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Introduction: Tibetan pigs, native to the Qinghai-Tibet Plateau, have adapted

overmillennia to extreme conditions such as lowoxygen, harsh cold, and highUV

radiation, impacting their muscle characteristics and digestive tract microbiota.

The quality of pork from Tibetan pigs (TP) and black pigs (BP) is influenced by

various factors, including genetics, diet, and environmental adaptation. However,

the specific influence of digestive tract microbiota metabolites on muscle traits

remains poorly understood. Our goal was to correlate omic variations with

meat quality traits and identify potential biomarkers predictive of superior meat

quality, elucidate the regulatory e�ects of digestive tract microbial metabolites

on Tibetan pig muscle characteristics, and reveal the genetic and nutritional

mechanisms that promote adaptation to extreme environmental conditions.

Methods: This analysis encompassed metabolomic profiling of the entire

digestive tract-including the stomach, jejunum, cecum, colon, and rectum-

as well as histological, amino acid, fatty acid composition, and transcriptomic

assessments of the longissimus dorsi muscle tissues to investigate how digestive

tract microbial metabolites influence muscle adaptation to high altitudes.

Results: Analyses revealed that Tibetan pig muscles contain smaller, more

oxidative fibers enriched with flavor-enhancing amino acids. This was

accompanied by a more favorable n-6/n-3 fatty acid ratio. Distinct patterns of

microbial metabolites were observed in the digestive tract, influencing protein

digestion and purine metabolism, and correlating with muscle glycine levels.

Transcriptomic data showed varied gene expression in metabolic pathways

related to salivary and pancreatic secretion, as well as carbohydrate and fatty acid

metabolism. Integrated multi-omics approaches linked stomach metabolism,

particularly through bile secretion pathways influenced by acetylcholine, to

muscle functionality, highlighting the important role played by the ATP1B4 gene

in enabling muscle physiology in Tibetan pigs.

Discussion: This study highlights the importance of targeted dietary

interventions in improving meat quality for specific pig breeds. It also provides

a theoretical foundation for precision agriculture strategies aimed at enhancing

the meat quality of both TP and BP pigs.
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1 Introduction

The Tibetan pig, a highland breed native to the Qinghai-

Tibetan plateau in China (1, 2), has adapted to high altitudes

and low-oxygen environments, resulting in distinctive genetic and

physiological traits compared to conventional domestic pigs (3, 4).

Raised free-range on natural pastures, Tibetan pigs produce pork

known for unique qualities and high nutrient content (5). Although

Tibetan pigs have slower growth rates, they accumulate more fat,

an adaptation to the cold climate and energy demands of their

environment (6, 7). Comparative studies reveal that Tibetan pork

differs significantly in taste and flavor from leaner commercial

breeds, such as Yorkshire, due to its distinctive aroma compounds,

fatty acid composition, and amino acid profile, which enhance

its palatability (8). To combine these favorable traits, we crossed

Tibetan pigs with Duroc pigs, creating hybrid Sichuan black

pigs that exhibit robust adaptability, high disease resistance, rich

meat flavor, and rapid growth. Black pigs, when compared to

commercial white breeds, display superior meat quality traits,

including enhanced marbling, tenderness, and flavor (9, 10). Due

to these qualities, black pork is highly valued by consumers,

commanding prices two to three times higher than standard white

pork and offering considerable economic benefits.

The gut serves as the primary site for nutrient digestion

and absorption (11). The gut microbiota, a dense community

of microorganisms, acts as a bridge between the animal and its

nutritional environment (12). Essential for nutrient processing,

the gut microbiome plays a key role in the host’s physiological,

nutritional, and immune functions (13, 14). It communicates with

the host through various metabolic products (15, 16). Increased

rumen microbiota and higher levels of short-chain fatty acids can

influence important metabolic products such as inosine, riboflavin,

AMP, ADP, and L-glutamate, which regulate purine metabolism

and impact the brightness and tenderness of lumborum muscle

(17). Dietary interventions in sheep have been shown to modify

muscle metabolism of amino acids, lipids, and carbohydrates (18).

These changes in muscle metabolism are accompanied by shifts in

the composition of the gut microbiome, which actively participates

in the metabolic incorporation of amino acids and fatty acids.

Collectively, these factors affect the amino acid composition, fatty

acid content, pH, as well as the color, tenderness, and water-holding

capacity of the meat (19). These findings underscore the critical

role of the intestinal microbiota in regulating digestion and its

profound impact on meat quality through complex metabolic and

dietary interactions.

Muscle metabolites play a crucial role in the physiological

dynamics of muscle tissue and ultimately determine meat

quality. Extensive research has investigated metabolic signatures

as potential biomarkers for assessing meat quality by analyzing

its chemical and metabolomic landscape (20–22). Disruptions in

gut microbial populations can alter muscle metabolites, which in

turn influence meat quality (23). As a result, dietary optimization,

feed management strategies, or the inclusion of probiotics can

modify muscle metabolism and the associated phenotypic traits.

However, few studies have explored the intestinal metabolomics

and meat quality characteristics of Tibetan and black pigs. This

study uses metabolomics to examine fecal metabolome variations

across different intestinal sections in Tibetan and black pigs,

linking these findings to meat quality. By doing so, we aim to

better understand how breed influences intestinal metabolism. This

research offers a novel approach to investigating the impact of breed

on intestinal metabolic profiles and provides a basis for regulating

the meat quality of Tibetan and black pigs through feeding and

management strategies.

2 Materials and methodology

2.1 Animal management and sample
collection

In this study, we used six Sichuan local Gaojin black pigs

(Suining, Sichuan, China, 30◦53
′

N, 105◦59
′

E, altitude 461m) and

six Tibetan pigs (Daocheng, Sichuan, China, 28◦26
′

N, 99◦86
′

E,

altitude 3,750m). After 300 days of stable housing, we transported

all animals to a nearby commercial slaughterhouse. Following

standard animal welfare protocols, the pigs were fasted for 24 h

and water-deprived for 2 h before slaughter. We then harvested the

thoracic segment of the longissimus dorsi (LD) muscle, carefully

removing any superficial fat and fascia. To collect intestinal

samples, we separated the different intestinal sections and extracted

contents from the stomach, jejunum, cecum, colon, and rectum.

Immediately after collection, all samples were flash-frozen in liquid

nitrogen, transferred to dry ice for temporary storage, and then

transported to the laboratory for storage at−80◦C.We obtained six

biological replicates and three technical replicates for each breed.

2.2 Fluorescence homologous double-label
staining of muscle para�n sections

Fresh tissue samples were dissected and immediately placed

in an appropriate fixative for over 24 h at room temperature

to stabilize them for transport. After dehydration, paraffin

embedding, and sectioning, we applied BSA (10% rabbit serum) to

block the sections for 30min. Following removal of the blocking

solution, we added the first primary antibody, placed the sections

flat in a humidified chamber, and incubated them overnight at 4◦C.

The sections were then washed with PBS (pH 7.4), gently

spun, treated with TSA, and incubated for 10min in the dark

at room temperature. After incubation, we rinsed the slides in

TBST on a destaining shaker. For antigen retrieval, we placed the

sections in a repair box filled with antigen retrieval buffer and

heated them in a microwave. We then applied the second primary

antibody, incubated overnight at 4◦C, and washed the sections.

Following this, we added the appropriate fluorescent secondary

antibody and incubated for 50min at room temperature in the dark.

After washing, we applied DAPI dye solution for 10min at room

temperature in the dark.We then added autofluorescence quencher

B solution, incubated for 5min, and rinsed with running water for

10min. Finally, we mounted the slides with an anti-fluorescence

quenching medium. We captured images of the sections using a

digital pathology slide scanner (3DHISTECH, Pannoramic MIDI)

and measured muscle fiber cross-sectional area. Additionally, we
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assessed different muscle fiber types and quantified muscle fiber

numbers using Image-Pro Plus software.

2.3 Targeted metabolomic analysis of LD

We ground the freeze-dried LD sample and placed 0.1 g into

an ampoule. We added 10mL of 6 mol/L hydrochloric acid

for hydrolysis, froze the sample in liquid nitrogen for 1–2min,

sealed the ampoule, and hydrolyzed it in a thermostat at 110 ±

1◦C for 22 h. After cooling to room temperature, we filtered the

hydrolysate, adjusted the volume to 50mL in a volumetric flask,

and mixed thoroughly. We then transferred 1.0mL of the filtrate

to a 15mL test tube and dried it under reduced pressure at 45◦C

using a parallel evaporator. After complete drying, we dissolved the

residue in 1mL of water, dried it again under reduced pressure, and

then evaporated it to dryness. We reconstituted the dried material

in 1.0mL of pH 2.2 sodium citrate buffer, mixed well, and filtered

it through a 0.22µm membrane for analysis. Determination of

fatty acid composition. For fatty acid composition analysis, we

weighed 0.3 g of sample into a 6mL centrifuge tube, added 3mL

of a methanol (1:2) solution, and agitated it on a shaker for 1 h.

