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Abstract 

Background  The fact that feeding pigs with probiotic-fermented agricultural by-products improves pork quality 
has been repeatedly demonstrated and widely applied, but the underlying mechanisms remain unclear. This study 
explored the effects of fermented extruded brewers’ spent grain (FEBSG) on meat quality in growing-finishing pigs, 
as well as its regulatory mechanisms.

Methods  Sixty Duroc × Landrace × Yorkshire pigs (52.25 ± 2.10 kg) were randomly assigned to five dietary treatments, 
in which FEBSG replaced 0, 5%, 10%, 15%, and 20% of soybean meal (SBM). The experiment spanned 10 weeks.

Results  Compared with the control, 20% FEBSG significantly increased final body weight, average daily feed intake, 
and average daily gain, while decreasing feed to gain ratio (P < 0.05). Both 15% and 20% FEBSG improved carcass 
characteristics and meat quality, including higher carcass weight, loin eye area, and intramuscular fat content, 
along with lower drip loss and shear force (P < 0.05). These treatments also enhanced flavor-related amino acids 
and unsaturated fatty acids (P < 0.05), and improved umami and sweet taste profiles. Moreover, 20% FEBSG increased 
muscle fiber density and reduced fiber diameter, upregulated MyHC I, MyHC IIa, PGC-1α, AMPKα1, TFAM, and SDH activ-
ity, and downregulated MyHC IIb and LDH activity (P < 0.05). Proteomic analysis identified 69 differentially expressed 
proteins, with enrichment in AMPK and PPAR signaling pathways. Metagenomic analysis revealed increased abun-
dance of short-chain fatty acid-producing bacteria, including Clostridium, Lactobacillus, Prevotella, and Bartonella. 
Correlation analysis demonstrated associations between gut microbiota diversity and meat quality traits, as well 
as between dominant microbial genera and differentially expressed proteins, volatile fatty acids, muscle fiber charac-
teristics, and the AMPK/PGC-1α/TFAM signaling pathway.
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Conclusions  Partial replacement of SBM with FEBSG positively influenced growth performance and pork quality 
in pigs, with the underlying mechanisms may involve the activation of the AMPK/PGC-1α/TFAM signaling pathway 
via the gut-muscle axis, thereby enhancing mitochondrial biogenesis, muscle development, and metabolism.

Keywords  Fermented extruded brewers’ spent grain, Growth performance, Gut-muscle axis, Growing-finishing pigs, 
Meat quality

Background
Brewers’ spent grain (BSG), a main byproduct of beer 
manufacturing, is generated through the fermentation 
and extraction of soluble carbohydrates from cereals, fol-
lowed by pressing, filtration, and drying [1]. In China, 
the annual production of BSG is approximately 2 mil-
lion tons, making it a cost-effective feed ingredient due 
to its richness in nutrients essential for animal diets [2]. 
It has been reported that transforming BSG waste into 
animal feed via sustainable methods can facilitate a shift 
from a linear to a circular economy, reducing pressure 
on food resources and fostering environmental conser-
vation [3]. However, major challenges in utilizing BSG 
as animal feed include its high moisture content and 
resistance to degradation due to high fiber levels, which 
lead to nutrient loss and reduced absorption efficiency, 
thereby limiting its large-scale application [4]. To over-
come these challenges, our latest research has shown that 
the combination of extrusion pretreatment and probi-
otic solid-state fermentation can disrupt the anti-degra-
dation barrier structure of BSG, improve its digestibility 
and nutritional value, and thereby effectively address the 
above challenges [5, 6].

Pork is widely consumed because of its high nutri-
tional value, delicious taste, and significant protein con-
tent. Economic growth and improved living standards 
have resulted in a growing demand for premium pork in 
recent years [7]. This trend underscores the importance 
of enhancing pork quality to promote the development 
of sustainable animal husbandry. The quality of pork 
is defined by complex traits, including sensory quality, 
meat color, nutritional value, pH value, intramuscular fat, 
and flavor substance content [8, 9]. Consumers typically 
base their meat purchasing decisions on visual percep-
tion such as meat color, freshness, lean percentage, and 
the visible drip content, whereas the qualities they focus 
on when eating meat are taste, tenderness, and juiciness 
[10]. These sensory aspects of pork quality are affected 
by factors including pH value, water retention proper-
ties, shear force, and the color of the meat [11]. However, 
the rapid expansion of intensive farming and the focus 
on the pursuit of productivity and lean meat output, has 
negatively impacted the quality of pork. This presents 
significant challenges for producing high-quality pork. 
Consequently, improving the quality and flavor of pork is 

crucial to meet consumer needs and ensure the produc-
tion of superior pork.

Nutritional modulation, particularly through the use 
of fermented feed, has emerged as an effective strategy 
to improve both animal performance and product qual-
ity [12]. Fermented feeds containing probiotics and their 
bioactive metabolites have been widely used in livestock 
production, offering benefits such as enhanced growth 
performance, immune function, nutrient absorption, 
and feed efficiency [13]. Furthermore, the widespread 
application of fermented feed contributes to alleviating 
the strain on feed resources, increasing the utilization 
of agricultural byproducts, and addressing bottlenecks 
in the feed and livestock industries [14]. Recent studies 
indicate that fermenting agricultural residues like BSG 
with probiotics has shown positive effects on pork quality 
traits such as meat color, tenderness, taste, and juiciness 
[15–17]. However, the regulatory mechanisms underly-
ing these observation remains unknown.

In recent years, the interaction between gut micro-
biota and host skeletal muscle (known as the gut mus-
cle axis) has attracted increasing attention, especially in 
the context of human health [18]. Emerging evidence 
suggests that the intestinal microbiota can influence 
muscle physiology and function through the produc-
tion of bioactive metabolites such as short-chain fatty 
acids, amino acids, and microbial peptides [19]. These 
metabolites are capable of modulating host metabo-
lism, inflammation, mitochondrial function, and mus-
cle fiber composition. Animal studies have begun to 
elucidate similar mechanisms. Dou et  al. [20] demon-
strated that supplementation with Clostridium butyri-
cum altered the gut microbiota composition and 
significantly improved skeletal muscle development 
and meat quality in lambs by modulating the gut–mus-
cle axis. Similarly, Xu et  al. [21] reported that the gut 
microbiota shaped by dietary lactic acid bacteria influ-
enced the flavor profile of duck meat, highlighting 
the role of microbial-derived metabolites in regulat-
ing meat quality. Therefore, the aim of this study was 
to evaluate the effects of dietary fermented extruded 
brewers’ spent grain (FEBSG) on pork quality in 
growing-finishing pigs and to elucidate the underly-
ing mechanisms. By integrating gut metagenomics and 
muscle proteomics, we aimed to explore how FEBSG 



Page 3 of 19Liu et al. Journal of Animal Science and Biotechnology          (2026) 17:111 	

modulates the gut–muscle axis and activates the 
AMPK/PGC-1α/TFAM signaling pathway, contrib-
uting to improvements in meat quality. Additionally, 
considering the limited availability of soybean meal 
(SBM) and the growing competition for food resources 
between humans and animals, this study proposes a 
sustainable feed strategy that reduces reliance on SBM 
while enhancing pork quality through dietary microbi-
ota modulation.

Materials and methods
Preparation of fermented extruded brewers’ spent grain
The extruded BSG was sourced from Sichuan Nuke 
Teide Biotechnology Co., Ltd., located in Chengdu, 
China. The pilot-scale production of FEBSG took place 
at the Animal Experiment base of Sichuan Agricul-
tural University. FEBSG was prepared using probiotics 
including Bacillus safensis SCYA3, Candida tropicalis 
SCYA4, and Bacillus subtilis SCYA6 (kept in the labo-
ratory) according to a previously optimized fermen-
tation method. The basal substrate contained 90% 
extruded brewers’ spent grain and 10% wheat bran. The 
fermentation conditions as follows: a blend of Bacillus 
safensis SCYA3, Bacillus subtilis SCYA6, and Candida 
tropicalis SCYA4 in a ratio of 3:2:1, an inoculation vol-
ume of 15% (v/w), and a substrate to water ratio of 1:1 
(w/v). Subsequently, the combined substrate was placed 
into a plastic bag that had a one-way valve fitted, sealed, 
and allowed to ferment at 34  °C for 7 d. In our previ-
ous study, we displayed the nutritional level of FEBSG 
before and after fermentation [6].

Experimental animals and feeding
Sixty healthy crossbred pigs (Duroc × Landrace × York-
shire), all 110 days old and averaging 52.25 ± 2.09  kg 
in weight (half male and half female), were assigned at 
random to five treatment: Con group, 5%FEBSG group 
(replacing 5% SBM with FEBSG), 10%FEBSG group 
(replacing 10% SBM with FEBSG), 15%FEBSG group 
(replacing 15% SBM with FEBSG), 20%FEBSG group 
(replacing 20% SBM with FEBSG). Each treatment 
included six replicates, each with two pigs. The basal 
diet (Con group) was designed following the NRC (2012) 
guidelines for weight ranges of 50 to 75 kg, 75 to 100 kg, 
and 100 to 125 kg [22]. Table 1 presented the nutritional 
content and feed composition of the basal diet. Pigs had 
drink water freely and were fed daily at 8:00, 14:00, and 
20:00. The experiment spanned 10  weeks. The animal 
feeding and management procedures for this research 
were endorsed by the Animal Ethics Committee at 
Sichuan Agricultural University (No: YYS20190612). 

Daily records of the pigs’ feed consumption were main-
tained, and their body weights were determined at 8:00 
on d 1 and 70.

