 +0.01 1.00
ADG, (kg) 0.60 % 0.01 0.71+0.02 <0.01
F/G 437 +0.07 3.67+0.12 <0.01

The results are presented as mean * se. n = 8.M2, pigs for two meals feeding per day; M4,
pigs for four meals feeding per day. ADG, average daily gain; ADFI, average daily food
intake; F/G, feed-to-gain ratio.
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3.3 Myofiber characteristics and myofiber
type distribution in longissimus muscle

According to the observations of muscle morphology, there was
no significant difference in cross-sectional area and density of muscle
fibers (p > 0.05) between the M2 and M4 groups, but the higher
feeding frequency significantly increased the myofiber diameter
(p < 0.05) of pigs (Figure 1). Owing to the close relationship of muscle
fiber type distribution and transformation with myofiber
characteristics and meat quality, the mRNA expression of related
genes in the longissimus muscle was determined. The expression of
MYH2 and MYH1 was upregulated, and the abundance of MYH4 was
downregulated in the longissimus muscle of pigs that were fed four
meals compared to their counterparts that were fed two meals per day
(p <0.05, Figure 2). Increasing feeding frequency significantly
elevated the mRNA abundances of PPARGCIA and SIRT1 (p < 0.05,
Figure 2).

3.4 Myogenesis and protein metabolism in
longissimus muscle

To clarify whether the effects of feeding frequency on feed
efficiency and carcass composition were associated with changes in
muscle growth and protein deposition, the expression of genes related
to myogenesis and protein deposition in longissimus muscle was
measured. Compared to pigs in the M2 group, pigs in the M4 group
exhibited higher mRNA abundances of IGF1 and mTOR in the
longissimus muscle (p < 0.05, Figure 3). The higher feeding frequency
tended to depress the mRNA expression of MSTN (p = 0.08, Figure 3).

TABLE 2 Effects of feeding frequency on carcass traits and meat quality
of Sichuan-Tibetan black pigs.

Item M2 M4 P-value
Hot carcass weight (kg) 110.11+1.33 | 11411+ 1.12 0.03
Dressing percentage (%) 79.01 +£0.33 79.64 +0.10 0.11
Abdominal fat weight (kg) 3.61+0.01 3.43+0.01 <0.01
Average backfat thickness (mm) 48.96 + 0.6 45.73 +0.84 0.01
Loin eye area (cm?) 42.45+091 44.92 +1.00 0.09
Longissimus muscle

L* 45 min 40.87+£0.3 42.18 £ 0.65 0.08
a* 45 min 1.01+0.13 1.15£0.15 0.51
b 5 mim 6.92 +0.02 6.92 +0.23 1.00
L¥y, 4816 +1.18 | 46.97 £0.62 0.39
a%yn 1.36 + 0.30 1.31£0.26 0.90
b, 8.31+0.52 8.72+0.51 0.58
PHus min 5.69 £0.07 5.83+£0.07 0.18
PHaun 5.58 £0.03 5.65+0.10 0.16
Cooking loss (%) 39.5+0.01 40.19 +£0.31 0.06

The results are presented as mean + se. n = 8. M2, pigs were given two meals per day; M4, pigs

were given four meals per day. L* 5, @% 45, and b* 5., indicate the lightness, redness, and

yellowness of the longissimus muscle at 45 min after slaughter; L*,,;,, a*,4,, and b*,s,;, indicate

the lightness, redness, and yellowness of the longissimus muscle at 24 h after slaughter.
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FIGURE 1

Effect of feeding frequency on myofiber characteristics in the longissimus muscle of Sichuan-Tibetan black pigs. (A) Representative images of
myofiber staining; (B) myofiber diameter; (C) cross-sectional area; and (D) myofiber density. M2, pigs were fed two meals per day; M4, pigs were fed
four meals per day. *p < 0.05, n = 8 for each group.
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FIGURE 2

Effect of feeding frequency on the expression of genes related to myofiber type distribution and transformation in the longissimus muscle of Sichuan—
Tibetan black pigs. (A—D) Myosin heavy chain isoforms, MYH, myosin heavy chain; (E) PPARGC1A, peroxisome proliferator-activated receptor gamma
coactivator 1-alpha; and (F) SIRT1, silent information regulator 1. M2, pigs were fed two meals per day; M4, pigs were fed four meals per day. *p < 0.05,
n = 8 for each group.
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Effect of feeding frequency on the expression of genes related to myogenesis in longissimus muscle of Sichuan-Tibetan black pigs. (A) MYOD,
myogenic differentiation 1; (B) MYOG, myogenin; (C) MSTN, myostatin; (D) /GF1, insulin-like growth factor 1; (E) AKT, protein kinase B; and (F) mTOR,
mammalian target of rapamycin. M2, pigs were fed two meals per day; M4, pigs were fed four meals per day. *p < 0.05, n = 8 for each group.

3.5 Lipid metabolism-related gene
expression in adipose tissue

Increasing feeding frequency reduced fat mass in the back and
belly of pigs in the present study; we thus further explored the
alterations of gene expression related to lipid metabolism in the
adipose tissue of pigs. The four-meal feeding regimen significantly
decreased the mRNA expression of ACACA and FASN in backfat
tissue compared to the two-meal feeding regimen (p < 0.05, Figure 4).
Increasing feeding frequency significantly downregulated the mRNA
expression of LPL, SREBP1, and PPARG in the backfat tissue of pigs
compared to those in the M2 group (p < 0.05, Figure 4).