After filtering through quantitative filter paper, we added 3mL

of distilled water, centrifuged the sample at 3,000 rpm for 5min,

removed the supernatant, and dried the lower layer in a water

bath under reduced pressure at 40◦C. We then dissolved the oil

residue in 1mL of chromatographically pure n-hexane, added 1mL

of 0.4 mol/L KOH-methanol solution, and allowed it to stand for

30min for methyl esterification. After layering, we added 2mL of

deionized water, extracted the upper solution, and analyzed it using

gas chromatography.

2.4 RNA extraction and transcriptome
sequencing

We isolated and purified total RNA from LD tissue samples

using a total RNA extraction kit. We assessed RNA purity with

a Nanophotometer Spectrophotometer (IMPLEN, CA, USA) and

evaluated RNA integrity using the Agilent Bioanalyzer 2100 system

with the RNA Nano 6000 Assay Kit (Agilent Technologies, CA,

USA). We then generated sequencing libraries with the NEBNext

UltraTM RNA Library Prep Kit for Illumina (NEB, USA) and

performed sequencing on the Illumina NovaSeq 6000 platform.

To process the raw sequencing data, we used SOAPnuke with

parameters (-n 0.001, -l 20, -q 0.4, –adaMR 0.25, –polyX 50, –

minReadLen 150) to filter out contaminants, adapters, and low-

quality reads.We thenmapped the cleaned data to the pig reference

genome (Sscrofa11.1) using STAR software (v2.7.6a) (24). For

gene expression quantification, we used Kallisto (v0.44.0) (25),

calculating transcript levels in transcripts per kilobase million

(TPM). We identified differentially expressed genes with DESeq2

(v1.20) (26), designating genes with a corrected P-value < 0.05 and

a fold change >2 or <0.5 as significantly differentially expressed.

Next, we applied t-SNE analysis to the TPM data using the

“factoextra” package (v1.0.7) to visualize sample clustering and

generated a correlation heatmap to show Spearman correlation

coefficients for sample pairs. Finally, we used the clusterProfiler

package (v4.9.2) (27) for functional annotation, including Gene

Ontology (GO) term enrichment and Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway mapping.

2.5 Untargeted metabolomic analysis

After thawing the gastrointestinal content sample at 4◦C, 25mg

was weighed and transferred to a 1.5mL Eppendorf tube. Next, 800

µL of extraction solution (methanol: acetonitrile: water = 2:2:1,

v: v, pre-cooled to −20◦C) and 10 µL of internal standard were

added. Two small steel beads were also added, and the sample

was ground using a tissue grinder at 50Hz for 5min. It was then

ultrasonicated in a 4◦C water bath for 10min and stored at −20◦C

for 1 h. Afterward, the sample was centrifuged at 25,000 g for 15min

at 4◦C From the resulting supernatant, 600 µL was collected, dried

using a vacuum concentrator, and reconstituted with 600 µL of

reconstitution solution (methanol: H2O = 1:9, v:v). The sample

was vortexed for 1min, ultrasonicated again in a 4◦C water bath

for 10min, and centrifuged at 25,000 g for 15min at 4◦C. The

supernatant was carefully transferred into a sample vial. To assess

the repeatability and stability of the LC-MS analysis, 50 µL of the

supernatant from each sample was pooled to prepare QC samples.

We separated and detected metabolites using a Waters 2777C

UPLC (Waters, USA) coupled with a Q Exactive HF high-

resolution mass spectrometer (Thermo Fisher Scientific, USA). We

employed a BEH C18 column (1.7µm, 2.1 × 100mm, Waters,

USA) for chromatographic separation. For positive ion mode, the

mobile phase consisted of an aqueous solution with 0.1% formic

acid (Liquid A) and methanol containing 0.1% formic acid (Liquid

B). In negative ion mode, the mobile phase included an aqueous

solution with 10mM ammonium formate (Liquid A) and 0.1%

formic acid in 95%methanol (Solution B). The Q Exactive HFmass

spectrometer (Thermo Fisher Scientific, USA) was used to acquire

both primary and secondary mass spectrometry data. The mass

range for scanning was m/z 70–1050, with a primary resolution

of 120,000, an automatic gain control (AGC) target of 3e6, and

a maximum injection time (IT) of 100ms. We processed the raw

mass spectrometry data using Compound Discoverer 3.3 (Thermo

Fisher Scientific, USA) software. Data were analyzed in conjunction

with the BGI Metabolome Database (BMDB), mzCloud, and

ChemSpider online databases.

2.6 Statistical analysis

This study used multivariate statistical analysis methods for

metabolomics data analysis. In the R language environment,

principal component analysis (PCA) and partial least squares

discriminant analysis (OPLS-DA) were first used for data

dimensionality reduction and pattern recognition. The OPLS-

DA model was used to extract the feature variable importance

index (VIP), and metabolite screening was achieved by combining

hypothesis testing and differential fold analysis: the screening

threshold for differential metabolites was set as VIP score higher

than 1.0, t-test corrected P-value less than 0.05, and differential
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fold FC> 2 or <0.5. The ggplot2 package was used to construct a

multidimensional volcano plot, integrating the VIP score and log2-

transformed differential fold significance value. The cluster heat

map of metabolite expression patterns was implemented using the

Pheatmap package, and the data preprocessing was standardized by

Z-score. Metabolic pathway enrichment analysis was based on the

KEGG database. The metabolic pathway significance criterion was:

the pathway enrichment index obtained by Fisher’s exact test had a

P-value lower than 0.05, and the results were visualized by bubble

charts. The Pearson correlation analysis between metabolites and

muscle indicators was performed by calculating the correlation

coefficientmatrix using the cor function, performing statistical tests

using cor.mtest, and visualizing using the corrplot package.

3 Results

3.1 Comparative histological analysis of LD
muscle between TP and BP

Understanding the muscle composition of different pig breeds

is crucial for developing scientific breeding strategies, optimizing

nutritional plans, and enhancing meat production efficiency. This

study conducted a comparative histological analysis of the LD

muscle between Tibetan pigs and Black pigs (Figure 1A). The

results revealed that the average cross-sectional area (CSA) of

muscle fibers in the Black pigs’ LD muscle was significantly

larger than that in Tibetan pigs (BP: 2741.62 ± 217.56 µm2,

TP: 2175.67 ± 292.12 µm2; p < 0.01; Figure 1B), and the

proportion of small-area muscle fibers was notably higher in

Tibetan pigs (Figure 1C). To further explore the potential effects

of the high-altitude environment on fiber types, this research

delved into the specific changes in muscle fibers. The findings

indicated that both the fast-twitch and slow-twitch fibers’ CSA

in Tibetan pigs were significantly smaller than those in Black

pigs, with a higher proportion of fast-twitch fibers in Tibetan

pigs (Figures 1D, E, Supplementary Table S1). In summary, the LD

muscle of Tibetan pigs exhibited characteristics of reduced muscle

fiber area, increased proportion of small-area fibers, and a higher

proportion of fast-twitch fibers.

3.2 Comparative analysis of amino acid and
fatty acid profile in LD muscles in Tibetan
and black pigs

This study analyzed the amino acid and fatty acid compositions

of the LD muscle in Tibetan and black pigs. The results revealed

increase in the total amino acid content in the LD of black pigs

(Table 1, Supplementary Table S2). Essential amino acids (EAAs)

are a key indicator of meat’s nutritional value. The EAA content

in the LD of black pigs (9.62 ± 0.498 g/100 g) was higher than

that in Tibetan pigs (8.74 ± 0.501 g/100 g). Additionally, the levels

of flavor amino acids, including aspartic acid, alanine, arginine,

glutamic acid, and glycine, were higher in black pigs (11.46 ±

0.631 g/100 g) than in Tibetan pigs (10.61 ± 0.51 g/100 g). These

findings suggest that black pigs have a higher amino acid content,

particularly essential and flavor amino acids, which enhance the

nutritional value and flavor of pork.

Notably, the content of glycine, a critical flavor-enhancing

amino acid, was significantly higher in the Tibetan pigs, measuring

0.95 ± 0.03 g/100 g, in contrast to 0.89 ± 0.05 g/100 g in black

pigs (p = 0.033), as shown in Table 1. Furthermore, the proportion

of flavor amino acids (FAA) relative to total amino acids was also

significantly greater in Tibetan pigs at 43.50 ± 0.13%, compared to

42.91 ± 0.57% in black pigs (p = 0.033) (Table 1). These findings

suggest that Tibetan pigs have a potentially superior amino acid

composition and have higher meat sensory quality compared with

low-altitude black pigs.