Sample collection
The pigs underwent a 24-h fast prior to being weighed 
and subsequently slaughtered at the end of the experi-
ment. 30 pigs (6 pigs per group) were transferred to a 
commercial abattoir (25  min away), and slaughtered 
by electrical stunning, exsanguinated, and eviscerated 
according to standard procedures. Following slaughter, 
individual carcass weights were taken and documented 
to calculate the dressing percentage. According to the 
requirements of NY/T 825–2004 [23], backfat thickness 
was gauged at three distinct sites using a vernier caliper: 
the first rib, the last rib, and the last lumbar vertebra. 
Furthermore, loin eye area was determined at the last 
rib using planimetry. Subsequently, colon digesta sam-
ples were collected using sterilized equipment and pre-
served at −80 °C for analyzing intestinal microorganisms 

Table 1  Ingredient and nutrient composition of the basal diet 
(air-dry basis)

1 Mineral premix provides per kg of basal diet: 50–75 kg: Fe, 50.0 mg, Cu, 4.0 mg, 
Mn, 2.0 mg; Zn, 60.0 mg, I, 0.14 mg, Se, 0.15 mg. 75–125 kg: Fe, 40.0 mg, Cu, 
3.0 mg, Mn, 20.0 mg; Zn, 50.0 mg, I, 0.14 mg, Se, 0.15 mg
2 Vitamin premix provides per kg of basal diet: Vitamin A, 9,000 IU; Vitamin 
D3, 3,000 IU; Vitamin E, 20.0 IU; Vitamin K3, 3.0 mg; Vitamin B1, 1.5 mg; Vitamin 
B2, 4.0 mg; Vitamin B6, 3.0 mg; Vitamin B12, 0.02 mg; Nicotinamide, 30 mg; 
Pantothenic, 15.0 mg; Folic acid, 0.75 mg; Biotin, 0.1 mg
3 Digestible energy was calculated based on database of NRC (2012) [22]
4 Values determined by analysis; each value is based on triplicate determinations

Ingredients, % Phase, kg

50–75 75–100 100–125

Corn 75.51 80.88 84.48

Soybean meal 20.00 15.00 11.44

Soybean oil 1.55 1.46 1.40

L-Lysine HCl 0.31 0.30 0.38

DL-Methionine 0.08 0.06 0.05

Threonine 0.09 0.09 0.10

Tryptophan 0.02 0.02 0.03

Choline chlorine 0.10 0.10 0.10

Limestone 0.67 0.70 0.73

CaHPO4 1.15 0.86 0.76

NaCl 0.30 0.30 0.30

Mineral premix1 0.20 0.20 0.20

Vitamin premix2 0.02 0.03 0.03

Total 100.00 100.00 100.00

Nutrients levels

  Digestible energy, MJ/kg3 14.08 14.10 14.09

  Crude protein4 14.83 13.12 11.80

  Calcium4 0.58 0.53 0.47

  Total Phosphorus4 0.53 0.47 0.42
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and volatile fatty acids. Additionally, within 15 min after 
slaughter, the left side’s longissimus thoracis (LT) was 
sectioned into three portions. The first part was promptly 
collected and stored in liquid nitrogen for future analysis. 
The second part was immersed in 4% paraformaldehyde 
to examine muscle fiber morphology. The third part was 
designated for assessing shear force, cooking loss, pH, 
meat color, drip loss, and marbling score. It was then kept 
in a refrigerated environment at 4  °C for 24  h to assess 
the pork quality.

Meat quality analysis
The pH of the LT was measured 45 min and 24 h post-
slaughter, utilizing a portable pH meter. Additionally, 
45 min post-mortem, the meat color parameters includ-
ing lightness (L*), redness (a*), and yellowness (b*) were 
assessed using a CR-410 chromometer (Konica Minolta, 
Tokyo, Japan, Illuminant D65, observer angle of 10◦ 
with zero, aperture size of 5.0  mm) after 1  h of bloom-
ing. Around 30  g of LT sample was initially weighed 
45  min postmortem to assess drip loss. Following this, 
the sample was sealed in a bag and refrigerated at 4  °C, 
after which it was reweighed after a period of 24 h. Shear 
force and cooking loss: samples after 24  h of post-mor-
tem aging (approx. 80  g) were individually placed in 
polythene bags and cooked in a same water bath (80 °C). 
When the internal temperature reached 70  °C, sample 
was removed and cooled to room temperature. It should 
be pointed that there was only one cooking batch and one 
sample was prepared especially for the determination 
of the central temperature. Sear force: the cooked sam-
ples were cut into rectangle (cross-sectional area 1 cm2), 
a tenderness meter (Sichuan Agricultural University, 
Chengdu, China) equipped with a strain gauge load cell 
(capacity of 50  kg) was used to assess shear force, each 
sample was assayed > 8 times. The marbling score was 
assessed 45 min postmortem, using the NPPC meat color 
chart as a reference guide. Following this, roughly 50 g of 
the LT was initially weighed and placed into a container 
that had been pre-weighed. The sample was subsequently 
freeze-dried at −80  °C for 48  h. Once the freeze-drying 
was complete, the container’s weight was measured again 
to ascertain the LT’s moisture content by calculating the 
weight difference. The dried muscle tissues were deter-
mined for their crude protein, intramuscular fat, amino 
acids, and fatty acids content.

Electronic tongue analysis
The taste assessment of the LT was conducted with 
an electronic tongue system (Alpha MOS Company, 
Toulouse, France). Specifically, samples weighing 10  g 
were homogenized for 1  min in appropriate amount of 
deionized water. After 30  min of standing, the 80  mL 

supernatants were obtained through centrifugation and 
filtration for electronic tongue analysis.

H&E staining
Following a 24-h fixation period, the LT samples were 
dehydrated and embedded in preparation for sectioning. 
Samples were sectioned to a thickness of 10 μm using an 
ultramicrotome. The paraffin-embedded sections were 
then subjected to dewaxing and rehydration. Afterwards, 
they were stained according to the protocol specified in 
the H&E staining kit. Ultimately, the fiber density and 
muscle fiber diameter were determined using Image-Pro 
Plus 6.0 software.

Metabolic enzyme activity assay
A sample of the LT sample, approximately 0.1  g, was 
homogenized on ice with 900 μL of 0.9% saline solution. 
After homogenization, the supernatant was obtained by 
centrifuging at 2,500 ×  g for 10  min at 4  °C. Then, the 
activity of lactate dehydrogenase (LDH), malate dehydro-
genase (MDH), and succinic dehydrogenase (SDH) were 
measured using commercial assay kits following the sup-
plier’s protocol (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China).

Real‑time quantitative PCR
Total RNA was extracted from LT (30 mg) using RNAiso 
Plus reagent following the manufacturer’s protocol. Sub-
sequently, the RNA concentration was quantified. Then, 
total RNA was reverse transcribed into cDNA follow-
ing the provided protocol. Real‑time quantitative PCR 
was performed using the 7900HT real-time PCR system 
in accordance with the established procedure. Primer 
sequences were detailed in Table S1. The mRNA expres-
sion was calculated using comparative method (2−ΔΔCT). 
GAPDH served as the internal control.

Immunofluorescence staining
The LT sample was fixed with a 4% paraformalde-
hyde solution, and then cut into 10-µm sections with a 
microtome. The sections were treated with primary anti-
bodies against slow myosin heavy chain (MyHC) and 
fast MyHC (Abcam) for an overnight period. Afterward, 
they were incubated with secondary antibodies: CY3-
conjugated goat anti-rabbit IgG and Alexa Fluor 488-con-
jugated goat anti-mouse IgG. Then the sections were 
processed with an autofluorescence suppression reagent 
and counterstained with DAPI for nuclear visualization 
in a dark environment. Ultimately, images for analysis 
were captured using fluorescence microscope to quantify 
the proportion of slow and fast muscle fibers.
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Proteomics analysis
Protein extraction and labelling
Protein from the LT was extracted with a lysis buffer, 
then the protein was digested with trypsin and ammo-
nium bicarbonate buffer for 4  h. Following this, trypsin 
and CaCl2 were added to the samples, which were left 
overnight. The next day, the supernatant was collected 
and washed, then the filtrate was dissolved in TEBA 
buffer. Subsequently, the mixture was supplemented with 
TMT-tagged reagents. Finally, the reaction was stopped 
using ammonium hydroxide.

Separation of fractions and LC–MS/MS analysis
A gradient elution procedure utilizing acetonitrile con-
centrations of 2% and 98% was performed to separate 
components within the sample. This process was con-
ducted on an L3000 HPLC system from Rigol. Post-frac-
tionation, the resulting sample fractions were subjected 
to lyophilization to remove solvents, followed by resus-
pension in a 0.1% formic acid solution to prepare them 
for further analysis. The subsequent analytical steps were 
executed on the EASY-nLC™ 1200 UPLC system.

Data analysis
Peptide identification and quantification against the Uni-
Prot Proteomes-Sus scrofa database were performed using 
MaxQuant software. The criteria for peptide and protein 
identification were set with a maximum false discovery 
rate (FDR) of 1%. Proteins were considered up-regulated if 
they had a fold change > 1.2 and a P < 0.05. Proteins were 
identified as down-regulated with a fold change < 0.83 and 
a P < 0.05. GO enrichment and KEGG pathway analyses 
were conducted using the DAVID database. Following this, 
interaction networks of the differentially expressed pro-
teins were built using the STRING database.

Metagenomics analysis
DNA extracted from colon digesta samples was evalu-
ated for quality through gel electrophoresis. It was then 
fragmented with the dsDNA Fragmentase enzyme (NEB, 
M0348S). Subsequently, the paired-end library was 
constructed using the TruSeq Nano DNA LT Library 
Preparation Kit (FC-121-4001), adhering strictly to the 
manufacturer’s protocol. This involved the precise steps 
of DNA fragment ligation, purification, and enrichment. 
The library was subsequently analyzed for size distribu-
tion and quantified using qPCR, proceeding to PE150 
sequencing. The raw sequencing reads were meticulously 
processed for quality control with Fastqc (version 0.10.0), 
which facilitated the trimming of adapter sequences 
and the removal of substandard reads. The high-quality 
reads that passed the filtration were then assembled in 
unison using the Megahit software (version 1.2.9). The 

assembled sequences were subjected to gene prediction 
using MetaGeneMark (version 3.2.6). An annotation of 
microbial functions was done using the KEGG (version 
87.1) and CAZymes (version 8) databases.