3.6 Microbiota composition and BA profile
in the cecum

The microbiota composition and BA profile in the cecal
contents were determined to verify the critical role of microbiota in
the effects of feeding frequency on the host. The results related to
alpha diversity, beta diversity, and taxonomic distribution are
presented in Figures 5, 6. There were no significant differences in
alpha-diversity indices between the two groups (Figure 5A). A
principal coordinate analysis (PCoA) based on the Bray-Curtis
distance metric showed that the samples in the M2 group were
clearly separated from the M4 group, indicating that altering
feeding frequency could shift the gut microbiota composition of
Sichuan-Tibetan pigs (Figure 5B). The microbiota composition at
the phylum level was analyzed, and the results are listed in
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Figures 5C,D. The most dominant phylum was Firmicutes in all the
samples (Figure 5C and Supplementary Table S3). Pigs that were fed
four meals per day exhibited higher abundances of Firmicutes and
Actinobacteriota, and lower abundances of Spirochaetota and
Verrucomicrobiota than those fed two meals per day (p < 0.05,
Figure 5D). At the genus level, the most predominant taxa in the
M2 and M4 groups were Treponema and Streptococcus, respectively
(Supplementary Figure S1A and Supplementary Table S4). The
and

abundance of Bacillus, Clostridium_sensu_1,

Romboutsia was significantly higher in the cecum digesta of the M4

relative

group than the M2 group. The higher feeding frequency significantly
decreased the abundance of Treponema and Muribaculaceae in the
cecum content of pigs (p < 0.05, Supplementary Figure S1B).

The BA profile in cecal content was further determined with
LC-MS-based targeted metabolomics. It was found that increased
feeding frequency significantly improved the concentrations of
primary BAs including CDCA, a-MCA, -MCA, HCA, and CA
compared to the M2 group (p < 0.05, Figure 6A). The higher
feeding frequency significantly increased the levels of secondary
bile acids including UDCA, isoHDCA, HDCA, w-MCA,
GHDCA, and THDCA, and decreased the concentration of DCA
in the cecal content of pigs (p < 0.05, Figure 6B). Analyzing the
content of each type of bile acid revealed that the higher feeding
frequency significantly increased the content of primary bile
acids and decreased the content of taurine-conjugated bile acids
(p < 0.05, Supplementary Figure S2), and there was a tendency
toward a higher content of glycine-conjugated bile acids in the
cecal content of pigs in the M4 group compared to those in the
M2 group (p = 0.08, Supplementary Figure S2).
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Effect of feeding frequency on lipid metabolism-related gene expression in the adipose tissue of Sichuan-Tibetan black pigs. (A) ACACA, acetyl-CoA
carboxylase alpha; (B) FASN, fatty acid synthase; (C) CPT1B, carnitine palmitoyl transferase 1B; (D) CD36, CD36 molecule; (E) LPL, lipoprotein lipase;
(F) PNPLA2, patatin-like phospholipase domain containing 2; (G) SREBPI, sterol regulatory element binding transcription factor 1; and (H) PPARG,
peroxisome proliferator-activated receptor gamma. M2, pigs were fed two meals per day; M4, pigs were fed four meals per day. *p < 0.05, n = 8 for

each group.
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3.7 Correlation of intestinal microbiota
with BAs and association between BAs and
gene expression

The above-mentioned results showed that feeding frequency
altered the expression of genes related to myogenesis in muscle and
lipid metabolism in adipose tissue, intestinal microbiota composition,
and BA profile; thus, the correlation of intestinal microbiota with BAs
and the association between BAs and gene expression were analyzed.
Spearman’s correlation analysis (Figure 7) revealed that the relative
abundance of Pedobacter was significantly positively correlated with
the levels of UDCA, CDCA, a-MCA, -MCA, HCA, CA, isoHDCA,
HDCA, pB-DCA, o-MCA, GLCA, GUDCA, TLCA, THDCA, and
6-ketoLCA; the relative abundances of PeM15, Paracoccus, Delftia, and
Lysobacter were significantly positively correlated with the levels of CA,
B-DCA, and o-MCA; the relative abundance of Bacillus was
significantly positively correlated with the levels of p-DCA; the relative
abundance of Treponema was significantly positively correlated with
TCDCA, TCA-3S, DCA, and DHLCA and negatively correlated with
UDCA, HCA, and 6-ketoLCA; the relative abundances of p-251-05 and

Frontiers in Microbiology

Prevotellaceae_UCG-003 were significantly positively correlated with
the levels of TCA-3S and DCA and negatively correlated with the
concentrations of UDCA, a-MCA, f-MCA, HCA, TLCA, THDCA,
and 6-ketoLCA; and the relative abundance of Escherichia-Shigella was
negatively correlated with levels of GHCA, TCDC, and GDCA
(Figure 7). The Pearson correlation analysis (Supplementary Figure 53)
revealed that there were significant correlations between the
abundances of individual BAs and the mRNA expression of genes
related to myofiber transformation and myogenesis and genes related
to lipid metabolism. The detailed results are described in

Supplementary results section.

4 Discussion

Since the outbreak of African swine fever (ASF) in China in 2018,
the stock of commercial pigs and sows dropped quickly, resulting in
an increase in heavyweight pigs because the number of pigs required
to produce a given quantity of pork is reduced and the fixed
production cost is diluted (Guan et al., 2023). Sichuan-Tibetan black
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pigs are commonly raised to a high marketing weight of approximately
140 kg to adapt to the situation of the ASF pandemic and to pursue
the production of high-quality pork. However, similar to the
commercial pig breed, a higher marketing weight reduced the feed
efficiency and lean deposition as well as accelerated fat deposition of
Sichuan-Tibetan black pigs in the late finishing phase (Wu et al.,
2017). To combat the drawback of the increased marketing weight of
pigs, measures such as restricting feed intake and altering feeding
frequency have been adopted in the practical production of Sichuan-
Tibetan pigs. However, there is still a lack of experience and scientific
knowledge regarding the setting of feeding frequency in fattening
Sichuan-Tibetan pigs.