The total amount of LD unsaturated fatty acids in Tibetan pigs

and black pigs was similar (Tibetan pigs: 1.13 ± 0.72 g/100 g, black

pigs: 1.15 ± 0.57 g/100 g), but there were significant differences

in the specific fatty acid composition. Specifically, among the

unsaturated fatty acids, α-linolenic acid (C18:3n3; TP: 0.01 ± 0

g/100 g, BP: 0 ± 0 g/100 g; p < 0.05), dihomo-γ-linolenic acid

(C20:3n6; TP: 0.01 ± 0 g/100 g, BP: 0 ± 0 g/100 g; p < 0.05)

and arachidonic acid (C20:4n6; TP: 0.04 ± 0.01 g/100 g, BP: 0.02

± 0.01 g/100 g; p < 0.005) of Tibetan pigs were significantly

higher than those of black pigs, indicating that Tibetan pigs have

an advantage in the accumulation of functional unsaturated fatty

acids. In addition, oleic acid (C18:1n9c) is the main component of

unsaturated fatty acids in the two pig breeds. The oleic acid content

of black pigs (0.87 ± 0.42 g/100 g) is slightly higher than that of

Tibetan pigs (0.79 ± 0.56 g/100 g), indicating that black pigs have

a slight advantage in the accumulation of monounsaturated fatty

acids. Among polyunsaturated fatty acids, linoleic acid (C18:2n6c)

has the highest content. The linoleic acid content of Tibetan pigs

(0.19 ± 0.09 g/100 g) is slightly higher than that of black pigs

(0.15 ± 0.07 g/100 g), further highlighting the characteristics of

Tibetan pigs in polyunsaturated fatty acid metabolism (Figure 1F,

Supplementary Table S3).

Compared with unsaturated fatty acids, the total amount of

saturated fatty acids in black pigs (0.84 ± 0.53 g/100 g) is slightly

higher than that of Tibetan pigs (0.71 ± 0.49 g/100 g), showing a

significant difference in fatty acid composition between the two pig

breeds. Among saturated fatty acids, palmitic acid (C16:0) is the

main component, and the palmitic acid content of black pigs (0.49

± 0.23 g/100 g) is slightly higher than that of Tibetan pigs (0.46 ±

0.31 g/100 g). In addition, the content of stearic acid (C18:0) is high

in both pig breeds, but the stearic acid content of black pigs (0.26

± 0.13 g/100 g) is higher than that of Tibetan pigs (0.23 ± 0.15

g/100 g). These results indicate that black pigs have an advantage

in the synthesis or deposition of saturated fatty acids (Figure 1F,

Supplementary Table S3).

3.3 Metabolome of intestinal contents of
Tibetan pigs and black pigs

Different intestinal regions exhibit significant variations in the

absorption, transformation, and function of metabolites, with these

zonal characteristics determining their unique roles in nutritional

metabolism, immune regulation, and environmental adaptation.

To investigate the distribution patterns and functional differences
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FIGURE 1

Comparative analysis of between LD muscle fibers of Tibetan pigs and Black pigs. (A) Representative images of muscle fiber type staining showing

slow-twitch muscle fibers (type I, green) and fast-twitch muscle fibers (type II, red); scale bar represents 100µm. (B) Quantified average muscle fiber

area (CSA) of LD. (C) Distribution frequency of cross-sectional area (CSA, µm2) of LD muscle fibers. (D) CSA analysis by fiber type. (E) Percentage of

muscle fiber type number. (F) Histogram of fatty acid content in Tibetan pigs and black pigs, with the ordinate being log2 (fatty acid content

g/100g+1). n = 6 per group. Significant di�erences are indicated by *: **p < 0.01, ***p < 0.001.
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TABLE 1 Amino acid content of long muscle fibers of Tibetan pigs and

black pigs.

Amino
acids

TP BP p-value

Mean ± SEM
(n = 6)

Mean ± SEM
(n = 6)

Glu 3.13± 0.22 3.31± 0.29 0.255

Asp 1.93± 0.1 2.02± 0.16 0.257

Ala 1.11± 0.06 1.19± 0.1 0.121

Ser 0.78± 0.05 0.82± 0.09 0.394

Pro 0.70± 0.05 0.74± 0.12 0.538

Gly 0.95± 0.03 0.89± 0.05∗ 0.033

Lys 1.85± 0.11 1.93± 0.16 0.338

Phe 0.80± 0.03 0.86± 0.06 0.064

Val 0.99± 0.05 1.06± 0.09 0.116

Leu 1.64± 0.1 1.78± 0.16 0.104

lle 0.95± 0.08 1.00± 0.06 0.241

Met 0.58± 0.04 0.62± 0.06 0.116

Thr 0.95± 0.06 0.99± 0.08 0.313

His 0.98± 0.09 1.11± 0.16 0.125

Arg 1.34± 0.09 1.41± 0.11 0.253

Tyr 0.79± 0.04 0.83± 0.1 0.360

TAA 19.42± 1.04 20.55± 1.75 0.205

EAA 8.54± 0.48 9.08± 0.74 0.171

FAA 8.45± 0.45 8.81± 0.7 0.307

EAA% 43.99± 0.54 44.19± 0.29 0.463

FAA% 43.50± 0.13 42.91± 0.57∗ 0.033

Quantitative data are presented as the mean ± SEM. Significance was established using

Student’s t-test. Differences were considered significant at ∗P < 0.05. TAA, Total amino acid;

EAA, Essential amino acid: Thr, Val, Met, Leu, Ile, Phe and Lys; FAA, Flavor amino acids:

Asp, Ala, Arg, Asp, Glu and Gly. Thr, Threonine; Val, Valine; Met, Methionine; Ile, Isoleucine;

Leucine, Leu; phenylalanine, Phe; lysine, Lys; aspartic acid, Asp; glutamic acid, Glu; glycine,

Gly; proline, Ala; tyrosine, Tyr; hydroxyproline, Arg; proline, Pro.

of intestinal metabolites in Tibetan pigs and black pigs, this

study employed UHPLC-MS/MS technology for a comprehensive

metabolomics analysis of intestinal contents. A total of 15,524

peaks were detected, characterized by clear peak shapes and

relatively uniform distribution (Supplementary Figure S1,

Supplementary Table S4). Database comparison identified 4,737

metabolites, revealing significant differences in metabolite

composition between Tibetan pigs and black pigs, as demonstrated

by principal component analysis (PCA). Furthermore, PCA

indicated that the distribution of metabolites across different

intestinal segments exhibited distinct regional characteristics. For

instance, the stomach and jejunum displayed relatively unique

metabolite compositions, while the, cecum, colon, and rectum,

shared a more similar metabolite profile (Figure 2A). Hierarchical

clustering analysis further subdivided the metabolites classified

above level 4 (Supplementary Table S4) into four clusters based on

their change patterns (Figure 2B). The relative concentrations of

metabolites in cluster 1 were higher in the large intestine (cecum,

colon, and rectum) compared to the stomach and jejunum,

with higher levels observed in Tibetan pigs than in black pigs.

Metabolites in cluster 2 were more abundant in the ileum. In

contrast, the content of metabolites in clusters 3 and 4 was higher

in the stomach (Figure 2C).

To further investigate the dynamic expression patterns

of metabolites, we employed fuzzy clustering analysis, which

categorized the metabolites into six functional clusters (Fcluster

1–6) as illustrated in Figures 2D–I. In the stomach, metabolites

from Fcluster 2 predominantly partake in the secretion of digestive

enzymes and hormones, and the transmission and activation of

various cellular signals, underscoring the stomach’s pivotal role

in preliminary food digestion and digestive system regulation.

In the jejunum, metabolites from Fcluster 3, including bile acids

and cholesterol, facilitate the digestion and absorption of fats and

fat-soluble vitamins, as well as the comprehensive metabolism of

cholesterol, thereby reflecting the jejunum’s central function in lipid

metabolism and energy absorption. The cecum utilizes metabolites

from Fcluster 1 to activate pathways related to amino acid and

carbon metabolism, demonstrating its essential role in the further

breakdown and absorption of nutrients. Meanwhile, in the colon,

Fcluster 4 metabolites primarily engage in arginine biosynthesis

and cofactor biosynthesis, aiding in protein synthesis and the

digestion and absorption of vitamins. Metabolites in Fcluster 6

from the rectum are chiefly involved in fatty acid biosynthesis

and biotin metabolism, emphasizing their contribution to energy

storage and structural maintenance. These metabolites’ region-

specific expression patterns not only reflect the intestinal division

of labor in digestion, absorption, and metabolism but also highlight

its crucial role in adapting to various nutritional states. The

comprehensive hierarchical and fuzzy clustering analyses reveal

that the distribution of intestinal metabolites in Tibetan and black

pigs exhibits significant regional and functional specificity.