Determination of short‑chain fatty acids
Approximately 0.5 g of colon digesta were homogenized 
in 2  mL of ultrapure water, followed by centrifugation 
at 3,000 × g for 15 min. The supernatant was then com-
bined with an ice-cold metaphosphoric acid solution and 
kept at 4  °C for 30  min before another centrifugation. 
The levels of acetic acid (AA), propionic acid (PA), isobu-
tyric acid (IBA), butyric acid (BA), valeric acid (VA), and 
isovaleric acid (IVA) were subsequently analyzed using a 
GC 8890 series gas chromatograph (Agilent Technolo-
gies, Santa Clara, CA, USA).

Statistical analysis
The performance characteristics data were analyzed 
using a one-way analysis of variance (ANOVA) followed 
by Duncan’s multiple range test. SPSS 22.0 software (Chi-
cago, IL, USA) was used for the analysis. Results were 
displayed as the means and standard error of the mean 
(SEM). The regression analysis was employed to test the 
linear and quadratic effects. P < 0.05 indicated statistically 
significant differences.

Results
Growth performance and carcass properties
The production performance and carcass characteristics 
of the pigs were shown in Table 2. Pigs fed 15% and 20% 
FEBSG diets exhibited significantly higher (P < 0.05) final 
body weight, average daily feed intake, carcass weight and 
loin-eye area compared to those fed Con diets. Moreo-
ver, the 20% FEBSG group displayed a significant increase 
in average daily gain and a significant decrease in feed 
to gain ratio compared to those fed Con diets (P < 0.05). 
While no significant differences were observed in dress-
ing percentage, carcass length and backfat thickness in 
any groups (P > 0.05). Interestingly, the final body weight, 
average daily feed intake, average daily gain, feed to gain 
ratio, carcass weight and loin-eye area of pigs showed lin-
ear and quadratic relationships with FEBSG (P < 0.05).

Meat quality
Table 3 showed significant differences between the Con 
group and those fed 10%, 15%, and 20% FEBSG diets. 
Specifically, 15% and 20% FEBSG groups exhibited sig-
nificantly (P < 0.05) higher value of a* (redness) and intra-
muscular fat, and significantly lower value of drip loss 
compared to those fed Con diets. Furthermore, the 20% 
FEBSG groups exhibited lower cooking loss and shear 
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force, while exhibited higher marbling scores than those 
on the Con diet. The 15% FEBSG group exhibited sig-
nificantly (P < 0.05) higher value of pH24h. While no sig-
nificant variations (P > 0.05) were discovered in pH45min, 
L* (lightness), b* (yellowness), crude protein and mois-
ture content among pigs fed 0%, 5%, 10%, 15%, and 20% 
FEBSG diets. While pH24h, a*, drip loss, cooking loss, 
shear force, and intramuscular fat of pigs showed linear 
and quadratic relationships with FEBSG (P < 0.05).

Amino acid, taste characteristics and fatty acid profiles
The composition of amino acids (AA) in the LT were 
analyzed, revealing that no significant differences were 

observed in total AA, non-essential AA (NEAA) and 
essential AA (EAA) in any groups (P > 0.05) (Fig. 1A–C), 
while pigs fed diets containing 15% and 20% FEBSG had 
significantly higher (P < 0.05) contents of tasty AA com-
pared to pigs fed Con diets (Fig.  1D). Additionally, the 
taste characteristics of pork meat were assessed using an 
electronic tongue (e-tongue) across different groups. As 
shown in Fig. 1E, significant variations were displayed in 
the intensity values of the AHS, ANS, and NMS sensors 
among the five groups. The 15% and 20% FEBSG groups 
exhibited higher intensity values for the ANS and NMS 
sensors than the Con group. Conversely, these groups 
showed significantly lower (P < 0.05) intensity values for 

Table 2  Effects of different diet FEBSG treatment on growth performance and carcass properties in growing-finishing pigs

Means with different superscripts in the same row indicate significantly difference (P < 0.05; n = 6)

Items Control 5%FEBSG 10%FEBSG 15%FEBSG 20%FEBSG SEM P-value

ANOVA Linear Quadratic

Growth performance

  Initial body weight, kg 52.29 52.25 52.21 52.25 52.25 0.38 1.000 0.976 0.998

  Final body weight, kg 118.17b 117.66b 123.54a 125.29a 127.42a 0.96  < 0.01  < 0.01  < 0.01

  Average daily feed intake, kg/d 2.84b 2.85ab 3.02ab 3.05ab 3.11a 0.04 0.07 0.004 0.018

  Average daily gain, kg/d 0.94b 0.94b 1.02a 1.04a 1.08a 0.01 0.001  < 0.01  < 0.01

  Feed to gain ratio 3.02ab 3.05a 2.97abc 2.92bc 2.89c 0.02 0.037 0.003 0.010

Carcass properties

  Carcass weight, kg 83.47c 83.93c 85.10bc 89.67ab 92.77a 1.01 0.004  < 0.01  < 0.01

  Dressing percentage, % 72.99 71.52 70.98 72.92 73.54 0.77 0.831 0.653 0.541

  Carcass length, cm 100.83 102.28 104.92 103.55 105.17 0.76 0.338 0.062 0.151

  Backfat thickness, cm 2.74 2.98 2.89 2.80 2.86 0.07 0.873 0.905 0.838

  Loin-eye area, cm2 44.04b 46.58ab 47.80a 49.62a 50.13a 0.64 0.010  < 0.01 0.001

Table 3  Effects of different diet FEBSG treatment on meat quality in growing-finishing pigs

Means with different superscripts in the same row indicate significantly difference (P < 0.05; n = 6)

Items Control 5%FEBSG 10%FEBSG 15%FEBSG 20%FEBSG SEM P-value

ANOVA Linear Quadratic

pH45min 6.34 6.29 6.22 6.31 6.27 0.03 0.843 0.565 0.692

pH24h 5.37b 5.40ab 5.44ab 5.45a 5.44ab 0.01 0.118 0.013 0.026

L*45min 41.65 42.78 42.81 40.95 41.22 0.28 0.097 0.183 0.125

a*45min 7.71b 8.05ab 8.66ab 9.05a 8.98a 0.19 0.086 0.006 0.018

b*45min 10.59 10.94 10.82 11.08 10.33 0.11 0.208 0.620 0.118

Drip loss, % 2.71a 2.42ab 2.19b 2.08b 2.03b 0.08 0.040 0.002 0.005

Cooking loss, % 33.54a 32.25a 30.97ab 31.25ab 29.19b 0.46 0.030 0.002 0.007

Shear forces, N 57.74ab 59.46a 52.61bc 53.73abc 49.59c 1.05 0.011 0.003 0.006

Marbling score 2.17b 2.50ab 2.67ab 2.83ab 3.17a 0.14 0.215 0.014 0.053

Moisture, % 70.71 71.12 72.85 72.43 71.98 0.49 0.635 0.269 0.348

Intramuscular fat, % 2.37c 2.52bc 2.80ab 3.01a 3.06a 0.07 0.003  < 0.01  < 0.01

Crude protein, % 21.14 20.72 23.14 22.94 24.24 0.59 0.297 0.040 0.126
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the AHS sensors than the Con group. Additionally, the 
fatty acid profiles in the LT were presented in Table  4. 
The levels of oleic acid (C18:1n9c), MUFA, PUFA, and 
n-6 PUFA were significantly higher (P < 0.05) in the 15% 
and 20% FEBSG groups compared to the Con group. 
Additionally, the PUFA/SFA ratio was higher in the 15% 
FEBSG group than in the Con group. However, the die-
tary treatments did not have a significant effect on the 
levels of SFA, n-3 PUFA, and the n-6/n-3 ratio (P > 0.05). 
While the content of C18:1n9c, C18:2n6c, MUFA, PUFA, 
n-6 PUFA and PUFA/SFA of pigs showed linear and 
quadratic relationships with FEBSG (P < 0.05).

Muscle fiber characteristic and muscle fiber type 
transformations
The muscle fiber diameter significantly decreased, 
while the fiber density markedly (P < 0.05) increased 
in the 10%, 15%, and 20% FEBSG groups, as depicted 
in Fig.  2A. The mRNA levels of genes related to mus-
cle fiber-type transformation were also evaluated. 
The 10%, 15%, and 20% FEBSG groups markedly 
increased (P < 0.05) the gene expression levels of MyHC 
I and MyHC IIa, while 20% FEBSG group significantly 

decreased (P < 0.05) the mRNA level of MyHC IIb when 
compared to the Con group. Nevertheless, no signifi-
cant variation (P > 0.05) was observed in the mRNA 
level of MyHC IIx in any groups (Fig.  2B). The meta-
bolic enzyme activities in the LT were also assessed. 
The 15% and 20% FEBSG groups significantly decreased 
LDH activity while 5%, 10% and 20% FEBSG groups 
significantly increasing SDH activities (P < 0.05), and 
no significant variation (P > 0.05) was observed in the 
MDH activity in any groups (Fig.  2C). Furthermore, 
immunofluorescence results indicated that the 15% and 
20% FEBSG groups significantly decreased the percent-
age of fast MyHC and enhanced the percentage of slow 
MyHC (P < 0.05) (Fig. 3A).

Gene expression associated with AMPK signaling 
and mitochondrial biogenesis regulators
The effects of FEBSG on the AMPK signaling pathway 
and regulators of mitochondrial biogenesis in finish-
ing pigs were illustrated in Fig.  3B and C. The 15% and 
20% FEBSG groups had significantly increased (P < 0.05) 
expression of PGC-1α, AMPKα1, SIRT1, TFAM and 
NRF-1 compared to the Con group. Nevertheless, no 

Fig. 1  Effects of different diet FEBSG treatment on amino acid and taste characteristics in growing-finishing pigs. A Total amino acids. B Essential 
amino acids. C Non-essential amino acids. D Tasty amino acids. E E-tongue radar plot. The results were presented as mean ± SEM (n = 6). Bars 
with different letters indicates significant difference (P < 0.05)
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significant variation (P > 0.05) was observed in the mRNA 
level of AMPKα2 in any groups.