Changing feeding frequency has been shown to affect the partitioning
of energy to lean and fat tissue deposition and thus regulate the feed
conversion efficiency of meat-producing animals (Cao et al., 2022; Chaix
et al., 2014). However, it is still inconclusive whether either higher or
lower feeding frequency could improve feed conversion efficiency.
Previous studies had inconsistent results about the effects of the higher
feeding frequency on pig growth performance. Both studies from other
groups and our previous study found that the duration of each meal
determined the outcome of feeding frequency on feed conversion
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efficiency, showing improved feed conversion rate in pigs that were fed
for two 60-min meals (Liu et al., 2017; Yan et al., 2021). In addition, it was
found that the effects of feeding frequency on the growth performance of
pigs, in particular on feed conversion rate, may largely depend on the feed
allowance. Previous studies offering the same feed allowance to growing-
finishing pigs fed at a higher or lower feeding frequency have
demonstrated that the higher feeding frequency could improve growth
performance including ADG and feed conversion efficiency of pigs (Jia
et al,, 2021; Schneider et al, 2011). Consistent with the findings in
finishing pigs with fixed feed allowance, in the present study, Sichuan—
Tibetan pigs that were fed four meals per day exhibited higher final
weight, ADG, and feed conversion rate than the pigs that were fed two
meals per day. However, low feed efficiency was found in the high-fat
diet-fed pigs fed at a higher feeding frequency under the condition of
fixed feed allowance in our previous study. The contradictory results may
be attributed to the differences in the genetic background of pigs, the
limit-feeding extent, the duration of each meal, and the setting of feeding
frequencies between studies. Therefore, these factors should be considered
in drawing conclusions about the effect that feeding frequency had on the
growth performance of pigs, and the interactions between feeding
frequency and these factors could be clarified in future studies.
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Energy partition patterns determined the feed conversion efficiency
of meat-producing animals (Moloney et al., 2008). In the late phase of
growing, the energy partitioning between lean and fat mass is critical for
the feed conversion rate of pigs. Even though the effects of feeding
frequency on feed efficiency of pigs were inconsistent, altered feeding
frequency improved feed efficiency and was associated with reduced
carcass fat deposition (Colpoys et al., 2016; Yan et al., 2021). Consistent
with this finding, our study found that the higher feeding frequency
reduced abdominal fat weight and the average backfat thickness of
Sichuan-Tibetan pigs. Moreover, in this study, the higher feeding
frequency tended to increase the loin eye area and significantly increased
the hot carcass weight, implying the enhanced lean mass and muscle
growth rate in pigs that were fed the higher feeding frequency. This is
consistent with previous findings in suckling pigs, where higher feeding
frequency increased lean deposition and promoted muscle development
(Liu et al., 2017).

Both the size of the individual fibers and/or the total number of
fibers are known to be important determinants of muscle mass
(Henckel et al., 1997). Previous studies showed that the number of
muscle fibers was positively correlated with carcass weight and loin
eye area of pigs, and pig littermates with a high fiber number or
density tended to grow faster and more efficiently than those with
a low fiber number or density in the skeletal muscle (Dwyer et al.,
1993; Berry et al,, 2018). Consistently, in the present study, the
myofiber diameter of the longissimus muscle was higher in the M4
pigs, which had a higher growth rate and loin eye area. The
composition of skeletal muscle fiber types in pigs, including four
different myosin heavy chain (MyHC) isoforms (I, IIa, IIx, and IIb),
was related to muscle characteristics and pork quality (Lefaucheur
et al., 2002). Normally, MyHC differentiation was accompanied by
myofiber density; the fiber density was highly correlated to the
distribution of muscle fiber type (Rahman, 2007). In the present
study, the mRNA expression of MYH2 and MYHI1 was increased,
and the mRNA expression of MYH4 was decreased in the
longissimus muscle of the M4 pigs compared to the M2 pigs,
confirming the findings of a previous study that the percentage of
type Ila fiber was positively correlated with the muscle fiber density
and loin eye area.

Both SIRT1 and PPARGCIA have been identified to promote
the transformation of myofiber from fast-twitch to slow-twitch
types (Wen et al., 2020). In the present study, the higher feeding
frequency increased the mRNA expression of PPARGCIA and
SIRT1 in the longissimus muscle of Sichuan-Tibetan pigs, implying
that the PGCla-induced myofiber type conversion may be a driving
force for the accelerated myofiber differentiation and muscle mass
growth (Huh et al., 2014). There are several regulators that positively
or negatively affect the muscle growth of animals. The IGFI-
myostatin system, the downstream molecules of PGCla, has been
demonstrated to play a critical role in diet-or exercise-induced
muscle growth (Schiaffino et al., 2013). IGF1 is a positive regulator,
and myostatin is a negative regulator of muscle growth. In this
study, the higher feeding frequency significantly increased the
expression of IGFI and mTOR and tended to decrease the mRNA
expression of MSTN in the longissimus muscle, implying that the
regulation of the IGFl-myostatin system by PGCla could
be mediating the effect of increased feeding frequency that
primarily acts on enhancing muscle mass. The lipid deposition in
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carcass was mainly driven by several factors that are responsible for
de novo fatty acid synthesis (ACACA, FASN, and SREBP1), fatty
acid uptake (LPL and CD36), lipogenesis (PPARG), and lipolytic
(CPT1B and PNPLA2). In the present study, a four-meal feeding
regimen significantly decreased the mRNA expression of ACACA,
FASN, SREBP1, and PPARGCI1A in adipose tissue compared to the
two-meal feeding regimen. This is consistent with the previous
findings that the fatty acid metabolism pathways were suppressed
with an increase in feeding frequency (Zhang et al., 2022; Yan et al.,
2020). Moreover, increased lipogenesis was observed in the animals
fed fewer meals daily, as more circulating nutrients were not
efficiently in muscle tissue, leaving more nutrients available for
adipose tissue or the liver for fat synthesis (Chasse et al., 2021). The
higher circulation levels of glucose, non-esterified fatty acids, and
very low-density lipoprotein cholesterol were also found in the
higher feeding frequency-fed pigs by the previous study (Zhang
et al., 2022). Our results strongly support the regulatory roles of
feeding frequency on muscle growth and lipid metabolism, which
greatly contributes to the regulation of carcass traits and feed
efficiency through daily eating patterns in pigs.