3.4 Analysis of di�erential metabolites and
their correlation between the intestines of
BP pigs and TP pigs

To explore how Tibetan pigs and black pigs optimize

energy utilization and adapt to hypoxic stress through intestinal

metabolic regulation, we performed OPLS-DA and differential

fold analysis to identify differential metabolites (Figures 3A, B,

Supplementary Figures S2, S3). We identified a total of 900

differential metabolites across different intestinal segments, with

367 metabolites upregulated and 533 metabolites downregulated

(Supplementary Table S5). Through KEGG enrichment analysis,

we clarified the specific biological pathways associated with the

differential metabolites and identified 78 key pathways (p < 0.05).

Among them, the differential metabolites in the stomach were

mainly enriched in protein digestion and absorption, fatty acid

synthesis, and mineral absorption pathways, which support energy

storage and oxygen transport in cold environments (Figure 3C).

In the jejunum and colon, the significantly enriched tryptophan

metabolism and glycolysis pathways help regulate serotonin levels

and rapid energy supply to adapt to low oxygen pressure

(Figures 3D–F). The differential metabolites in the cecum are
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FIGURE 2

Stratified cluster analysis of metabolites in di�erent gut segments (Stomach, Jejunum, Cecum, Colon, Rectum) of Tibetan pigs and Black pigs. (A)

PCA analysis of intestinal metabolite contents in di�erent intestinal segments of Tibetan and black pigs; (B) Clustered heat map of intestinal

metabolites in di�erent intestinal segments of Tibetan pigs and black pigs. (C) Four clusters (Clusters 1–4) and trend lines representing changes in

intestinal levels of metabolites. (D–I) Dynamic expression landscape of gut metabolites in di�erent parts of Tibetan pigs and black pigs. Fuzzy

clustering of expression data with six clusters (Fclusters 1–6). Purple and red lines correspond to genes with high membership values. The y-axis

represents normalized expression values from Mfuzz results.
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FIGURE 3

Di�erential metabolite analysis between Tibetan pigs and black pigs. (A) Orthogonal partial least squares discriminant analysis (OPLS-DA) analysis of

metabolites in Tibetan pigs and black pigs; (B) Multiple volcano plots showing DEMs in TP and BP groups in di�erent intestinal segments; (C–G)

KEGG pathway enrichment analysis of DEMs in various intestinal sites between Tibetan pigs and Black pigs groups.
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concentrated in the purine metabolism and fatty acid synthesis

pathways, which play a key role in nucleic acid repair and energy

storage (Figure 3E). The metabolites in the rectum are enriched

in the fatty acid biosynthesis and ABC transporter pathways,

supporting nutrient transport and energy storage (Figure 3G).

Compared with black pigs, Tibetan pigs show stronger metabolic

adaptability to the extreme environment of the plateau, especially in

energy metabolism and oxygen utilization efficiency. In particular,

the metabolites of Tibetan pigs in the stomach and cecum are

significantly enhanced in the protein digestion and absorption

and fatty acid synthesis pathways. In addition, the enhanced

purine metabolism in the cecum suggests that Tibetan pigs may

have more efficient nucleic acid repair mechanisms, which is

particularly critical for the protection and repair of DNA in

harsh environments.

Muscle tissue is critical for adaptation to high altitudes,

requiring increased amino acids in hypoxic environments to

maintain metabolic equilibrium and respond to shifts in energy

requirements. In examining the interactions between glycine and

intestinal metabolites and their impact on muscle phenotype, we

observed differential associations of glycine with DEMs across

various intestinal sites (stomach, jejunum, cecum, colon, and

rectum), as well as significant correlations with muscle amino

acid indicators (Figures 4, 5A–D). In the stomach, a majority

of DEMs exhibited strong positive correlations with glycine,

indicating that metabolites expressed by the gastric microbiome

are intricately linked to muscle glycine levels and that gastric

metabolic processes significantly influence muscle glycine content

(Figure 4). Conversely, in the cecum, the observed negative

correlations between DEMs and glycine suggest differing patterns

of microbial metabolic regulation (Figure 5B). Furthermore, the

levels of ricinoleic acid, linoleamide, niacin, and linoleic acid

in the intestine were positively correlated with the levels of

linolenic acid, eicosatrienoic acid, eicosadienoic acid, and oleic

acid in the muscle. Conversely, the levels of docosahexaenoic acid,

tetracosahexenoic acid, and chenodeoxycholic acid in the intestine

were negatively correlated with most fatty acids in the muscle

(Supplementary Figure S4). These findings suggest that glycine acid

and linoleic acid levels in the intestine may serve as indicators of

high-quality amino acids and fatty acids.

3.5 Identification and functional
enrichment of di�erentially expressed
genes (DEGs)

We analyzed RNA-seq data from 12 samples of Tibetan pigs and

black pigs LD.We generated 280 million paired-end reads (2× 150

bp), totaling 85.4 Gb of clean data. The average percentage of clean

reads thatmapped to the pig reference genome (Sus scrofa 11.1) was

98.46%, with a range of 98.22%−98.78% (Supplementary Table S6).

t-SNE analysis revealed that the 12 samples clustered distinctly

according to breed, with Tibetan pigs and black pigs separated

along t-SNE1 (Figure 6A). The highest correlation was observed

among the six replicate samples from the same breed (Figure 6B).

We conducted differential expression analysis to identify genes with

significant expression differences between the two breeds, using padj
< 0.01 and |log2foldchange| > 2 as criteria (Figure 6C). A total of

336 DEGs were identified between the TP and BP groups, with 224

genes upregulated in the TP group and 112 genes upregulated in

the BP group (Figure 6D).

To investigate the functions of DEGs between TP and BP

tissues, we performed KEGG and GO functional enrichment

analyses. The KEGG analysis revealed significant enrichment

of these genes in several metabolic pathways, including salivary

secretion, pancreatic secretion, carbohydrate digestion and

absorption, linoleic acid metabolism, bile secretion, and

arachidonic acid metabolism (Figure 7A). In muscle tissues,

the levels of amino acids and most fatty acids were higher in

the LD of BP compared to TP (Figures 1D, E). To validate this

observation and identify key pathways affecting muscle meat

quality, we conducted Gene Set Enrichment Analysis (GSEA) on

the DEGs, focusing on metabolism-related genes. In the TP group,

most genes in the tyrosine metabolic pathway were significantly

upregulated (Figure 7B). In the BP group, gene expression in the

adipocytokine signaling pathway was significantly upregulated

(Supplementary Figure S5B). Additionally, GO enrichment

analysis showed that the DEGs in both groups were primarily

involved in biological regulation, metabolic processes, and cellular

processes (Figures 7C, D).

This study integrated transcriptomic and metabolomic data

and systematically analyzed the interactions between the muscle

transcriptome and metabolites in different intestinal parts to

comprehensively reveal the underlying molecular mechanisms

driving phenotypic differences. Specifically, we enriched DEGs

and DEMs in different intestinal parts into corresponding KEGG

pathways, respectively, and identified common enriched pathways.

Further investigation into the relationship between DEGs and

DEMs across different intestinal segments was conducted by

calculating the Pearson correlation coefficient, with a correlation

threshold set at |CC| > 0.7 and a significance level of p

< 0.01. Our findings identified nine critical KEGG pathways

involving 11 genes (RYR3, PRKCG, PIK3R6, PIK3CD, LPAR6,

KCNJ3, CYP2C42, C3, ATP1B4, ATP1A3, and AQP4). These genes

are significantly associated with 14 key metabolites, including

propionate, deoxycholic acid-3-glucoside, and adenosine. These

associations predominantly occur through pathways critical for

bile secretion, carbohydrate metabolism, and neurotransmitter

regulation, as shown in Figure 8A. The main enriched area of

differential pathways is the stomach, where most metabolites

are related to bile acid secretion and regulate the expression of

acetylcholine and ATP1B4, ATP1A3, and AQP4 genes through

this pathway. Comparative analysis showed that the expression

levels of acetylcholine, RYR3, PIK3CD, ATP1A3, AQP4, and

other genes were significantly higher in plateau Tibetan pigs

than in plain Tibetan pigs, as illustrated in Figure 8B and

Supplementary Figure S6A. Additionally, the protein encoded by

the ATP1A4 gene, a member of the Na+/K+-ATPase subfamily

(28), plays a crucial role in establishing and maintaining the

electrochemical gradients of sodium and potassium ions across

cell membranes. These gradients are vital for regulating osmotic

pressure, sodium-coupled transport of various molecules, and the

electrical excitability of nerves and muscles (29).
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FIGURE 4

Correlation analysis between intestinal di�erential metabolites and muscle amino acid content between Tibetan pigs and black pigs. Spearman

correlation coe�cient values showing the relationship between DEMs in the stomach and muscle amino acid indices. Red and blue colors indicate

positive and negative correlations, respectively, between each measurement and the species shown.
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FIGURE 5

Correlation analysis between intestinal di�erential metabolites and muscle amino acid content between Tibetan pigs and black pigs. (A–D) Spearman

correlation coe�cient values showing the relationship between DEMs in (A, Jejunum; B, Cecum; C, Colon; D, Rectum) and muscle amino acid

indicators in di�erent intestinal sites. Red and blue indicate positive and negative correlations between each measurement and the species shown,

respectively.