Proteomics analysis of the LT
Further assessment of muscle fiber traits in finishing 
pigs was conducted through quantitative proteomic 
analysis of LT using TMT in the 20% FEBSG group and 
the control group, based on prior findings from carcass 
performance and pork quality evaluation. Principal 
component analysis (PCA) revealed that 98.92% of the 
total variance was attributed to the PC1, with an addi-
tional 0.46% accounted for by the PC2 (Fig.  4A). The 
correlation analysis among samples indicated a high 
degree of correlation for samples within the same group 
(Fig. 4B). These findings suggest that the repeatability of 
samples within each group was satisfactory. A compar-
ative analysis between the 20% FEBSG and Con groups 
revealed a total of 69 differentially expressed proteins. 
Among these, 51 proteins exhibited down-regulation, 
while 18 proteins showed up-regulation (Fig.  4C). 
Table S2A listed the up- and down-regulated proteins, 
and Fig. 4D showed the differential protein expression 
levels of the top 3 (up and down, respectively) with the 
biggest fold change values. The expressions of TNNC1, 

SDHA and TNNT3 were upregulated, while the expres-
sions of HDAC4, BAG5 and USP5 were downregulated. 
The data highlighted significant disparities in protein 
expression characteristics between the 20% FEBSG 
and Con groups. GO analysis categorized the differ-
entially expressed proteins into three main categories: 
biological processes (BP, with 104 identified proteins), 
molecular functions (MF, with 55 proteins), and cel-
lular components (CC, with 20 proteins) (Table  S2B). 
The top 10 enriched GO terms for each category—BP, 
CC, and MF—are graphically represented in Fig. 4E. In 
the analysis between the 20% FEBSG group to the Con 
group, several key biological processes were signifi-
cantly affected, encompassing the negative regulation 
of transcription by RNA polymerase II (GO:0000122), 
regulation of muscle contraction (GO:0006937), and 
skeletal system development (GO:0001501). The pri-
mary molecular function classes impacted were 
glutathione peroxidase activity (GO:0004602), oxidore-
ductase activity (GO:0016628), ATPase activator activ-
ity (GO:0001671), and fatty acid binding (GO:0005504). 
Additionally, the principal cellular protein classes iden-
tified were mitochondrial respiratory chain complex I 
(GO:0005747), cytosol (GO:0005829), and cytoplasm 

Table 4  Effects of different diet FEBSG treatment on fatty acid composition in growing-finishing pigs, % of dry meat weight

Means with different superscripts in the same row indicate significantly difference (P < 0.05; n = 6). SFA Saturated fatty acid, MUFA Monounsaturated fatty acid, PUFA 
Polyunsaturated fatty acid, n-6 PUFA Omega 6 polyunsaturated fatty acid, n-3 PUFA Total mega 3 polyunsaturated fatty acid

Items Control 5%FEBSG 10%FEBSG 15%FEBSG 20%FEBSG SEM P-value

ANOVA Linear Quadratic

C10:0 0.97 0.89 0.41 0.37 0.73 0.13 0.512 0.298 0.285

C14:0 1.39ab 1.49a 1.45ab 1.33b 1.46ab 0.02 0.193 0.887 0.988

C16:0 23.56ab 24.48ab 24.98a 23.16b 25.03a 0.24 0.033 0.357 0.646

C16:1 3.07 3.29 3.39 3.64 3.46 0.09 0.400 0.081 0.240

C17:0 0.36 0.27 0.30 0.36 0.32 0.01 0.238 0.861 0.559

C18:0 10.61 11.19 11.04 9.97 10.39 0.19 0.242 0.219 0.350

C18:1n9c 41.01c 42.37bc 40.88c 44.17b 46.78a 0.52  < 0.01  < 0.01  < 0.01

C18:2n6c 13.93b 12.69b 14.11b 17.90a 16.90a 0.50 0.001 0.001 0.003

C20:0 0.15 0.16 0.17 0.15 0.15 0.01 0.282 0.776 0.462

C18:3n6 0.09ab 0.07b 0.09ab 0.12a 0.11a 0.01 0.011 0.010 0.024

C18:3n3 0.80ab 0.75ab 0.75b 0.89a 0.80ab 0.02 0.768 0.340 0.580

C20:2 0.55 0.49 0.51 0.61 0.56 0.02 0.226 0.321 0.488

C20:3n6 0.25ab 0.20b 0.26ab 0.32a 0.29a 0.01 0.075 0.045 0.129

C20:3n3 0.11 0.10 0.11 0.13 0.12 0.01 0.194 0.128 0.292

SFA 37.02ab 38.48a 38.36a 35.33b 38.09a 0.42 0.079 0.736 0.942

MUFA 44.12c 45.71bc 44.33c 47.86ab 50.30a 0.56  < 0.01  < 0.01  < 0.01

PUFA 15.93b 14.44b 16.04b 20.20a 19.05a 0.55 0.001 0.001 0.004

n-3 PUFA 1.11 0.99 1.06 1.27 1.19 0.03 0.059 0.061 0.131

n-6 PUFA 14.28b 12.96b 14.46b 18.33a 17.31a 0.52 0.001 0.001 0.003

PUFA/SFA 0.43bc 0.38c 0.42bc 0.58a 0.50ab 0.02 0.001 0.005 0.017

n-6/n-3 13.56 13.03 13.67 14.50 14.51 0.33 0.594 0.157 0.336
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Fig. 2  Effects of different diet FEBSG treatment on muscle fiber characteristics in growing-finishing pigs. A Graph of HE staining, muscle fiber 
diameter and fiber density of LT. B The mRNA levels of genes related to muscle fiber-type transformation. C Activities of LDH, MDH and SDH. Data 
are expressed as mean ± SEM (n = 6), and different letters denote significant differences (P < 0.05)
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Fig. 3  Effects of different diet FEBSG treatment on muscle fiber type transformations and mitochondrial function in growing-finishing pigs. A 
Immunofluorescent staining of slow MyHC and fast MyHC in the LT (red is fast-twitch fiber and green is slow-twitch fiber), percentage of the fast 
myhc and percentage of the slow MyHC in the LT. B and C Gene expression associated with AMPK signaling and mitochondrial biogenesis 
regulators. Data are expressed as mean ± SEM (n = 6), and different letters denote significant differences (P < 0.05)
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(GO:0005737). Table  S2C and Fig.  4F displayed the 
enriched pathways of differentially expressed proteins 
related to muscle growth based on KEGG analysis. 
Proteins that were differentially expressed in the 20% 
FEBSG group were predominantly associated with 40 
distinct metabolic pathways. Notably, pathways related 

to the biosynthesis of amino acids (ssc01230), glu-
tathione metabolism (ssc00480), AMPK signaling path-
way (ssc04152), PPAR signaling pathway (ssc03320) 
and regulation of actin cytoskeleton (ssc04810) were 
enriched, indicating their crucial roles in the biological 
responses observed in this group.

Fig. 4  TMT-based quantitative proteomic analysis of the LT. A Principal component analysis (PCA) score plot of proteomic data. B Sample 
correlation analysis. On the upper right of the diagonal line of the image, the number indicates the correlation value of the two samples, * indicates 
the degree of significance (*P < 0.05, **P < 0.01, ***P < 0.001). C Volcano plot of differentially expressed proteins between the control and 20% FEBSG. 
The proteins up- or down-regulated are indicated in red and blue, respectively. D Box plot of the differential protein expression levels of the top 
3 (up and down, respectively) with the biggest fold change values. E Gene Ontology (GO) annotation plot of differentially expressed proteins. BP, 
Biological Process; MF, Molecular Function; CC, Cellular Component. F KEGG pathway enrichment analysis
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Metagenomics analysis of the colon
A total of 2,268,174 high-quality Unigenes were obtained, 
with 2,178,435 Unigenes being present in both groups as 
a result of the whole-genome shotgun sequencing of 12 
colon digesta samples. A significant increase in the count 
of Unigenes was observed in the 20% FEBSG group com-
pared to the Con group, as depicted in Fig.  5A. Princi-
pal coordinates analysis (PCoA) further revealed that 
the bacterial community compositions between the two 
groups were significantly different, highlighting a distinct 
separation in their microbial signatures, as illustrated 
in Fig. 5B. Analysis of bacterial α-diversity revealed sig-
nificant increases in both observed_species and Chao1 
indices in the 20% FEBSG group when compared to the 
Con group (Fig.  5C). This suggests a richer bacterial 
diversity and greater bacterial abundance in the FEBSG 
group. We conducted an analysis of the microbiota com-
position in colon digesta samples at various taxonomic 
levels. Firmicutes predominated in the gut microbiome 
of both the Con and FEBSG group pigs at the phylum 
level, comprising 40.79% and 44.29% of the microbiota, 
respectively. Bacteroidetes followed, accounting for 
9.94% in the Con group and 12.24% in the FEBSG group 
(Fig. 5D, Table S3A). At the genus level, Clostridium was 
notably abundant, representing 9.00% in the Con group 
and 15.10% in the FEBSG group. Prevotella was also 
prevalent, with 3.22% in the Con group and 6.91% in 
the FEBSG group (Fig. 5E, Table S3B). Furthermore, the 
colon digesta of the FEBSG group pigs exhibited a signifi-
cant enrichment of Clostridium, Prevotella, Bartonella, 
Ruminococcus, Faecalibacterium, and Lactobacillus 
(Fig.  5F). Linear discriminant analysis (LEfSe) revealed 
elevated activity levels of bacterial genera such as 
Clostridium, Prevotellamassilia and Faecalibacterium in 
the FEBSG group, as illustrated in Fig. 5G. This indicated 
a potential shift in the microbial community composition 
in response to FEBSG supplementation. In the functional 
annotation analysis of the colon, Unigenes were classi-
fied into 24 level 2 KEGG pathways, encompassing six 
broad KEGG categories. Strikingly, a higher proportion 
of Unigenes in the colon digesta was linked to carbohy-
drate metabolism and amino acid metabolism, suggest-
ing these metabolic pathways may be particularly active 
or influenced by the treatment, as shown in Fig. 5H. This 
highlighted the importance of these metabolic functions 
in the context of the study.