The important role of gut microbiota in regulating muscle
growth and fat deposition in pigs has been revealed by previous
studies using germ-free animal models (Yan et al., 2016; Wen et al.,
2019; Qi et al., 2021), showing that the absence of gut microbiota
significantly affects the proportions of slow-twitch and fast-twitch
fibers in the longissimus muscle of pigs, and the transplantation of
gut microbiota from obese pigs could transfer the phenotypes
related to myofiber characteristics and lipid metabolism from pig
donors to mice recipients (Yan et al., 2016). In the present study, the
gut microbiota of pigs in the M4 group was clearly separated from
those in the M2 group, and the abundances of phyla Spirochaetes
and Verrucomicrobiota were significantly lower in cecal contents of
the M4 pigs than their counterparts, which is consistent with the
previous finding that the gut microbiome of lean pigs harbored
lower abundance of Spirochaetes than that of obese pigs (Yan et al.,
2016). The abundance of Spirochaetes has been negatively correlated
with the muscle mass of pigs as the decrease in fecal Spirochaetes
level was found in myostatin gene-mutated pigs that exhibited
muscle hypertrophy (Pei et al., 2021). The gut microbiota-muscle
axis was further confirmed by a previous study using a myostatin
deletion pig model and fecal microbiota transplantation, which
demonstrated that MSTN deficiency stimulated skeletal muscle
growth and promoted the growth of genera Romboutsia and
Clostridium_sensu_stricto_1. These genera produce microbial-
derived organic acids and derivatives, such as short-chain fatty
acids and bile acids (Pei et al., 2021; Luo et al., 2023). Consistently,
in this study, the M4 pigs with accelerated muscle growth and feed
efficiency exhibited higher abundances of genera Romboutsia and
Clostridium_sensu_stricto_1 in cecal contents. In addition, four
meal-fed pigs, which had a higher loin eye area and lower adiposity,
were found to have a lower level of the genus Treponema in cecal
content than M2 pigs in the current study, which was inconsistent
with the previous study, showing that the taxa annotated to the
Treponema were negatively associated with fatness traits of pigs.
Myostatin deletion has been shown to decrease the abundance of
Treponema in jejunal content but increase the abundance of
Treponema in the feces of pigs (Luo et al., 2023; Pei et al,, 2021),
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implying that the contradictory results may be attributed to the
difference in sample sites for microbiota analysis.

Accumulating evidence suggests that gut microbiota regulated
muscle development and fat deposition through metabolite-host
interactions (Qiu et al., 2021; Lahiri et al., 2019; Chen et al., 2021). A
previous study showed that the changed gut microbiome and coupled
altered stool BA profile mediated the protective effects of restricted time
feeding on diet-induced obesity in mice (Chaix and Zarrinpar, 2015).
Therefore, we hypothesized that the perturbed microbiota-elicited
changes in the BA profile would be responsible for the effects of the four-
meal feeding pattern on the growth and carcass phenotypes of pigs. In
this study, four-meal feeding significantly increased the total amounts of
primary bile acids and decreased the total amounts of taurocholic bile
acids, suggesting the enhanced bacterial bile salt hydrolase activity in the
cecum of the M4 pigs (De Smet et al., 1998). Moreover, in the present
study, the concentrations of primary bile acids CDCA, a-MCA, -MCA,
HCA, and CA, as well as the concentrations of secondary bile acids
UDCA, LCA, HDCA, GHDCA, THDCA, isoHDCA, and o-MCA, were
significantly higher in the M4 group than those in the M2 group, which
is consistent with the previous finding that intermittent fasting decreased
obesity by enhancing the BA metabolism with higher primary and
secondary BA levels in the gut lumen and serum. It has been shown that
the microbe-derived metabolites are responsible for the diet-or feeding
pattern-induced changes in growth and metabolism phenotypes
(Janeckova et al., 2019; Chang et al., 2018). Altered BA profiles have been
associated with the improvement effects of feeding frequency on the feed
efficiency of pigs (Yan et al.,, 2021). Therefore, we further analyzed the
correlation between bile acids and the mRNA expression of genes related
to myofiber transformation and lipid metabolism. The results showed the
positive correlations between individual bile acids and the expression of
MYH7, MYH2, MYHI, PPARGCIA, and SIRT1, as well as the negative
correlations between individual bile acids and the expression of fatty acid
metabolism-related genes. Previous studies have shown that BAs are
signaling molecules that regulate host skeletal muscle synthesis and lipid
metabolism by binding to their receptors, such as membrane G-protein-
coupled receptor 5 (TGR5) and the nuclear farnesoid X receptor (FXR)
(Sun et al.,, 2018; Sasaki et al., 2018). BAs/FXR-induced FGF19 secretion
into circulation has been shown to promote skeletal muscle mass
accretion and regulate its function (Qiu et al., 2021). However, it remains
unknown whether gut microbiota-BA-FXR-FGF19 signaling mediates
the effects of feeding frequency on myofiber type conversion and lipid
metabolism in pigs, which should be addressed in further studies.