4 Discussion

Pork is a key source of high-quality protein in human nutrition,

providing a rich profile of essential amino acids critical for health

(30, 31). The protein quality of pork, and its overall nutritional

value, largely depend on its amino acid composition (32). In

this study, the unique muscle fiber characteristics of Tibetan

pigs, including smaller fiber areas and higher oxidation levels,

along with an increased content of flavor-enhancing amino acids,

underscore their suitability for high-quality meat production (33–

35). Long-chain n-3 polyunsaturated fatty acids (LC-PUFA) are

vital for maintaining immune function (36), promoting skin and

hair health (37), and reducing the risk of chronic diseases (38, 39).

Furthermore, maintaining an optimal dietary balance between n-3

and n-6 fatty acids is crucial (40). A high n-6/n-3 ratio may enhance

inflammatory responses and increase the risk of chronic diseases 37

(41). Our results indicated that while the n-3 fatty acid content did

not significantly differ between BP and TP pigs, the n-6/n-3 ratio

was notably lower in BP pigs (∼42.1%), suggesting that the fatty

acid composition in BP pigs may be more beneficial in reducing

inflammation and the associated risk of chronic diseases. Notably,

the arachidonic acid content in TP pigs was significantly higher

than in BP pigs. Arachidonic acid, a polyunsaturated n-6 fatty

acid, can be converted into pro-inflammatory prostaglandins and
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FIGURE 6

Transcriptome analysis of Tibetan pig and black pig samples. (A) t-SNE analysis of Tibetan pig and black pig samples. First and second dimensions are

shown; (B) Spearman correlation heatmap showing the correlation between each RNA-seq sample. Color spectrum ranges from white, which

indicates a low correlation, to red, which indicates a high correlation; (C) Volcano map showing the di�erentially expressed genes of the LD muscle

in TB and BP groups. Red (upregulated genes) and blue (downregulated genes) dots represent di�erentially expression genes. Gray dots represent

similarly expressed genes; (D) Proportional area plot (semicircle). Two groups of semicircles represent DEGs in the two groups of muscles, and the

area represents the number of DEGs.

leukotrienes (42), which play important roles in regulating immune

responses and inflammatory processes.

The digestive tracts of Tibetan pigs and their counterparts,

such as black pigs, exhibit adaptations to their specific diets

and environmental conditions (23, 43). The differences in

metabolite profiles across various sections of their digestive

tract (stomach, jejunum, cecum, colon, rectum) demonstrate

evolutionary strategies geared toward optimizing digestive

efficiency and nutrient absorption under distinct ecological

pressures. Notably, the stomach and jejunum of Tibetan pigs show

enhanced pathways for protein digestion, absorption, and fatty

acid synthesis—crucial adaptations for survival in high-altitude

areas where energy requirements are high, yet oxygen supply is

compromised. Enhanced protein digestion is vital for maintaining

muscle mass and overall physiological resilience, while increased

fatty acid synthesis provides essential energy reserves needed

to combat the cold (44, 45). In contrast, pig breeds adapted

to more temperate or low-altitude environments often exhibit

boosted carbohydrate metabolism to quickly meet energy needs

(6). For example, commercial breeds like Yorkshire pigs display
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FIGURE 7

Functional annotation analysis of DEGs in muscles of TP and BP groups. (A) KEGG pathway enrichment analysis of muscle DEGs in TP and BP groups;

(B) GSEA plot showing the enrichment analysis of tyrosine metabolism between joint BP and TP muscles. The table in the upper right corner shows

the padj values for each term. (C, D) Gene ontology (GO) enrichment analysis of DEGs between TP (C) and BP (D) muscles.
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FIGURE 8

Transcriptome-metabolome association analysis. (A) Correlation network between DEGs and DEMs between TP and BP muscles. (B) Histograms

representing the relative expression levels of DEGs in TPM of two pig breeds. Di�erences were considered significant at *P < 0.05, **P < 0.01.
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enhanced carbohydrate and lipid metabolism, suited to their

energy-dense diets and less stressful environments (6, 7). The

metabolic specializations observed in the cecum and rectum of

Tibetan pigs, particularly in purine metabolism and fatty acid

synthesis pathways, suggest adaptations for efficient nucleic acid

repair and sustained energy storage, likely a response to the cellular

renewal demands and damage repair necessitated by UV exposure

and hypoxic stress at high altitudes (46). A diet rich in proteins

and fats is thus ideal for Tibetan pigs, supporting their unique

metabolic pathways and enhancing their adaptability and survival

in severe conditions (47). This metabolic insight also lays the

groundwork for diet optimization in other species or breeds,

aiming to develop precise nutritional strategies tailored to their

specific environmental and physiological challenges, ultimately

enhancing health and productivity.

To identify potential biomarkers for meat quality, we

performed a correlation analysis between DEMs and associated

phenotypic traits. Our results show that the concentrations of

tryptamine, 6-methylquinoline, and lactic acid in the intestine

are directly correlated with the levels of phenylalanine, glycine,

leucine, and histidine in muscle tissue. Extensive research supports

the role of intestinal lactic acid bacteria in modulating and

enhancing meat quality and flavor (48–50), which aligns with our

findings. We also observed a negative correlation between muscle

amino acids and certain metabolites in the intestine, such as L-

tyrosine, ricinoleic acid, stearoylglycerol, pyroglutamic acid, and

arachidonic acid. However, there is currently a lack of empirical

studies directly examining the impact of intestinal fatty acids on

skeletal muscle protein metabolism. This phenomenon warrants

further investigation. Additionally, we found a positive correlation

between intestinal linoleic acid and muscle fatty acids, including

linolenic acid, eicosatrienoic acid, and oleic acid. The composition

of meat fatty acids can be influenced by diet, which is more easily

manipulated in monogastric animals such as pigs and poultry (51).

By adjusting dietary linoleic acid levels, we can effectively control

the n-6 to n-3 polyunsaturated fatty acid ratio in meat products

(52). This approach provides a feasible strategy to improve the

nutritional value of meat from monogastric livestock. Among the

differential metabolites identified in the intestine, linoleic acid was

positively correlated with fatty acid content. Biochemical pathways

convert linoleic acid to arachidonic acid through the action of

fatty acid desaturase and elongase enzymes (53). Arachidonic acid

is then metabolized by cyclooxygenase and lipoxygenase into key

inflammatory mediators, including prostaglandins (e.g., PGE2)

and leukotrienes (e.g., LTB4) (42). These mediators are critical in

regulating inflammatory responses and the oxidative metabolism

of fatty acids in muscle cells, influencing energy mobilization and

storage (54). This association suggests that linoleic acid levels in the

gut could be indicative of muscle mass.

In a comprehensive transcriptomic analysis, we identified

336 DEGs between tissue phenotypes TP and BP, highlighting

genetic variations that may explain differences in muscle quality.

These DEGs were notably enriched in metabolic pathways

essential for nutrient digestion, absorption, and metabolism.

Specifically, pathways involved in salivary and pancreatic secretion,

carbohydrate digestion and absorption, linoleic and arachidonic

acid metabolism, and bile secretion showed significant enrichment.

In our study, we employed multi-omics techniques to perform

a correlation analysis of co-enriched pathways between differential

metabolites in the digestive tract and differential genes in muscle

tissue. This approach helped us unravel the regulatory network

of the digestive tract-muscle axis, specifically focusing on how

digestive tract metabolism, muscle gene expression, and signaling

pathways are interconnected. Our analysis revealed that differential

metabolites located in the stomach, rectum, and colon show

significant correlations with muscle gene expression. Notably,

the stomach emerged as the primary site for these correlated

metabolites, indicating its pivotal role in influencing muscle

physiology (55). This may be attributed to several factors: (1) Food

undergoes initial digestion in the mouth and esophagus but is

not absorbed at these stages. (2) The stomach serves as the main

organ for food storage and digestion (56), where mechanical and

chemical processes release a substantial amount of metabolites

(57). Despite its role in digestion, the stomach has a relatively

low nutrient absorption capacity, primarily absorbing only small

quantities of substances like alcohol, some water, and inorganic

salts. (3) The small intestine is responsible for absorbing about 90%

of nutrients (58), resulting in a lower concentration of metabolites

in other parts of the digestive tract compared to the stomach.