Short‑chain fatty acid analysis
Figure 6 presented the levels of short-chain fatty acids in 
the colon. The findings indicated that the levels of AA, 
BA, and IBA in the colonic contents of pigs fed with 
diets containing 20% FEBSG were higher (P < 0.05) com-
pared to those fed with the Con. Nonetheless, no notable 

differences (P > 0.05) were found in the levels of PA, VA, 
and IVA between the 20% FEBSG group and the Con 
group.

Correlative analysis of proteomics and metagenomics data 
with meat quality characteristics
To gain further insights into the impact and potential 
regulatory mechanisms of FEBSG on pig production, a 
correlation analysis was performed. The analysis focused 
on the relationships between the alpha diversity of the 
bacteriome and meat quality traits. Mantel’s test was 
employed to determine these correlations. As shown in 
Fig.  7A, pH24h, shear force, and intramuscular fat were 
found to be correlated with observed_species, with Man-
tel’s r values of 0.19, 0.52, and 0.25, respectively. Addi-
tionally, the shear force and intramuscular fat correlated 
with the Chao1 index. The loin-eye area showed a signifi-
cant positive correlation with intramuscular fat (r = 0.91) 
and pH24h (r = 0.83). Conversely, it was inversely related 
to cooking loss (r = −0.70) and shear force (r = −0.79). 
Drip loss and cooking loss were both negatively associ-
ated (P < 0.05) with intramuscular fat, pH24h, and the 
a* value. Additionally, pH24h demonstrated a positive 
(P < 0.05) correlation with intramuscular fat, tasty AA, 
crude protein, and the a* value (r = 0.75, r = 0.71, and 
r = 0.82, respectively). pH24h also correlated inversely 
with shear force (r = −0.69). Figure  7B presented a cor-
relation analysis among predominant genera, differen-
tially expressed proteins, volatile fatty acids, muscle fiber 
types, and AMPK signaling characteristics. The analy-
sis showed significant correlations (P < 0.05) between 
TNNC1 and AMPKα1 with Clostridium, Prevotella, Bar-
tonella, Ruminococcus, Faecalibacterium, and Lactobacil-
lus. Additionally, SDHA showed correlations (P < 0.05) 
with Clostridium (r = 0.26), Bartonella (r = 0.47), Rumi-
nococcus (r = 0.23), and Faecalibacterium (r = 0.24). 
TNNT3 was significantly related with Clostridium and 
Faecalibacterium (P < 0.05). Furthermore, HDAC4, AA, 
BA, MyHC I, MyHC IIa, AMPKα1, MyHC IIb, SIRT1, 
PGC-1a, NRF-1 and TFAM were each correlated with 
Clostridium, Prevotella, Ruminococcus, and Faecalibac-
terium (P < 0.05). TNNC1, SDHA, and TNNT3 were 
positively associated with MyHC IIa and PGC-1a, and 
negatively associated with MyHC IIb and USP5 (P < 0.05). 
HDAC4 was negatively associated with MyHC I, MyHC 
IIa, AMPKα1, SIRT1, and TFAM, while showing a posi-
tive correlation with BAG5 (P < 0.05). BA demonstrated 
positive correlations with TNNC1, MyHC IIa, PGC-1a, 
SIRT1, and NRF-1, and negative correlations (P < 0.05) 
with BAG5 and MyHC IIb. MyHC I and MyHC IIa were 
positively correlated with TFAM, AMPKα1, AMPKα2, 
SIRT1, and NRF-1, and negatively correlated with MyHC 
IIb (P < 0.05). We propose that 20% FEBSG may enhance 
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Fig. 5  Metagenomics analysis of colon. A Venn plot showing the similarity and specificity of Unigenes between the FEBSG and control groups. B 
Principal coordinate analysis based on Bray–Curtis distance. C Alpha diversity for two groups of pigs. D Relative abundance at the bacterial phylum 
levels. E Relative abundance at the bacterial genus levels. F Average abundance of predominant genera in the groups. G Identification of crucial gut 
bacteria in the colon of two groups of pigs by LEfSe analysis. H Unigenes assigned to 45 level 2 KEGG items. *P < 0.05, **P < 0.01
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muscle fiber characteristics by modulating the gut micro-
biota, thereby improving meat quality (Fig. 7C).

Discussion
In this study, we observed that substituting SBM with 
FEBSG in the diets of finishing pigs resulted in an 
increase in final body weight, average daily gain, average 
daily feed intake, carcass weight and loin-eye area. These 
results indicated that FEBSG can positively influence 
growth performance and carcass characteristics in pigs, 
corroborating earlier finding [8]. Prior investigations 
have established that the use of microbial fermented 
feed can confer multiple advantages for animal growth, 
including increased feed consumption, enhanced nutri-
ent absorption, and improved intestinal health. These 
beneficial effects are largely due to the microorganisms’ 
capacity to break down anti-nutritional factors and com-
plex nutrients in the feed, as reported by Su et al. [24].

Pork quality encompasses both sensory and nutritional 
aspects. The assessment of sensory quality in pork pri-
marily focuses on attributes including meat color, drip 
loss, taste, pH, marbling, tenderness, and juiciness [25]. 
These indicators are crucial factors influencing consum-
ers’ purchasing decisions. Notably, meat color stands out 
as a primary quality attribute of meat products, directly 
shaping consumer preferences. Within a certain range, 
pork pH was positively correlated with meat color scores 
[26]. While the pH affects meat color, tenderness and 
drip loss [27]. The nutritional quality of pork primarily 
pertains to its nutritional value, encompassing the lev-
els of AA, fatty acids, minerals, and other nutrients. This 
quality is closely linked to human nutrition and health 
[28]. Notably, the AA levels in pork are positively corre-
lated with the meat’s taste and nutritional value [29]. The 
nutritional value of pork can also be assessed by analyz-
ing the fatty acid profile. Within this profile, the level of 

Fig. 6  Effects of FEBSG treatment on the contents of volatile fatty acids in colon digesta of growing-finishing pigs. A Acetic acid. B Propionic acid. C 
Isobutyric acid. D Butyric acid. E Isovaleric acid. F Valeric acid. *P < 0.05, **P < 0.01
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saturated fatty acids is typically inversely related to the 
perceived flavor of the meat, while the concentration of 
unsaturated fatty acids correlates positively with a more 
desirable meat taste [30]. It is important to highlight that 
unsaturated fatty acids, particularly oleic acid (C18:1n9c), 
have been recognized for their potential to help prevent 
cardiovascular diseases [31]. Human dietary standards 
specifically recommend consuming more unsaturated 
fatty acids and reducing foods with high saturated fatty 
acids content [32], which may help to select better qual-
ity pork. Consistent with prior research [33, 34], this 
study found that 20% FEBSG group had enhanced meat 
color and marbling, along with higher levels of tasty AA 
and monounsaturated fatty acids in the LT than the Con 
group. Moreover, there was a notable decrease in shear 
force. The improvement in meat quality is likely due to 
the probiotic strains present in the microbial fermented 
feed, as their bioactive metabolites are known to enhance 
pork quality positively [8]. These results support the 

notion that supplementing diets with FEBSG can elevate 
pork quality, with particularly notable effects in the 20% 
FEBSG group.

Actually, pork quality is the outcome of the extended 
development and metabolic processes of muscles. Muscle 
fiber attributes, including their quantity, size, fiber den-
sity, and type, are indicative of muscle development and 
metabolic status, and they significantly influence muscle 
quality. Among them, the muscle fiber density and diam-
eter are key determinants of pork’s water retention, ten-
derness, and losses during drip and cooking processes. 
The smaller the diameter of muscle fibers, the more 
intramuscular fat, the more tender the meat, the less the 
dripping loss and cooking loss [35]. In terms of muscle 
fiber types, there are four main types: MyHC I (slow 
oxidative), MyHC IIa (fast oxidative), MyHC IIx (inter-
mediate) and MyHC IIb (fast glycolytic) [36]. Research 
indicates that a greater levels of MyHC IIb is associated 
with increased lightness, rapid and substantial pH drop 

Fig. 7  Correlation analysis between the proteomics and metagenomics data, and meat quality traits. A Correlation analysis between the alpha 
diversity of the bacteriome and meat quality traits in Control and FEBSG group. B Correlation analysis among the predominant genera, 
the differential expression protein, volatile fatty acids, muscle fiber characteristics and AMPK signal. C Integrated mechanism through which 
20%FEBSG may improve skeletal muscle development and muscle fiber characteristics by shaping the gut microbiota and ultimately affect meat 
quality
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after slaughter, but decreased water-holding capacity 
[37]. Conversely, a predominance of MyHC I and MyHC 
IIa fibers is associated with greater redness, higher post-
mortem pH, and improved water retention in meat [38]. 
Moreover, type I fibers also contributed to meat tender-
ness, primarily due to their reduced fiber diameter [39]. 
This research revealed that FEBSG notably reduced the 
muscle fiber diameter and the expression levels of MyHC 
IIb, while enhancing the CSA and expression of MyHC 
I and MyHC IIa. Immunofluorescence analysis con-
firmed these trends in both fast and slow muscle fibers 
within the LT. Consequently, the enhancements in meat 
color and the reductions in drip loss, cooking loss, shear 
force, and muscle fiber diameter in the FEBSG group 
are likely attributed to the upregulation of MyHC I and 
MyHC IIa. Moreover, the activity of enzymes associated 
with muscle energy metabolism, including SDH, MDH, 
and LDH, have an indirect effect on the distribution of 
muscle fiber types. Specifically, elevated SDH activities 
are correlated with a larger presence of slow-twitch mus-
cle fibers, whereas higher LDH activity correlates with a 
greater proportion of fast-twitch fibers [40]. In our study, 
the FEBSG-treated group exhibited higher SDH activity 
and lower LDH activity in the LT. These findings suggest 
that incorporating FEBSG in place of SBM in the diet can 
induce a transformation in muscle fiber types, conse-
quently enhancing the pork quality of pigs.