5 Conclusion

In the present study, for the Sichuan-Tibetan black pigs, the four-
meal feeding pattern improved growth rate, feed efficiency, and
carcass lean mass by promoting the expression of genes related to
myofiber transformation and differentiation in skeletal muscle and
inhibiting the expression of fatty acid synthesis-related genes in
adipose tissue, which may be associated with the changes in
microbiota composition and bile acid profile.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found at: https://www.ncbi.nlm.nih.gov/

Frontiers in Microbiology

11

10.3389/fmicb.2025.1510354

bioproject, accession number PRINA1073754. Further inquiries can
be directed to the corresponding author.

Ethics statement

The animal study was approved by the Institutional Animal Care
and Use Committee of Southwest University of Science and
Technology (No. 20220106). The study was conducted in accordance
with the local legislation and institutional requirements.

Author contributions

LGH: Conceptualization, Data curation, Formal analysis,
Methodology, Software, Validation, Visualization, Writing -
original draft, Writing - review & editing. HYT: Data curation,
Formal analysis, Methodology, Software, Validation, Visualization,
Investigation, Writing - original draft, Writing - review & editing.
ZXX: Data curation, Software, Supervision, Validation, Writing -
review & editing. HYY: Formal analysis, Methodology, Software,
Supervision, Validation, Visualization, Writing - review & editing.
LJF: Conceptualization, Formal analysis, Methodology, Supervision,
Validation, Writing - review & editing. PZ: Conceptualization,
Funding acquisition, Methodology, Project administration,
Software, Supervision, Writing - review & editing. YZ:
Conceptualization, Resources, Supervision, Validation, Writing -
review & editing. JBL: Formal analysis, Investigation, Methodology,
Supervision, Writing - review & editing. XA: Conceptualization,
Formal analysis, Methodology, Resources, Supervision, Writing -
review & editing. JCZ: Investigation, Methodology, Resources,
Software, Supervision, Writing - review & editing. HLY:
Data
Project administration,

Conceptualization, curation,
Methodology,

Supervision, Validation, Visualization, Writing - original draft,

Funding acquisition,

Resources, Software,

Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was
supported by the National Key R&D Program of China
(2022YFD1301300) and Sichuan Science and Technology Program
(2022YFHO0063) and Sichuan Science and Technology Program
(2022YFH0064).

Acknowledgments

We thank Guilin Xiang and Yuanfeng Li for helping to collect the
biological samples and analyze the data.

Conflict of interest

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

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1510354
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/bioproject
https://www.ncbi.nlm.nih.gov/bioproject

Hu et al.

Generative Al statement

The authors declare that no Generative AI was used in the creation
of this manuscript.

Publisher’s note

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

References

Berry, D. B, Regner, B., Galinsky, V., Ward, S. R., and Frank, L. R. (2018). Relationships
between tissue microstructure and the diffusion tensor in simulated skeletal muscle.
Magn. Reson. Med. 80, 317-329. doi: 10.1002/mrm.26993

Bruun, T. S, Eskildsen, M., Hojgaard, C. K., Norskov, N. P, Knudsen, K., Theil, P. K., et al.
(2023). Feeding level during the last week of gestation can influence performance of sows
and their litters in the subsequent lactation. J. Anim. Sci. 101:349. doi: 10.1093/jas/skad349

Cao, S., Tang, W, Diao, H., Li, S., Yan, H., and Liu, J. (2022). Reduced meal frequency
decreases fat deposition and improves feed efficiency of growing-finishing pigs. Animals
12:2557. doi: 10.3390/ani12192557

Chaix, A., and Zarrinpar, A. (2015). The effects of time-restricted feeding on lipid
metabolism and adiposity. Adipocytes4,319-324. doi: 10.1080/21623945.2015.1025184

Chaix, A., Zarrinpar, A., Miu, P, and Panda, S. (2014). Time-restricted feeding is a
preventative and therapeutic intervention against diverse nutritional challenges. Cell
Metab. 20, 991-1005. doi: 10.1016/j.cmet.2014.11.001

Chang, S., Chen, X., Huang, Z., Chen, D., Yu, B,, Chen, H., et al. (2018). Dietary
sodium butyrate supplementation promotes oxidative Fiber formation in mice. Anim.
Biotechnol. 29, 212-215. doi: 10.1080/10495398.2017.1358734

Chasse, E., Guay, E, Bach, K. K, Zijlstra, R. T,, and Letourneau-Montminy, M. P. (2021).
Toward precise nutrient value of feed in growing pigs: effect of meal size, frequency and
dietary fibre on nutrient utilisation. Animals 11:2598. doi: 10.3390/ani11092598

Chen, C,, Fang, S., Wei, H., He, M., Fu, H., Xiong, X., et al. (2021). Prevotella copri
increases fat accumulation in pigs fed with formula diets. Microbiome 9:175. doi:
10.1186/s40168-021-01110-0

Colpoys, J. D., Johnson, A. K., and Gabler, N. K. (2016). Daily feeding regimen impacts
pig growth and behavior. [journal article; research support, non-U.S. Gov't]. Physiol.
Behav. 159, 27-32. doi: 10.1016/j.physbeh.2016.03.003