Among the metabolites analyzed, acetylcholine was found to have a

significant correlation with muscle activity. It is well-documented

that motor neurons release acetylcholine at the neuromuscular

junction, influencing muscle contraction by acting on muscle cell

receptors. Our findings suggest that dietary acetylcholine could

enter the body and affect muscle tissue, highlighting an exogenous

pathway for muscle modulation. Further pathway enrichment

analysis indicated that acetylcholine primarily influences muscle

contraction through mechanisms like cholinergic synapses and

neuroactive ligand-receptor interactions. Additionally, there is a

minor impact on the secretion processes of various digestive glands,

including those producing saliva, pancreatic enzymes, and bile.

A significant discovery from our research is the identification of

bile secretion as a primary signaling pathway that links metabolites

in the digestive tract to muscle function (59, 60). This connection

is predominantly mediated by the differential expression of three

specific muscle genes: ATP1B4, ATP1A3, and AQP4 in muscle

tissues. Notably, the ATP1B4 gene encodes BetaM-proteins, which

are the sole proteins specific to skeletal and atrial cardiac muscles

of the inner nuclear membrane found in eutherian mammals

(61, 62). In murine models, the absence of BetaM, resulting from an

Atp1b4 gene knockout, leads to a marked decrease in body size and

weight, developmental delays, and elevated neonatal mortality rates

(62). Transcriptomic analysis via mRNA sequencing of skeletal

muscle from both neonatal wild-type and Atp1b4 knockout mice

demonstrated a significant down-regulation of fast-twitch muscle

genes alongside an up-regulation of slow-twitch muscle genes (63).

This was accompanied by widespread changes in the expression

of genes that regulate lipid metabolism. In stark contrast, single-

cell sequencing data from human skeletal muscle tissues showed an

extremely high positive correlation between ATP1B4 and markers

of oxidative muscle fibers, namely TNNI1 (0.9976) and MYH2

(0.9917) (64). Our investigations into pigs, particularly Tibetan

pigs known for their robust oxidative muscle fibers, revealed a

higher expression of the ATP1B4 gene, similar to findings in
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humans. Given these consistent observations across species, it

appears that the ATP1B4 gene’s function in pig muscle mirrors

that in human muscle. This similarity suggests a promising avenue

for further research, specifically the development of an ATP1B4

gene knockout pig model. Such a model would provide valuable

insights into the gene’s role in muscle physiology, potentially

influencing nutritional strategies and management practices

for farm animals and offering implications for human health

research (65).

5 Conclusions

This comprehensive metabolomic analysis of intestinal sections

from TP and Sichuan BP reveals that BP pigs demonstrate superior

meat quality compared to TP pigs. We identified key metabolites,

including linoleic acid and lactic acid, that positively correlate with

favorable meat quality parameters, such as amino acid profiles

and fatty acid ratios in muscle. These metabolites suggest the

potential for enhancing meat quality through dietary adjustments,

as modifications in feed composition can effectively alter the

intestinal metabolite landscape. This study provides a strong

theoretical foundation for using precision agriculture techniques to

improve meat quality in specific pig breeds.

Data availability statement

The RNA-Seq data of skeletal muscle of Tibetan pigs and black

pigs have been deposited in the National Center for Biotechnology

Information (NCBI) Sequence Read Archive (SRA) database, with

the BioProject accession number PRJNA1192560.

Ethics statement

The animal study was approved by Sichuan Agricultural

University Animal Ethical and Welfare Committee. The study was

conducted in accordance with the local legislation and institutional

requirements, ethics number: 20230514.

Author contributions

XB: Data curation, Formal analysis, Resources, Software,

Writing – original draft. ZH: Formal analysis, Resources, Writing –

original draft. HT: Data curation, Methodology, Writing – original

draft. YG: Funding acquisition, Resources, Visualization, Writing –

review & editing. XW: Funding acquisition, Resources, Writing –

review & editing. LJ: Conceptualization, Writing – review &

editing. PS: Methodology, Supervision, Writing – review & editing.
KL: Data curation, Software, Writing – review & editing. DL:

Conceptualization, Methodology, Supervision, Writing – review &

editing. ML: Conceptualization, Funding acquisition, Supervision,

Writing – review & editing.

Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This work was supported

by the National Key R&D Program of China (2020YFA0509500

and 2023YFD1301302), the Biological Breeding-Major Projects in

National Science and Technology (2023ZD0404404), the National

Natural Science Foundation of China (32421005, 32225046,

32494802, and 32472888), the Sichuan Science and Technology

Program (2021ZDZX0008 and 2021YFYZ0009), the Southwest

Minzu University Research Startup Funds (RQD2024015), and the

Program for Pig Industry Technology System Innovation Team of

Sichuan Province (sccxtd-2025-08).

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.

Generative AI statement

The author(s) declare that no Gen 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, 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/fvets.2025.

1569196/full#supplementary-material

References

1. Mi S, Shang K, Li X, Zhang CH, Liu JQ, Huang D-Q. Characterization and
discrimination of selected China’s domestic pork using an LC-MS-based lipidomics
approach. Food Control. (2019) 100:305–14. doi: 10.1016/j.foodcont.2019.02.001

2. Zhao F, Yang L, Zhang T, Zhuang D, Wu Q, Yu J, et al. Gut microbiome signatures
of extreme environment adaption in Tibetan pig. NPJ Biofilms Microbiomes. (2023)
9:27. doi: 10.1038/s41522-023-00395-3

Frontiers in Veterinary Science 16 frontiersin.org

https://doi.org/10.3389/fvets.2025.1569196
https://www.frontiersin.org/articles/10.3389/fvets.2025.1569196/full#supplementary-material
https://doi.org/10.1016/j.foodcont.2019.02.001
https://doi.org/10.1038/s41522-023-00395-3
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Bai et al. 10.3389/fvets.2025.1569196

3. Li M, Tian S, Jin L, Zhou G, Li Y, Zhang Y, et al. Genomic analyses identify distinct
patterns of selection in domesticated pigs and Tibetan wild boars. Nat Genet. (2013)
45:1431–8. doi: 10.1038/ng.2811

4. Shang P, Li W, Tan Z, Zhang J, Dong S, Wang K, et al. Population genetic analysis
of ten geographically isolated tibetan pig populations. Animals. (2020) 10:10081297.
doi: 10.3390/ani10081297

5. Gan M, Shen L, Fan Y, Guo Z, Liu B, Chen L, et al. High altitude adaptability
and meat quality in tibetan pigs: a reference for local pork processing and genetic
improvement. Animals (Basel). (2019) 9:1080. doi: 10.3390/ani9121080

6. Shang P, Li W, Liu G, Zhang J, Li M, Wu L, et al. Identification of lncRNAs and
genes responsible for fatness and fatty acid composition traits between the tibetan and
yorkshire pigs. Int J Genomics. (2019) 2019:5070975. doi: 10.1155/2019/5070975

7. Gong X, Zheng M, Zhang J, Ye Y, Duan M, Chamba Y, et al. Transcriptomics-
based study of differentially expressed genes related to fat deposition in tibetan and
yorkshire pigs. Front Vet Sci. (2022) 9:919904. doi: 10.3389/fvets.2022.919904

8. Han D, Zhang CH, Fauconnier ML, Mi S. Characterization and differentiation
of boiled pork from Tibetan, Sanmenxia and Duroc × (Landrac × Yorkshire) pigs
by volatiles profiling and chemometrics analysis. Food Res Int. (2020) 130:108910.
doi: 10.1016/j.foodres.2019.108910

9. Wang Y, Thakali K,Morse P, Shelby S, Chen J, Apple J, et al. Comparison of growth
performance and meat quality traits of commercial cross-bred pigs versus the large
black pig breed. Animals (Basel). (2021) 11:10200. doi: 10.3390/ani11010200

10. Dransfield E, Ngapo TM, Nielsen NA, Bredahl L, Sjödén PO,MagnussonM, et al.
Consumer choice and suggested price for pork as influenced by its appearance, taste
and information concerning country of origin and organic pig production. Meat Sci.
(2005) 69:61–70. doi: 10.1016/j.meatsci.2004.06.006

11. Gribble FM, Reimann F. Function and mechanisms of enteroendocrine
cells and gut hormones in metabolism. Nat Rev Endocrinol. (2019) 15:226–37.
doi: 10.1038/s41574-019-0168-8

12. Anand S, Mande SS. Diet, microbiota and gut-lung connection. Front Microbiol.
(2018) 9:2147. doi: 10.3389/fmicb.2018.02147