Wang et  al. demonstrated that muscle fiber types are 
intimately connected to mitochondrial content, and the 
biogenesis of mitochondria can promote the shift from 
fast-twitch to slow-twitch muscle fibers [41]. The AMPK 
pathway plays a crucial role in this process, as AMPK 
can phosphorylate PGC-1α, activate related signaling, 
regulate NRFs, and enhance TFAM expression, thus driv-
ing mitochondrial biogenesis and the development of 
slow muscle fibers [42]. In our research, we noticed that 
FEBSG upregulated the expression of key genes in the 
AMPK/PGC-1α pathway, including AMPKα1, PGC-1α, 
NRF1, and TFAM. This suggests that FEBSG activates the 
AMPK/PGC-1α/TFAM signal, potentially explaining the 
observed shift towards slow muscle fibers in pigs.

Utilizing TMT-based quantitative proteomics, we 
investigated the potential molecular mechanism of 
regulating pork quality. In our research, 18 proteins 
were found to be upregulated and 51 downregulated in 
the FEBSG group compared to the Con group. Nota-
bly, FEBSG upregulated TNNC1 (Troponin C), TNNT3 
(Troponin T), and Succinate dehydrogenase (SDHA), 
while downregulating histone deacetylase 4 (HDAC4). 
TNNC1 and TNNT3 are suggested to be potential 
markers for meat color and tenderness [43, 44], which 
could explain the improved pork quality observed with 
FEBSG treatment. SDHA, a crucial subunit of succinate 

dehydrogenase, is significant for mitochondrial function 
[45]. HDAC4, a class IIa histone deacetylase, is known 
to regulate PGC-1α, a key factor in muscle metabolism 
and mitochondrial biogenesis [46]. We speculated that 
FEBSG enhances meat quality by modulating the expres-
sion of these proteins. Additionally, our functional anno-
tation and pathway analyses revealed that these proteins 
with altered expression were notably concentrated in spe-
cific pathways like the AMPK signaling pathway, amino 
acid biosynthesis, glutathione metabolism, PPAR sign-
aling pathway, and actin cytoskeleton regulation, these 
signaling pathways regulate the meat quality through 
various potential mechanisms [47–49].

Recent research has highlighted the link between 
the intestinal microbiota and muscle development, 
with the "gut-muscle axis" emerging as a key area of 
interest. This theory suggests that gut microbiota 
can affect muscle phenotype [47]. We speculate that 
FEBSG might influence muscle phenotype by modu-
lating this gut-muscle axis. Metagenomics sequencing 
was employed to compare microbial populations in 
the colon contents of the two study groups, revealing 
significant enrichment of Clostridium, Prevotella, Bar-
tonella and Lactobacillus in the FEBSG group. Clostrid-
ium is known to impact amino acid metabolism and 
muscle development [50], while Lactobacillus, with its 
anti-inflammatory effects, is essential for muscle mass 
maintenance [51]. Fielding et al. noted that individuals 
with normal muscle function exhibit greater quantities 
of Prevotella and Bartonella in their intestinal micro-
biota [52]. Additionally, Barnesiella and Prevotella are 
known short-chain fatty acid producers [53], provid-
ing a plausible explanation for the considerable rise in 
the levels of AA, BA and IBA in the colonic contents of 
pigs fed a 20% FEBSG diet in this research. It is note-
worthy that short-chain fatty acids can phosphorylate 
AMPK, and activated AMPK can phosphorylate the 
downstream target PGC-1α and can stimulate SIRT1, 
activating PGC-1α [42]. As previously stated, PGC-1α 
is pivotal in the regulation of mitochondrial function, 
biogenesis, and the development of slow-twitch muscle 
fibers. The AMPK/PGC-1α/TFAM signaling pathway 
was found to be activated in our study. This once again 
illustrates that the gut microbiota and its metabolic 
products, short-chain fatty acids, may serve as potential 
signaling molecules, participating in the modulation 
of muscle development and metabolism through the 
gut-muscle axis, and ultimately regulating pork quality 
[20]. However, the relationships among gut microbiota, 
metabolites, and muscle signaling pathways remain to 
be further validated.
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Conclusions
Our findings demonstrate that partial replacement of 
soybean meal with FEBSG in growing-finishing pigs 
improves growth performance, carcass traits, and meat 
quality. Based on an overall evaluation of growth per-
formance, carcass characteristics, and meat quality, 
20% FEBSG was identified as the optimal dietary inclu-
sion level for growing–finishing pigs. Mechanistically, 
dietary supplementation with FEBSG enhances pork 
quality by activating the AMPK/PGC-1α/TFAM signal-
ing pathway in muscle via the gut-muscle axis, thereby 
promoting mitochondrial biogenesis, muscle develop-
ment, muscle fiber type transformation, and muscle 
metabolism. This study provides important evidence 
for understanding the mechanisms by which probiotic-
fermented agricultural byproducts improve pork qual-
ity, and the feed formulation proposed by the study also 
offers new ideas for alleviating the pressure of competi-
tion for food resources between humans and animals, 
as well as the tension in soybean meal resources.

Abbreviations
AA	� Amino acid
ADFI	� Average daily feed intake
ADG	� Average daily gain
AMPK	� AMP-activated protein kinase
BW	� Body weight
FEBSG	� Fermented extruded brewers’ spent grain
F/G	� Feed to gain ratio
LT	� Longissimus thoracis
MyHC	� Myosin heavy chain
MUFA	� Total monounsaturated fatty acid
NRF	� Nuclear respiratory factor
PGC-1α	� Peroxisome proliferator activated receptor-gamma coactivator-1alpha
PUFA	� Polyunsaturated fatty acid
SFA	� Saturated fatty acid
SIRT1	� Sirtuin 1
TFAM	� Mitochondrial transcription factor A

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40104-​026-​01429-4.

Additional file 1: Table S1. Primer sequences used in this study. 

Additional file 2: Table S2A. Differential proteins. Table S2B. GO annota-
tion result of differentially expressed proteins. Table S2C. KEGG pathway 
enrichment analysis.

Additional file 3: Table S3A. Relative abundance at the bacterial phylum 
levels. Table S3B. Relative abundance at the bacterial genus levels.

Authors’ contributions
GJ: conceptualized and designed the experiments; YL and YQX: carried out 
the experiment, analyzed data, and wrote the manuscript; JQY, YD, DYL, and 
JLC: resources; JYT, HZ, XLC, GT, GML, and JYC: provided conceptual advice; GJ: 
revised the manuscript; GJ: supervision and funding acquisition. All authors 
read and approved the final manuscript.

Funding
This work was supported by Sichuan Science and Technology Program (No. 
2021ZDZX0009).

Data availability
Data will be provided upon request.

Declarations

Ethics approval and consent to participate
All experimental protocols used in the animal experiment were approved 
by the the Animal Ethics Committee at Sichuan Agricultural University (No: 
YYS20190612).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Key Laboratory for Animal Disease‑Resistance Nutrition of China, Ministry 
of Education, Institute of Animal Nutrition, Sichuan Agricultural University, No. 
211 Huimin Road, Chengdu, Sichuan 611130, China. 

Received: 15 October 2025   Accepted: 21 April 2026

References
	1.	 Mussatto SI, Dragone G, Roberto IC. Brewers’ spent grain: generation, 

characteristics and potential applications. J Cereal Sci. 2006;43(1):1–14. 
https://​doi.​org/​10.​1016/j.​jcs.​2005.​06.​001.

	2.	 Fan M, Zhou T, Zhao Z, Du Y, Liu S, Bi Z, et al. Characteristics analysis of 
solid waste generation and carbon emission of beer production in China. 
Environ Res. 2024;245:118017. https://​doi.​org/​10.​1016/j.​envres.​2023.​
118017.

	3.	 de Mello Santos VH, Campos TLR, Espuny M, de Oliveira OJ. Towards a 
green industry through cleaner production development. Environ Sci 
Pollut Res. 2002;29:349–70. https://​doi.​org/​10.​1007/​s11356-​021-​16615-2.

	4.	 Roth M, Jekle M, Becker T. Opportunities for upcycling cereal byproducts 
with special focus on Distiller’s grains. Trends Food Sci Tech. 2019;91:282–
93. https://​doi.​org/​10.​1016/j.​tifs.​2019.​07.​041.

	5.	 Xie Y, Liu D, Liu Y, Liu Y, Tang J, Liu G, et al. Extrusion can ameliorate 
negative effects of molecular structures of brewer’s spent grain on 
energy contents and amino acid digestibility in growing pigs. J Anim Sci. 
2024;102:skae246. https://​doi.​org/​10.​1016/j.​tifs.​2019.​07.​041.

	6.	 Xie Y, Liu D, Liu Y, Tang J, Zhao H, Chen X, et al. The microbiota and metab-
olome dynamics and their interactions modulate solid-state fermenta-
tion process and enhance clean recycling of brewers’ spent grain. Front 
Microbiol. 2024;15:1438878. https://​doi.​org/​10.​3389/​fmicb.​2024.​14388​78.

	7.	 Yu W, Jensen JD. Sustainability implications of rising global pork demand. 
Anim Front. 2022;12(6):56–60. https://​doi.​org/​10.​1093/​af/​vfac0​70.

	8.	 Liu S, Du M, Tu Y, You W, Chen W, Liu G, et al. Fermented mixed feed 
alters growth performance, carcass traits, meat quality and muscle fatty 
acid and amino acid profiles in finishing pigs. Anim Nutr. 2023;12:87–95. 
https://​doi.​org/​10.​1016/j.​aninu.​2022.​09.​003.

	9.	 Ludwiczak A, Kasprowicz-Potocka M, Zaworska-Zakrzewska A, 
Skladanowska-Baryza J, Rodriguez-Estevez V, Sanz-Fernandez S, et al. 
Husbandry practices associated with extensification in European pig 
production and their effects on pork quality. Meat Sci. 2023;206:109339. 
https://​doi.​org/​10.​1016/j.​meats​ci.​2023.​109339.