De Smet, 1., De Boever, P, and Verstraete, W. (1998). Cholesterol lowering in pigs
through enhanced bacterial bile salt hydrolase activity. Br. J. Nutr. 79, 185-194. doi:
10.1079/bjn19980030

Devin, J. L., Bolam, K. A, Jenkins, D. G., and Skinner, T. L. (2016). The influence of
exercise on the insulin-like growth factor axis in oncology: physiological basis, current,
and future perspectives. Cancer Epidemiol. Biomarkers Prev. 25, 239-249. doi:
10.1158/1055-9965.EPI-15-0406

Dwyer, C. M., Fletcher, J. M., and Stickland, N. C. (1993). Muscle cellularity and
postnatal growth in the pig. J. Anim. Sci. 71, 3339-3343. doi: 10.2527/1993.71123339x

Fang, W,, Zhang, L., Meng, Q., Wu, W,, Lee, Y. K,, Xie, J., et al. (2018). Effects of dietary
pectin on the profile and transport of intestinal bile acids in young pigs. J. Anim. Sci. 96,
4743-4754. doi: 10.1093/jas/sky327

Gourley, K. M., Swanson, A. J., Royall, R. Q., DeRouchey, J. M., Tokach, M. D.,
Dritz, S. S., et al. (2020). Effects of timing and size of meals prior to farrowing on sow
and litter performance. Transl. Anim. Sci. 4:txaa 66. doi: 10.1093/tas/txaa066

Guan, R., Wu, J,, Wang, Y., Cai, Q,, and Li, X. (2023). Comparative analysis of
productive performance and fattening efficiency of commercial pigs in China for two
consecutive years. Sci. Rep. 13:8154. doi: 10.1038/s41598-023-35430-y

Henckel, P.,, Oksbjerg, N., Erlandsen, E., Barton-Gade, P,, and Bejerholm, C. (1997).
Histo-and biochemical characteristics of the longissimus dorsi muscle in pigs and their
relationships to performance and meat quality. Meat Sci. 47, 311-321. doi: 10.1016/
$0309-1740(97)00063-6

Hubh, J. Y., Dincer, E, Mesfum, E., and Mantzoros, C. S. (2014). Irisin stimulates muscle
growth-related genes and regulates adipocyte differentiation and metabolism in humans.
Int. J. Obes. 38, 1538-1544. doi: 10.1038/ij0.2014.42

Ismail, I, and Joo, S. T. (2017). Poultry meat quality in relation to muscle growth and
muscle Fiber characteristics. Korean J. Food Sci. Anim. Resour. 37, 873-883. doi: 10.5851/
kosfa.2017.37.6.87

Janeckova, L., Kostovcikova, K., Svec, J., Stastna, M., Strnad, H., Kolar, M., et al.
(2019). Unique gene expression signatures in the intestinal mucosa and organoids

Frontiers in Microbiology

12

10.3389/fmicb.2025.1510354

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

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1510354/
full#supplementary-material

derived from germ-free and monoassociated mice. Int. J. Mol. Sci. 20:1581. doi: 10.3390/
ijms20071581

Jia, M., Zhang, H., Xu, ], Su, Y., and Zhu, W. (2021). Feeding frequency affects the
growth performance, nutrient digestion and absorption of growing pigs with the
same daily feed intake. Livest. Sci. 250:104558. doi: 10.1016/j.livsci.2021.
104558

Kir, S., Beddow, S. A., Samuel, V. T., Miller, P,, Previs, S. E, Suino-Powell, K., et al.
(2011). FGF19 as a postprandial, insulin-independent activator of hepatic protein and
glycogen synthesis. Science 331, 1621-1624. doi: 10.1126/science.1198363

Lahiri, S., Kim, H., Garcia-Perez, 1., Reza, M. M., Martin, K. A., Kundu, P, et al.
(2019). The gut microbiota influences skeletal muscle mass and function in mice. Sci.
Transl. Med. 11:5662. doi: 10.1126/scitranslmed.aan5662

Lefaucheur, L., Ecolan, P, Plantard, L., and Gueguen, N. (2002). New insights into muscle
fiber types in the pig. J. Histochem. Cytochem. 50,719-730. doi: 10.1177/002215540205000513

Liu, J. B, Cai, X., Xiong, H., and Zhang, H. F. (2017). Effects of feeding frequency on
meat quality traits and longissimus muscle proteome in finishing pigs. J. Anim. Physiol.
Anim. Nutr. 101, 1175-1184. doi: 10.1111/jpn.12636

Luo, Z. B., Han, S., Yin, X. J,, Liu, H., Wang, J., Xuan, M., et al. (2023). Fecal transplant
from myostatin deletion pigs positively impacts the gut-muscle axis. eLife 12:1858. doi:
10.7554/eLife.81858

Matarneh, S. K., Silva, S. L., and Gerrard, D. E. (2021). New insights in muscle biology
that Alter meat quality. Annu Rev Anim Biosci 9, 355-377. doi: 10.1146/annurev-
animal-021419-083902

Moloney, A. P, Keane, M. G., Mooney, M. T., Rezek, K., Smulders, F. ]., and Troy, D. J.
(2008). Energy supply patterns for finishing steers: feed conversion efficiency,
components of bodyweight gain and meat quality. Meat Sci. 79, 86-97. doi: 10.1016/j.
meatsci.2007.08.004

Pei, Y., Chen, C., Mu, Y,, Yang, Y, Feng, Z., Li, B, et al. (2021). Integrated microbiome
and metabolome analysis reveals a positive change in the intestinal environment of
Myostatin edited large white pigs. Front. Microbiol. 12:628685. doi: 10.3389/
fmicb.2021.628685