13. Chen L, Xu Y, Chen X, Fang C, Zhao L, Chen F. The maturing development of
gut microbiota in commercial piglets during the weaning transition. Front Microbiol.
(2017) 8:1688. doi: 10.3389/fmicb.2017.01688

14. Vallianou N, Christodoulatos GS, Karampela I, Tsilingiris D, Magkos F, Stratigou
T, et al. Understanding the role of the gut microbiome and microbial metabolites
in non-alcoholic fatty liver disease: current evidence and perspectives. Biomolecules.
(2021) 12:10056. doi: 10.3390/biom12010056

15. Cui Z, Wu S, Liu S, Sun L, Feng Y, Cao Y, et al. From maternal
grazing to barn feeding during pre-weaning period: altered gastrointestinal
microbiota contributes to change the development and function of the rumen and
intestine of yak calves. Front Microbiol. (2020) 11:485. doi: 10.3389/fmicb.2020.
00485

16. Agus A, Clément K, Sokol H. Gut microbiota-derived metabolites
as central regulators in metabolic disorders. Gut. (2021) 70:1174–82.
doi: 10.1136/gutjnl-2020-323071

17. Liu J, Han L, Hou S, Gui L, Yuan Z, Sun S, et al. Integrated metabolome and
microbiome analysis reveals the effect of rumen-protected sulfur-containing amino
acids on the meat quality of Tibetan sheep meat. Front Microbiol. (2024) 15:1345388.
doi: 10.3389/fmicb.2024.1345388

18. Du S, Bu Z, You S, Jiang Z, Su W, Wang T, et al. Integrated rumen
microbiome and serum metabolome analysis responses to feed type that contribution
to meat quality in lambs. Anim Microbiome. (2023) 5:65. doi: 10.1186/s42523-023-
00288-y

19. Zhang X, Han L, Gui L, Raza SHA, Hou S, Yang B, et al. Metabolome
and microbiome analysis revealed the effect mechanism of different feeding modes
on the meat quality of Black Tibetan sheep. Front Microbiol. (2022) 13:1076675.
doi: 10.3389/fmicb.2022.1076675

20. Muroya S, Ueda S, Komatsu T, Miyakawa T, Ertbjerg P. MEATabolomics:
muscle and meat metabolomics in domestic animals. Metabolites. (2020) 10:50188.
doi: 10.3390/metabo10050188

21. Zhang T, Chen C, Xie K, Wang J, Pan Z. Current state of metabolomics
research in meat quality analysis and authentication. Foods. (2021) 10:102388.
doi: 10.3390/foods10102388

22. Shen L, Lei H, Zhang S, Li X, Li M, Jiang X, et al. Comparison of energy
metabolism and meat quality among three pig breeds. Anim Sci J. (2014) 85:770–9.
doi: 10.1111/asj.12207

23. Zhu Y, Cidan Y, Sun G, Luo C, Duan J, Shi B, et al. Different feeding patterns
affect meat quality of Tibetan pigs associated with intestinal microbiota alterations.
Front Microbiol. (2022) 13:1076123. doi: 10.3389/fmicb.2022.1076123

24. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al.
STAR: ultrafast universal RNA-seq aligner. Bioinformatics. (2013) 29:15–21.
doi: 10.1093/bioinformatics/bts635

25. Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-seq
quantification. Nat Biotechnol. (2016) 34:525–7. doi: 10.1038/nbt.3519

26. Love MI, Huber W, Anders S. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550.
doi: 10.1186/s13059-014-0550-8

27. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for
comparing biological themes among gene clusters. Omics. (2012) 16:284–7.
doi: 10.1089/omi.2011.0118

28. Syeda SS, Sánchez G, Mcdermott JP, Hong KH, Blanco G, Georg GI. The
Na+ and K+ transport system of sperm (ATP1A4) is essential for male fertility
and an attractive target for male contraception†. Biol Reprod. (2020) 103:343–56.
doi: 10.1093/biolre/ioaa093

29. Lingrel JB, Kuntzweiler T. Na+, K (+)-ATPase. J Biol Chem. (1994) 269:19659–
62. doi: 10.1016/S0021-9258(17)32067-7

30. Kern C, Wang Y, Xu X, Pan Z, Halstead M, Chanthavixay G, et al.
Functional annotations of three domestic animal genomes provide vital resources
for comparative and agricultural research. Nat Commun. (2021) 12:1821.
doi: 10.1038/s41467-021-22100-8

31. Lunney JK, Van Goo R, Walker A, Hailstock KE, Franklin TJ, Dai C. (2021).
Importance of the pig as a human biomedical model. Sci Transl Med. (2021)
13:eabd5758. doi: 10.1126/scitranslmed.abd5758

32. Pereira PM, Vicente AF. Meat nutritional composition and nutritive role in the
human diet.Meat Sci. (2013) 93:586–92. doi: 10.1016/j.meatsci.2012.09.018

33. Xu X, Mishra B, Qin N, Sun X, Zhang S, Yang J, et al. Differential transcriptome
analysis of early postnatal developing longissimus dorsi muscle from two pig breeds
characterized in divergent myofiber traits and fatness. Anim Biotechnol. (2019) 30:63–
74. doi: 10.1080/10495398.2018.1437045

34. Ryu YC, Kim BC. The relationship between muscle fiber characteristics,
postmortem metabolic rate, and meat quality of pig longissimus dorsi muscle. Meat
Sci. (2005) 71:351–7. doi: 10.1016/j.meatsci.2005.04.015

35. Zhu L, Li M, Li X, Shuai S, Liu H, Wang J, et al. Distinct expression patterns of
genes associated with muscle growth and adipose deposition in tibetan pigs: a possible
adaptive mechanism for high altitude conditions. High Alt Med Biol. (2009) 10:45–55.
doi: 10.1089/ham.2008.1042

36. Gutiérrez S, Svahn SL, Johansson ME. Effects of omega-3 fatty acids on immune
cells. Int J Mol Sci. (2019) 20:205028. doi: 10.3390/ijms20205028

37. Sawada Y, Saito-Sasaki N, Nakamura M. Omega 3 fatty acid and skin diseases.
Front Immunol. (2020) 11:623052. doi: 10.3389/fimmu.2020.623052

38. Huang L, Zhang F, Xu P, Zhou Y, Liu Y, Zhang H, et al. Effect of omega-
3 polyunsaturated fatty acids on cardiovascular outcomes in patients with diabetes:
a meta-analysis of randomized controlled trials. Adv Nutr. (2023) 14:629–36.
doi: 10.1016/j.advnut.2023.04.009

39. Jump DB, Depner CM, Tripathy S. Omega-3 fatty acid supplementation and
cardiovascular disease: thematic review series: new lipid and lipoprotein targets
for the treatment of cardiometabolic diseases. J Lipid Res. (2012) 53:2525–45.
doi: 10.1194/jlr.R027904

40. Simopoulos AP. The importance of the ratio of omega-6/omega-3 essential fatty
acids. Biomed Pharmacother. (2002) 56:365–79. doi: 10.1016/S0753-3322(02)00253-6

41. Dinicolantonio JJ, O’keefe JH. Importance of maintaining a low omega-
6/omega-3 ratio for reducing inflammation. Open Heart. (2018) 5:e000946.
doi: 10.1136/openhrt-2018-000946

42. Funk CD. Prostaglandins and leukotrienes: advances in eicosanoid biology.
Science. (2001) 294:1871–5. doi: 10.1126/science.294.5548.1871

43. Liu C, Dan H, Yang Y, Du Y, Hao Z, Chen L, et al. Enhanced immunity: the gut
microbiota changes in high-altitude Tibetan pigs compared to Yorkshire pigs. Front
Microbiol. (2024) 15:1469253. doi: 10.3389/fmicb.2024.1469253

44. Lin J, Cao C, Tao C, Ye R, Dong M, Zheng Q, et al. Cold adaptation
in pigs depends on UCP3 in beige adipocytes. J Mol Cell Biol. (2017) 9:364–75.
doi: 10.1093/jmcb/mjx018

45. Yu T, Tian X, Li D, He Y, Yang P, Cheng Y, et al. Transcriptome, proteome and
metabolome analysis provide insights on fat deposition and meat quality in pig. Food
Res Int. (2023) 166:112550. doi: 10.1016/j.foodres.2023.112550

46. Ma YF, Han XM, Huang CP, Zhong L, Adeola AC, Irwin DM, et al. Population
genomics analysis revealed origin and high-altitude adaptation of tibetan pigs. Sci Rep.
(2019) 9:11463. doi: 10.1038/s41598-019-47711-6

47. Daykin GM, Aizen MA, Barrett LG, Bartlett LJ, Batáry P, Garibaldi LA, et al.
AgroEcoList 1.0: a checklist to improve reporting standards in ecological research in
agriculture. PLoS ONE. (2023) 18:e0285478. doi: 10.1371/journal.pone.0285478