	10.	 Troy DJ, Kerry JP. Consumer perception and the role of science in the 
meat industry. Meat Sci. 2010;86(1):214–26. https://​doi.​org/​10.​1016/j.​
meats​ci.​2010.​05.​009.

	11.	 Lian X, Shi M, Lin Q, Liang Y, Zhang L. Research progress of probiot-
ics and fermented feed effects on pork quality. Food Bioengineering. 
2024;3(1):83–96. https://​doi.​org/​10.​1002/​fbe2.​12082.

	12.	 Ao X, Kim IH. Effects of grape seed extract on performance, immu-
nity, antioxidant capacity, and meat quality in Pekin ducks. Poult Sci. 
2020;99(4):2078–86. https://​doi.​org/​10.​1016/j.​psj.​2019.​12.​014.

https://doi.org/10.1186/s40104-026-01429-4
https://doi.org/10.1186/s40104-026-01429-4
https://doi.org/10.1016/j.jcs.2005.06.001
https://doi.org/10.1016/j.envres.2023.118017
https://doi.org/10.1016/j.envres.2023.118017
https://doi.org/10.1007/s11356-021-16615-2
https://doi.org/10.1016/j.tifs.2019.07.041
https://doi.org/10.1016/j.tifs.2019.07.041
https://doi.org/10.3389/fmicb.2024.1438878
https://doi.org/10.1093/af/vfac070
https://doi.org/10.1016/j.aninu.2022.09.003
https://doi.org/10.1016/j.meatsci.2023.109339
https://doi.org/10.1016/j.meatsci.2010.05.009
https://doi.org/10.1016/j.meatsci.2010.05.009
https://doi.org/10.1002/fbe2.12082
https://doi.org/10.1016/j.psj.2019.12.014


Page 18 of 19Liu et al. Journal of Animal Science and Biotechnology          (2026) 17:111 

	13.	 Al-Shawi SG, Dang DS, Yousif AY, Al-Younis ZK, Najm TA, Matarneh SK. The 
potential use of probiotics to improve animal health, efficiency, and meat 
quality: a review. Agriculture. 2020;10(10):452. https://​doi.​org/​10.​3390/​
agric​ultur​e1010​0452.

	14.	 Sun H, Kang X, Tan H, Cai H, Chen D. Progress in fermented unconven-
tional feed application in monogastric animal production in China. 
Fermentation. 2023;9(11):947. https://​doi.​org/​10.​3390/​ferme​ntati​on911​
0947.

	15.	 Qiu Y, Li K, Zhao X, Liu S, Wang L, Yang X, et al. Fermented feed modulates 
meat quality and promotes the growth of longissimus thoracis of late-
finishing pigs. Animals. 2020;10(9):1682. https://​doi.​org/​10.​3390/​ani10​
091682.

	16.	 Tian Y, Zhang R, Li G, Zeng T, Chen L, Xu W, et al. Microbial fermented feed 
affects flavor amino acids and yolk trimethylamine of duck eggs via cecal 
microbiota-yolk metabolites crosstalk. Food Chem. 2024;430:137008. 
https://​doi.​org/​10.​1016/j.​foodc​hem.​2023.​137008.

	17.	 Xu L, He J, Duan M, Chang Y, Gu T, Tian Y, et al. Effects of lactic acid 
bacteria-derived fermented feed on the taste and quality of duck meat. 
Food Res Int. 2023;174:113679. https://​doi.​org/​10.​1016/j.​foodr​es.​2023.​
113679.

	18.	 Liu C, Cheung WH, Li J, Chow SK, Yu J, Wong SH, et al. Understanding the 
gut microbiota and sarcopenia: a systematic review. J Cachexia Sarcope-
nia Muscle. 2021;12(6):1393–407. https://​doi.​org/​10.​1002/​jcsm.​12784.

	19.	 Frampton J, Murphy KG, Frost G, Chambers ES. Short-chain fatty acids 
as potential regulators of skeletal muscle metabolism and function. Nat 
Metab. 2020;2(9):840–8. https://​doi.​org/​10.​1038/​s42255-​020-​0188-7.

	20.	 Dou L, Liu C, Chen X, Yang Z, Hu G, Zhang M, et al. Supplemental Clostrid-
ium butyricum modulates skeletal muscle development and meat quality 
by shaping the gut microbiota of lambs. Meat Sci. 2023;204:109235. 
https://​doi.​org/​10.​1016/j.​meats​ci.​2023.​109235.

	21.	 Xu L, Mao T, Xia M, Wu W, Chen J, Jiang C, et al. New evidence for gut-
muscle axis: lactic acid bacteria-induced gut microbiota regulates duck 
meat flavor. Food Chem. 2024;450:139354. https://​doi.​org/​10.​1016/j.​
foodc​hem.​2024.​139354.

	22.	 National Research Council. Nutrient requirements of swine: Eleventh 
Revised Edition. Washington DC: National Academy Press; 2012.

	23.	 Ministry of Agriculture and Rural Affairs of the People’s Republic of China. 
NY/T 825-2004 Technical specification for determination of carcass traits 
of lean-meat type pigs. Beijing: Standards Press of China; 2004.

	24.	 Su W, Jiang Z, Wang C, Zhang Y, Gong T, Wang F, et al. Co-fermented 
defatted rice bran alters gut microbiota and improves growth perfor-
mance, antioxidant capacity, immune status and intestinal permeability 
of finishing pigs. Anim Nutr. 2022;11:413–24. https://​doi.​org/​10.​1016/j.​
aninu.​2022.​07.​008.

	25.	 Duong C, Sung B, Lee S, Easton J. Assessing Australian consumer 
preferences for fresh pork meat attributes: a best-worst approach on 46 
attributes. Meat Sci. 2022;193:108954. https://​doi.​org/​10.​1016/j.​meats​ci.​
2022.​108954.

	26.	 Gagaoua M, Suman SP, Purslow PP, Lebret B. The color of fresh pork: 
consumers expectations, underlying farm-to-fork factors, myoglobin 
chemistry and contribution of proteomics to decipher the biochemical 
mechanisms. Meat Sci. 2023;206:109340. https://​doi.​org/​10.​1016/j.​meats​
ci.​2023.​109340.

	27.	 Bai X, Yin F, Ru A, Tian W, Chen Q, Chai R, et al. Effect of slaughter 
age and postmortem aging time on tenderness and water-holding 
capacity of yak (Bos grunniens) longissimus thoracis muscle. Meat Sci. 
2023;202:109201. https://​doi.​org/​10.​1016/j.​meats​ci.​2023.​109201.

	28.	 Mao X, Bassey AP, Sun D, Yang K, Shan K, Li C. Overview of omics applica-
tions in elucidating the underlying mechanisms of biochemical and 
biological factors associated with meat safety and nutrition. J Proteomics. 
2023;276:104840. https://​doi.​org/​10.​1016/j.​jprot.​2023.​104840.

	29.	 Lopez-Martinez MI, Toldra F, Mora L. Pork organs as a potential source of 
flavour-related substances. Food Res Int. 2023;173:113468. https://​doi.​
org/​10.​1016/j.​foodr​es.​2023.​113468.

	30.	 Westerling DB, Hedrick HB. Fatty acid composition of bovine lipids as 
influenced by diet, sex and anatomical location and relationship to 
sensory characteristics. J Anim Sci. 1979;48(6):1343–8. https://​doi.​org/​10.​
2527/​jas19​79.​48613​43x.

	31.	 Noels H, Lehrke M, Vanholder R, Jankowski J. Lipoproteins and fatty acids 
in chronic kidney disease: molecular and metabolic alterations. Nat Rev 
Nephrol. 2021;17(8):528–42. https://​doi.​org/​10.​1038/​s41581-​021-​00423-5.

	32.	 Zhang Q, Jing X, Zhao Y, Xia D, Liu S, Li D, et al. Partial replacement of 
pelleted feed by moist fermented feed improved the feed conversion 
efficiency, liver and intestine health, and gut microbiota structure in com-
mon carp (Cyprinus carpio). Aquacult Rep. 2023;32:101690. https://​doi.​
org/​10.​1016/j.​aqrep.​2023.​101690.

	33.	 Liu S, Tu Y, Sun J, Cai P, Zhou Y, Huang Y, et al. Fermented mixed feed 
regulates intestinal microbial community and metabolism and alters pork 
flavor and umami. Meat Sci. 2023;201:109177. https://​doi.​org/​10.​1016/j.​
meats​ci.​2023.​109177.

	34.	 Tang X, Liu X, Zhang K. Effects of microbial fermented feed on serum 
biochemical profile, carcass traits, meat amino acid and fatty acid 
profile, and gut microbiome composition of finishing pigs. Front Vet Sci. 
2021;8:744630. https://​doi.​org/​10.​3389/​fvets.​2021.​744630.

	35.	 Kim GD, Jeong JY, Jung EY, Yang HS, Lim HT, Joo ST. The influence of fiber 
size distribution of type IIB on carcass traits and meat quality in pigs. 
Meat Sci. 2013;94(2):267–73. https://​doi.​org/​10.​1016/j.​meats​ci.​2013.​02.​
001.

	36.	 Xu M, Chen X, Huang Z, Chen D, Li M, He J, et al. Effects of dietary grape 
seed proanthocyanidin extract supplementation on meat quality, 
muscle fiber characteristics and antioxidant capacity of finishing pigs. 
Food Chem. 2022;367:130781. https://​doi.​org/​10.​1016/j.​foodc​hem.​2021.​
130781.

	37.	 Hou X, Liu Q, Meng Q, Wang L, Yan H, Zhang L, et al. TMT-based quantita-
tive proteomic analysis of porcine muscle associated with postmortem 
meat quality. Food Chem. 2020;328:127133. https://​doi.​org/​10.​1016/j.​
foodc​hem.​2020.​127133.

	38.	 Zhang L, Guo Q, Duan Y, Wang W, Yang Y, Yin Y, et al. Potential nutritional 
healthy-aging strategy: enhanced protein metabolism by balancing 
branched-chain amino acids in a finishing pig model. Food Funct. 
2022;13(11):6217–32. https://​doi.​org/​10.​1039/​D1FO0​3970A.