Qi, R, Sun, ], Qiu, X,, Zhang, Y., Wang, J., Wang, Q,, et al. (2021). The intestinal
microbiota contributes to the growth and physiological state of muscle tissue in piglets.
Sci. Rep. 11:11237. doi: 10.1038/541598-021-90881-5

Qiu, Y, Yu, ], Li, Y., Yang, E, Yu, H., Xue, M, et al. (2021). Depletion of gut microbiota
induces skeletal muscle atrophy by FXR-FGF15/19 signalling. Ann. Med. 53, 508-522.
doi: 10.1080/07853890.2021.1900593

Rahman, M. E. (2007). Estimation of relationship between hot carcass weight and eye
muscle area which effects on meat production of black Bengal goats. Pak. J. Nutr. 6,
33-34. doi: 10.3923/pjn.2007.33.34

Ren, P, Yang, X. ], Kim, J. S., Menon, D., and Baidoo, S. K. (2017). Effect of different
feeding levels during three short periods of gestation on sow and litter performance over
two reproductive cycles. Anmim. Reprod. Sci. 177, 42-55. doi: 10.1016/j.
anireprosci.2016.12.005

Ridaura, V. K,, Faith, J. ], Rey, E. E., Cheng, ], Duncan, A. E., Kau, A. L, et al. (2013).

Gut microbiota from twins discordant for obesity modulate metabolism in mice. Science
341:1241214. doi: 10.1126/science.1241214

Sasaki, T., Kuboyama, A., Mita, M., Murata, S., Shimizu, M., Inoue, J., et al.
(2018). The exercise-inducible bile acid receptor Tgr5 improves skeletal muscle
function in mice. J. Biol. Chem. 293, 10322-10332. doi: 10.1074/jbc.RA118.
002733

Schiaffino, S., Dyar, K. A,, Ciciliot, S., Blaauw, B., and Sandri, M. (2013). Mechanisms
regulating skeletal muscle growth and atrophy. FEBS J. 280, 4294-4314. doi: 10.1111/
febs.12253

Schneider, J. D., Tokach, M. D., Goodband, R. D., Nelssen, J. L., Dritz, S. S.,
Derouchey, J. M., et al. (2011). Effects of restricted feed intake on finishing pigs weighing

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1510354
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1510354/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1510354/full#supplementary-material
https://doi.org/10.1002/mrm.26993
https://doi.org/10.1093/jas/skad349
https://doi.org/10.3390/ani12192557
https://doi.org/10.1080/21623945.2015.1025184
https://doi.org/10.1016/j.cmet.2014.11.001
https://doi.org/10.1080/10495398.2017.1358734
https://doi.org/10.3390/ani11092598
https://doi.org/10.1186/s40168-021-01110-0
https://doi.org/10.1016/j.physbeh.2016.03.003
https://doi.org/10.1079/bjn19980030
https://doi.org/10.1158/1055-9965.EPI-15-0406
https://doi.org/10.2527/1993.71123339x
https://doi.org/10.1093/jas/sky327
https://doi.org/10.1093/tas/txaa066
https://doi.org/10.1038/s41598-023-35430-y
https://doi.org/10.1016/s0309-1740(97)00063-6
https://doi.org/10.1016/s0309-1740(97)00063-6
https://doi.org/10.1038/ijo.2014.42
https://doi.org/10.5851/kosfa.2017.37.6.87
https://doi.org/10.5851/kosfa.2017.37.6.87
https://doi.org/10.3390/ijms20071581
https://doi.org/10.3390/ijms20071581
https://doi.org/10.1016/j.livsci.2021.104558
https://doi.org/10.1016/j.livsci.2021.104558
https://doi.org/10.1126/science.1198363
https://doi.org/10.1126/scitranslmed.aan5662
https://doi.org/10.1177/002215540205000513
https://doi.org/10.1111/jpn.12636
https://doi.org/10.7554/eLife.81858
https://doi.org/10.1146/annurev-animal-021419-083902
https://doi.org/10.1146/annurev-animal-021419-083902
https://doi.org/10.1016/j.meatsci.2007.08.004
https://doi.org/10.1016/j.meatsci.2007.08.004
https://doi.org/10.3389/fmicb.2021.628685
https://doi.org/10.3389/fmicb.2021.628685
https://doi.org/10.1038/s41598-021-90881-5
https://doi.org/10.1080/07853890.2021.1900593
https://doi.org/10.3923/pjn.2007.33.34
https://doi.org/10.1016/j.anireprosci.2016.12.005
https://doi.org/10.1016/j.anireprosci.2016.12.005
https://doi.org/10.1126/science.1241214
https://doi.org/10.1074/jbc.RA118.002733
https://doi.org/10.1074/jbc.RA118.002733
https://doi.org/10.1111/febs.12253
https://doi.org/10.1111/febs.12253

Hu et al.

between 68 and 114 kilograms fed twice or 6 times daily. . Anim. Sci. 89, 3326-3333. doi:
10.2527/jas.2010-3154

Sun, L., Xie, C., Wang, G., Wu, Y., Wu, Q., Wang, X., et al. (2018). Gut microbiota and
intestinal FXR mediate the clinical benefits of metformin. Nat. Med. 24, 1919-1929. doi:
10.1038/s41591-018-0222-4

Wei, S., Han, R., Zhao, J., Wang, S., Huang, M., Wang, Y,, et al. (2018). Intermittent
administration of a fasting-mimicking diet intervenes in diabetes progression, restores
beta cells and reconstructs gut microbiota in mice. Nutr. Metab. 15:80. doi: 10.1186/
512986-018-0318-3