48. Yang F, Hou C, Zeng X, Qiao S. The use of lactic acid bacteria as a probiotic in
Swine diets. Pathogens. (2015) 4:34–45. doi: 10.3390/pathogens4010034

49. 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. doi: 10.1016/j.foodchem.2024.139354

50. Tufarelli V, Rossi G, Laudadio V, Crovace A. Effect of a dietary probiotic blend
on performance, blood characteristics, meat quality and faecal microbial shedding in
growing-finishing pigs. S Afr J Anim Sci. (2017) 47:875–82. doi: 10.4314/sajas.v47i6.15

Frontiers in Veterinary Science 17 frontiersin.org

https://doi.org/10.3389/fvets.2025.1569196
https://doi.org/10.1038/ng.2811
https://doi.org/10.3390/ani10081297
https://doi.org/10.3390/ani9121080
https://doi.org/10.1155/2019/5070975
https://doi.org/10.3389/fvets.2022.919904
https://doi.org/10.1016/j.foodres.2019.108910
https://doi.org/10.3390/ani11010200
https://doi.org/10.1016/j.meatsci.2004.06.006
https://doi.org/10.1038/s41574-019-0168-8
https://doi.org/10.3389/fmicb.2018.02147
https://doi.org/10.3389/fmicb.2017.01688
https://doi.org/10.3390/biom12010056
https://doi.org/10.3389/fmicb.2020.00485
https://doi.org/10.1136/gutjnl-2020-323071
https://doi.org/10.3389/fmicb.2024.1345388
https://doi.org/10.1186/s42523-023-00288-y
https://doi.org/10.3389/fmicb.2022.1076675
https://doi.org/10.3390/metabo10050188
https://doi.org/10.3390/foods10102388
https://doi.org/10.1111/asj.12207
https://doi.org/10.3389/fmicb.2022.1076123
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1038/nbt.3519
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/biolre/ioaa093
https://doi.org/10.1016/S0021-9258(17)32067-7
https://doi.org/10.1038/s41467-021-22100-8
https://doi.org/10.1126/scitranslmed.abd5758
https://doi.org/10.1016/j.meatsci.2012.09.018
https://doi.org/10.1080/10495398.2018.1437045
https://doi.org/10.1016/j.meatsci.2005.04.015
https://doi.org/10.1089/ham.2008.1042
https://doi.org/10.3390/ijms20205028
https://doi.org/10.3389/fimmu.2020.623052
https://doi.org/10.1016/j.advnut.2023.04.009
https://doi.org/10.1194/jlr.R027904
https://doi.org/10.1016/S0753-3322(02)00253-6
https://doi.org/10.1136/openhrt-2018-000946
https://doi.org/10.1126/science.294.5548.1871
https://doi.org/10.3389/fmicb.2024.1469253
https://doi.org/10.1093/jmcb/mjx018
https://doi.org/10.1016/j.foodres.2023.112550
https://doi.org/10.1038/s41598-019-47711-6
https://doi.org/10.1371/journal.pone.0285478
https://doi.org/10.3390/pathogens4010034
https://doi.org/10.1016/j.foodchem.2024.139354
https://doi.org/10.4314/sajas.v47i6.15
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Bai et al. 10.3389/fvets.2025.1569196

51. Wood JD, Enser M. Factors influencing fatty acids in meat and the role
of antioxidants in improving meat quality. Br J Nutr. (1997) 78 Suppl 1:S49–60.
doi: 10.1079/BJN19970134

52. Wood JD, Richardson RI, Nute GR, Fisher AV, Campo MM, Kasapidou E,
et al. Effects of fatty acids on meat quality: a review. Meat Sci. (2004) 66:21–32.
doi: 10.1016/S0309-1740(03)00022-6

53. Sprecher H. Metabolism of highly unsaturated n-3 and n-6 fatty acids. Biochim
Biophys Acta. (2000) 1486:219–31. doi: 10.1016/S1388-1981(00)00077-9

54. Haeggström JZ, Funk CD. Lipoxygenase and leukotriene pathways:
biochemistry, biology, and roles in disease. Chem Rev. (2011) 111:5866–98.
doi: 10.1021/cr200246d

55. 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. doi: 10.3389/fmed.2022.1065365

56. Ramsay PT, Carr A. Gastric acid and digestive physiology. Surg Clin N Am.
(2011) 91:977–82. doi: 10.1016/j.suc.2011.06.010

57. Holzer CS, Pukaluk A, Viertler C, Regitnig P, Caulk AW, Eschbach M, et al.
Biomechanical characterization of the passive porcine stomach. Acta Biomater. (2024)
173:167–83. doi: 10.1016/j.actbio.2023.11.008

58. Harmon DL, Helm ET, Curry SM, Mille Schweer CM, BurroughWP, Gabler NK.
Impact of viral disease hypophagia on pig jejunal function and integrity. PLoS ONE.
(2020) 15:e0227265. doi: 10.1371/journal.pone.0227265

59. Korneenko TV, Pestov NB, AhmadN, Okkelman IA, Dmitriev RI, Shakhparonov
MI, et al. Evolutionary diversification of the BetaM interactome acquired through
co-option of the ATP1B4 gene in placental mammals. Sci Rep. (2016) 6:22395.
doi: 10.1038/srep22395

60. Lin M, Chen X, Wang Z, Wang D, Zhang J-L. Global profiling and identification
of bile acids by multi-dimensional data mining to reveal a way of eliminating abnormal
bile acids. Anal Chim Acta. (2020) 1132:74–82. doi: 10.1016/j.aca.2020.07.067

61. Pestov NB, Zhao H, Basrur V, Modyanov NN. Isolation and characterization
of BetaM protein encoded by ATP1B4 – a unique member of the Na,K-
ATPase β-subunit gene family. Biochem Biophys Res Commun. (2011) 412:543–8.
doi: 10.1016/j.bbrc.2011.07.112

62. Ahmad N, de la Serna IL, Marathe HG, Fan X, Dube P, Zhang S, et al. Eutherian-
specific functions of BetaM acquired through Atp1b4 gene co-option in the regulation
of MyoD expression. Life. (2023) 13:414. doi: 10.3390/life13020414

63. Modyanov N. Janus-faced role of ATP1B4 gene co-option in mammalian
evolution. FASEB J. (2018) 32:670. doi: 10.1096/fasebj.2018.32.1_supplement.670.14

64. Rubenstein AB, Smith GR, Raue U, Begue G, Minchev K, Ruf-Zamojski F, et al.
Single-cell transcriptional profiles in human skeletal muscle. Sci Rep. (2020) 10:229.
doi: 10.1038/s41598-019-57110-6

65. Fleishman JS, Kumar S. Bile acid metabolism and signaling in health and disease:
molecular mechanisms and therapeutic targets. Sig Transduct Target Therapy. (2024)
9:97. doi: 10.1038/s41392-024-01811-6

Frontiers in Veterinary Science 18 frontiersin.org

https://doi.org/10.3389/fvets.2025.1569196
https://doi.org/10.1079/BJN19970134
https://doi.org/10.1016/S0309-1740(03)00022-6
https://doi.org/10.1016/S1388-1981(00)00077-9
https://doi.org/10.1021/cr200246d
https://doi.org/10.3389/fmed.2022.1065365
https://doi.org/10.1016/j.suc.2011.06.010
https://doi.org/10.1016/j.actbio.2023.11.008
https://doi.org/10.1371/journal.pone.0227265
https://doi.org/10.1038/srep22395
https://doi.org/10.1016/j.aca.2020.07.067
https://doi.org/10.1016/j.bbrc.2011.07.112
https://doi.org/10.3390/life13020414
https://doi.org/10.1096/fasebj.2018.32.1_supplement.670.14
https://doi.org/10.1038/s41598-019-57110-6
https://doi.org/10.1038/s41392-024-01811-6
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Insights into high-altitude adaptation and meat quality regulation by gastrointestinal metabolites in Tibetan and black pigs
	1 Introduction
	2 Materials and methodology
	2.1 Animal management and sample collection
	2.2 Fluorescence homologous double-label staining of muscle paraffin sections
	2.3 Targeted metabolomic analysis of LD
	2.4 RNA extraction and transcriptome sequencing
	2.5 Untargeted metabolomic analysis
	2.6 Statistical analysis

	3 Results
	3.1 Comparative histological analysis of LD muscle between TP and BP
	3.2 Comparative analysis of amino acid and fatty acid profile in LD muscles in Tibetan and black pigs
	3.3 Metabolome of intestinal contents of Tibetan pigs and black pigs
	3.4 Analysis of differential metabolites and their correlation between the intestines of BP pigs and TP pigs
	3.5 Identification and functional enrichment of differentially expressed genes (DEGs)

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