	39.	 Li Y, Feng Y, Chen X, He J, Luo Y, Yu B, et al. Dietary short-term supplemen-
tation of grape seed proanthocyanidin extract improves pork quality and 
promotes skeletal muscle fiber type conversion in finishing pigs. Meat 
Sci. 2024;210:109436. https://​doi.​org/​10.​1016/j.​meats​ci.​2024.​109436.

	40.	 Dai H, Chen X, Chen D, Yu B, He J, Chen H, et al. Effects of dietary L-thea-
nine supplementation on pork quality and muscle fiber type transforma-
tion in finishing pigs. J Sci Food Agric. 2023;103(4):2106–15. https://​doi.​
org/​10.​1002/​jsfa.​12368.

	41.	 Wang C, Yan X, Bai Y, Sun L, Zhao L, Jin Y, et al. Lactobacillus improves 
meat quality in Sunit sheep by affecting mitochondrial biogenesis 
through the AMPK pathway. Front Nutr. 2022;9:1030485. https://​doi.​org/​
10.​3389/​fnut.​2022.​10304​85.

	42.	 Su L, Zhao C, Sun B, Dou L, Wang C, Yang Z, et al. Effects of exercise on 
muscle fiber conversion, muscle development and meat quality of Sunit 
sheep. Meat Sci. 2024;211:109440. https://​doi.​org/​10.​1016/j.​meats​ci.​2024.​
109440.

	43.	 Guo Z, Chen X, Huang Z, Chen D, Li M, Yu B, et al. Dihydromyricetin 
improves meat quality and promotes skeletal muscle fiber type trans-
formations via AMPK signaling in growing–finishing pigs. Food Funct. 
2022;13(6):3649–59. https://​doi.​org/​10.​1039/​D1FO0​3391C.

	44.	 Zahedi Y, Varidi MJ, Varidi M. Proteome changes in biceps femoris muscle 
of Iranian one-humped camel and their effect on meat quality traits. 
Food Technol Biotechnol. 2016;54(3):324–34. https://​doi.​org/​10.​17113/​
ftb.​54.​03.​16.​4316.

	45.	 Liu Y, Liu K, Thorne RF, Shi R, Zhang Q, Wu M, et al. Mitochondrial SENP2 
regulates the assembly of SDH complex under metabolic stress. Cell Rep. 
2023;42(2):112041. https://​doi.​org/​10.​1016/j.​celrep.​2023.​112041.

	46.	 Luo L, Martin SC, Parkington J, Cadena SM, Zhu J, Ibebunjo C, et al. 
HDAC4 controls muscle homeostasis through deacetylation of myosin 
heavy chain, PGC-1α, and Hsc70. Cell Rep. 2019;29(3):749-63.e12. https://​
doi.​org/​10.​1016/j.​celrep.​2019.​09.​023.

	47.	 Lahiri S, Kim H, Garcia-Perez I, Reza MM, Martin KA, Kundu P, et al. The gut 
microbiota influences skeletal muscle mass and function in mice. Sci Transl 
Med. 2019;11(502):eaan5662. https://​doi.​org/​10.​1126/​scitr​anslm​ed.​aan56​62.

	48.	 Liu J, Hu Z, Liu D, Zheng A, Ma Q. Glutathione metabolism-mediated ferroptosis 
reduces water-holding capacity in beef during cold storage. Food Chem. 
2023;398:133903. https://​doi.​org/​10.​1016/j.​foodc​hem.​2022.​133903.

	49.	 Fang C, Guo F, Zhao X, Zhang Z, Lu J, Pan H, et al. Biological mechanisms 
of growth performance and meat quality in porcine muscle tissue. Anim 
Biotechnol. 2021;33(6):1246–54. https://​doi.​org/​10.​1080/​10495​398.​2021.​
18869​39.

https://doi.org/10.3390/agriculture10100452
https://doi.org/10.3390/agriculture10100452
https://doi.org/10.3390/fermentation9110947
https://doi.org/10.3390/fermentation9110947
https://doi.org/10.3390/ani10091682
https://doi.org/10.3390/ani10091682
https://doi.org/10.1016/j.foodchem.2023.137008
https://doi.org/10.1016/j.foodres.2023.113679
https://doi.org/10.1016/j.foodres.2023.113679
https://doi.org/10.1002/jcsm.12784
https://doi.org/10.1038/s42255-020-0188-7
https://doi.org/10.1016/j.meatsci.2023.109235
https://doi.org/10.1016/j.foodchem.2024.139354
https://doi.org/10.1016/j.foodchem.2024.139354
https://doi.org/10.1016/j.aninu.2022.07.008
https://doi.org/10.1016/j.aninu.2022.07.008
https://doi.org/10.1016/j.meatsci.2022.108954
https://doi.org/10.1016/j.meatsci.2022.108954
https://doi.org/10.1016/j.meatsci.2023.109340
https://doi.org/10.1016/j.meatsci.2023.109340
https://doi.org/10.1016/j.meatsci.2023.109201
https://doi.org/10.1016/j.jprot.2023.104840
https://doi.org/10.1016/j.foodres.2023.113468
https://doi.org/10.1016/j.foodres.2023.113468
https://doi.org/10.2527/jas1979.4861343x
https://doi.org/10.2527/jas1979.4861343x
https://doi.org/10.1038/s41581-021-00423-5
https://doi.org/10.1016/j.aqrep.2023.101690
https://doi.org/10.1016/j.aqrep.2023.101690
https://doi.org/10.1016/j.meatsci.2023.109177
https://doi.org/10.1016/j.meatsci.2023.109177
https://doi.org/10.3389/fvets.2021.744630
https://doi.org/10.1016/j.meatsci.2013.02.001
https://doi.org/10.1016/j.meatsci.2013.02.001
https://doi.org/10.1016/j.foodchem.2021.130781
https://doi.org/10.1016/j.foodchem.2021.130781
https://doi.org/10.1016/j.foodchem.2020.127133
https://doi.org/10.1016/j.foodchem.2020.127133
https://doi.org/10.1039/D1FO03970A
https://doi.org/10.1016/j.meatsci.2024.109436
https://doi.org/10.1002/jsfa.12368
https://doi.org/10.1002/jsfa.12368
https://doi.org/10.3389/fnut.2022.1030485
https://doi.org/10.3389/fnut.2022.1030485
https://doi.org/10.1016/j.meatsci.2024.109440
https://doi.org/10.1016/j.meatsci.2024.109440
https://doi.org/10.1039/D1FO03391C
https://doi.org/10.17113/ftb.54.03.16.4316
https://doi.org/10.17113/ftb.54.03.16.4316
https://doi.org/10.1016/j.celrep.2023.112041
https://doi.org/10.1016/j.celrep.2019.09.023
https://doi.org/10.1016/j.celrep.2019.09.023
https://doi.org/10.1126/scitranslmed.aan5662
https://doi.org/10.1016/j.foodchem.2022.133903
https://doi.org/10.1080/10495398.2021.1886939
https://doi.org/10.1080/10495398.2021.1886939


Page 19 of 19Liu et al. Journal of Animal Science and Biotechnology          (2026) 17:111 	

	50.	 Fang S, Xiong X, Su Y, Huang L, Chen C. 16S rRNA gene-based association 
study identified microbial taxa associated with pork intramuscular fat 
content in feces and cecum lumen. BMC Microbiol. 2017;17:162. https://​
doi.​org/​10.​1186/​s12866-​017-​1055-x.

	51.	 Giron M, Thomas M, Dardevet D, Chassard C, Savary-Auzeloux I. Gut 
microbes and muscle function: can probiotics make our muscles 
stronger? J Cachexia Sarcopenia Muscle. 2022;13(3):1460–76. https://​doi.​
org/​10.​1002/​jcsm.​12964.

	52.	 Fielding RA, Reeves AR, Jasuja R, Liu C, Barrett BB, Lustgarten MS. Muscle 
strength is increased in mice that are colonized with microbiota from 
high-functioning older adults. Exp Gerontol. 2019;127:110722. https://​doi.​
org/​10.​1016/j.​exger.​2019.​110722.

	53.	 Chew W, Lim YP, Lim WS, Chambers ES, Frost G, Wong SH, et al. Gut-
muscle crosstalk. A perspective on influence of microbes on muscle 
function. Front Med. 2023;9:1065365. https://​doi.​org/​10.​3389/​fmed.​2022.​
10653​65.

https://doi.org/10.1186/s12866-017-1055-x
https://doi.org/10.1186/s12866-017-1055-x
https://doi.org/10.1002/jcsm.12964
https://doi.org/10.1002/jcsm.12964
https://doi.org/10.1016/j.exger.2019.110722
https://doi.org/10.1016/j.exger.2019.110722
https://doi.org/10.3389/fmed.2022.1065365
https://doi.org/10.3389/fmed.2022.1065365

	Integrated gut metagenomic and muscle proteomic analysis reveals the role of dietary fermented extruded brewers’ spent grain in enhancing pork quality through the gut-muscle axis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Preparation of fermented extruded brewers’ spent grain
	Experimental animals and feeding
	Sample collection
	Meat quality analysis
	Electronic tongue analysis
	H&E staining
	Metabolic enzyme activity assay
	Real-time quantitative PCR
	Immunofluorescence staining
	Proteomics analysis
	Protein extraction and labelling
	Separation of fractions and LC–MSMS analysis
	Data analysis

	Metagenomics analysis
	Determination of short-chain fatty acids
	Statistical analysis

	Results
	Growth performance and carcass properties
	Meat quality
	Amino acid, taste characteristics and fatty acid profiles
	Muscle fiber characteristic and muscle fiber type transformations
	Gene expression associated with AMPK signaling and mitochondrial biogenesis regulators
	Proteomics analysis of the LT
	Metagenomics analysis of the colon
	Short-chain fatty acid analysis
	Correlative analysis of proteomics and metagenomics data with meat quality characteristics

	Discussion
	Conclusions
	References