Wen, W., Chen, X., Huang, Z., Chen, D., Chen, H., Luo, Y., et al. (2020).
Resveratrol regulates muscle fiber type conversion via mi R-22-3p and AMPK/
SIRT1/PGC-1a  pathway. J. Nutr. Biochem. 77:108297. doi: 10.1016/j.
jnutbio.2019.108297

Wen, C., Yan, W,, Sun, C,, Ji, C., Zhou, Q., Zhang, D,, et al. (2019). The gut microbiota
is largely independent of host genetics in regulating fat deposition in chickens. ISME J.
13, 1422-1436. doi: 10.1038/s41396-019-0367-2

Wilkinson, M. J., Manoogian, E., Zadourian, A., Lo, H., Fakhouri, S., Shoghi, A., et al.
(2020). Ten-hour time-restricted eating reduces weight, blood pressure, and atherogenic
lipids in patients with metabolic syndrome. Cell Metab. 31, 92-104.e5. doi: 10.1016/j.
cmet.2019.11.004

Wu, C., Lyu, W, Hong, Q., Zhang, X., Yang, H., and Xiao, Y. (2021). Gut microbiota
influence lipid metabolism of skeletal muscle in pigs. Front. Nutr. 8:675445. doi: 10.3389/
fnut.2021.675445

Frontiers in Microbiology

13

10.3389/fmicb.2025.1510354

Wu, E, Vierck, K. R, DeRouchey, J. M., O'Quinn, T. G., Tokach, M. D,
Goodband, R. D,, et al. (2017). A review of heavy weight market pigs: status of
knowledge and future needs assessment. Transl Anim Sci 1, 1-15. doi: 10.2527/
tas2016.0004

Yan, H,, Cao, S., Li, Y., Zhang, H., and Liu, J. (2020). Reduced meal frequency alleviates
high-fat diet-induced lipid accumulation and inflammation in adipose tissue of pigs
under the circumstance of fixed feed allowance. Eur. J. Nutr. 59, 595-608. doi: 10.1007/
s00394-019-01928-3

Yan, H., Diao, H,, Xiao, Y., Li, W, Yu, B, He, ], et al. (2016). Gut microbiota can
transfer fiber characteristics and lipid metabolic profiles of skeletal muscle from pigs to
germ-free mice. Sci. Rep. 6:31786. doi: 10.1038/srep31786

Yan, H., Wei, W, Hu, L., Zhang, Y., Zhang, H., and Liu, J. (2021). Reduced feeding
frequency improves feed efficiency associated with altered fecal microbiota and bile acid
composition in pigs. Front. Microbiol. 12:761210. doi: 10.3389/fmicb.2021.761210

Zhang, H., Jia, M., Su, Y., and Zhu, W. (2022). Feeding frequency affects glucose and
lipid metabolism through SIRT1/AMPK pathway in growing pigs with the same amount
of daily feed. J. Nutr. Biochem. 100:108919. doi: 10.1016/j.jnutbio.2021.108919

Zhang, H., Liu, J., Zhang, X., Wang, J., Su, Y., and Zhu, W. (2019). Transcriptomic
responses in the livers and Jejunal mucosa of pigs under different feeding frequencies.
Animals 9:675. doi: 10.3390/ani9090675

Zhu, Y., Cidan-Yangji, Sun, G., Luo, C., Duan, J., Shi, B, et al. (2022). Different feeding

patterns affect meat quality of Tibetan pigs associated with intestinal microbiota
alterations. Front. Microbiol. 13:1076123. doi: 10.3389/fmicb.2022.1076123

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1510354
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.2527/jas.2010-3154
https://doi.org/10.1038/s41591-018-0222-4
https://doi.org/10.1186/s12986-018-0318-3
https://doi.org/10.1186/s12986-018-0318-3
https://doi.org/10.1016/j.jnutbio.2019.108297
https://doi.org/10.1016/j.jnutbio.2019.108297
https://doi.org/10.1038/s41396-019-0367-2
https://doi.org/10.1016/j.cmet.2019.11.004
https://doi.org/10.1016/j.cmet.2019.11.004
https://doi.org/10.3389/fnut.2021.675445
https://doi.org/10.3389/fnut.2021.675445
https://doi.org/10.2527/tas2016.0004
https://doi.org/10.2527/tas2016.0004
https://doi.org/10.1007/s00394-019-01928-3
https://doi.org/10.1007/s00394-019-01928-3
https://doi.org/10.1038/srep31786
https://doi.org/10.3389/fmicb.2021.761210
https://doi.org/10.1016/j.jnutbio.2021.108919
https://doi.org/10.3390/ani9090675
https://doi.org/10.3389/fmicb.2022.1076123

	Daily feeding frequency impacts muscle characteristics and fat deposition in finishing pigs associated with alterations in microbiota composition and bile acid profile
	1 Introduction
	2 Materials and methods
	2.1 Animal housing and experimental design
	2.2 Sample collection
	2.3 Carcass traits and meat quality
	2.4 Muscle morphology
	2.5 Reverse transcription quantitative PCR
	2.6 Microbiota analysis of the cecal contents
	2.7 Quantification of bile acids
	2.8 Statistical analysis

	3 Results
	3.1 Growth performance
	3.2 Carcass traits and meat quality
	3.3 Myofiber characteristics and myofiber type distribution in longissimus muscle
	3.4 Myogenesis and protein metabolism in longissimus muscle
	3.5 Lipid metabolism-related gene expression in adipose tissue
	3.6 Microbiota composition and BA profile in the cecum
	3.7 Correlation of intestinal microbiota with BAs and association between BAs and gene expression

	4 Discussion
	5 Conclusion

	References

