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Integrated metabolomic and transcriptomic analysis reveals digestive tract adaptations to high altitude in Bayanbulak sheep
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Introduction: High-altitude adaptation in Bayanbulak sheep may modulate digestive tract functions. This study investigated differences in digestive tract metabolites between Bayanbulak sheep at high altitude (2,400–4,400 m) and Turpan black sheep at low altitude (−154 m). We performed untargeted metabolomics analysis on ruminal fluid, small intestinal contents, and fecal metabolites, measured serum biochemical parameters, and examined skin tissue morphology. Differential gene expression in ruminal fluid was analyzed using RNA-seq. Key findings include: (1) Bayanbulak sheep showed significantly higher including total antioxidant capacity (TAC), superoxide dismutase (SOD), catalase (CAT), interferon-γ (IFN-γ), interleukin-2 (IL-2), total cholesterol, glucose, and triglyceride levels compared to Turpan black sheep (p < 0.05); (2) Epidermal thickening was observed in Bayanbulak sheep under high-altitude conditions. (3) Significant upregulation of metabolites including spermidine, 5′-adenylic acid (AMP), oleic acid (OA), and nicotine occurred in Bayanbulak sheep, accompanied by enhanced activity in glutathione metabolism, AMP-activated protein kinase (AMPK) signaling pathway, purine metabolism, and thermogenesis pathways. (4) Co-detected metabolites - vanillin, pinacidil, and 4-hydroxychalcone (4-HC) - exhibited significant differential abundance across rumen, small intestine, and feces in Bayanbulak sheep, with concurrent upregulation of associated metabolic pathways. (5) In the rumen of Bayanbulak sheep, genes CPT1B (carnitine palmitoyltransferase 1B), CPT1C (carnitine palmitoyltransferase 1C), and CASTOR2 (cytosolic aspartate tRNA-specific ribozyme) were significantly upregulated (p < 0.05), collectively enriched in the AMPK signaling pathway and mTOR signaling pathway, while the small intestinal gene TM4SF18 (transmembrane 4 L six family member 18) was significantly downregulated (p < 0.01), co-enriched in the ferroptosis pathway.

Conclusion: Bayanbulak sheep adapt to high-altitude hypoxia and thermal stress through epidermal thickening and synergistic interactions between blood and digestive tract metabolites. These adjustments enhance antioxidant capacity, energy reserves, and immune function, offering a robust model for high-altitude adaptation.
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1 Introduction

The Bayanbulak Grassland experiences extremely harsh climatic conditions and is a high-altitude mountainous region situated between 2,400 and 4,400 meters above sea level (1). The area receives snowfall for approximately 160 days annually, with a yearly precipitation of less than 400 millimeters. The mean annual temperature ranges from −5.5 °C to −3.5 °C, forming a typical cold and arid high-altitude climate (2). As altitude increases, the atmospheric oxygen concentration significantly decreases, dropping from 21% at plain elevations to between 16.3 and 12.7% at altitudes of 2,000 to 4,000 meters (3).

In this environment, Bayanbulak sheep have evolved exceptional cold and hypoxia tolerance through long-term natural selection. They efficiently utilize limited resources to sustain themselves in the sparse vegetation of the high-altitude meadows (1). In stark contrast to the Bayanbulak sheep is the Turpan black sheep (also known as the Toksun black sheep). This breed is primarily distributed in the Turpan Basin, the lowest-lying depression in China, with a minimum elevation of −154 meters below sea level (4). As a high-quality indigenous meat breed, the Turpan black sheep has developed unique survival strategies through long-term adaptation to aridity and high temperatures. This low-altitude environment forms a natural comparative system with the high-altitude, hypoxic conditions of the Bayanbulak grassland, providing critical samples for studying animal adaptation under divergent ecological pressures.

Current research indicates that the adaptation mechanisms of ruminants to high-altitude environments exhibit both diversity and species specificity. For instance, Tibetan sheep utilize synergistic interactions between rumen microbiota and host metabolomes to significantly enhance energy metabolic efficiency. Their rumen microbial communities can convert substantial amounts of Nε-fructosyllysine into butyrate, thereby augmenting energy acquisition and supporting hypoxia tolerance (5). Mongolian sheep, in contrast, enhance thermogenic capacity through the browning of white adipose tissue while simultaneously optimizing ruminal nutrient absorption efficiency to cope with cold climates (6). At the genetic level, polymorphisms in the COX17 gene of Tibetan sheep improve oxygen utilization efficiency under hypoxic conditions by regulating mitochondrial copper ion homeostasis (7). These findings collectively demonstrate that high-altitude adaptation results from the integrated effects of metabolism, microbiome function, and genetic regulation.

Building upon this background, this study focuses on a comparative metabolomic analysis of Bayanbulak sheep and Turpan black sheep, aiming to uncover the metabolic principles underlying their environmental adaptations. The research will systematically collect rumen metabolome, small intestine metabolome, and fecal metabolome data across distinct altitudinal gradients (Bayanbulak grassland: 2400–4,400 m vs. Turpan Basin: −154 m). Utilizing multi-omics integration analysis techniques, the study will elucidate the mechanisms by which Bayanbulak sheep maintain energy homeostasis and resist oxidative damage. The findings will not only address the current gap in research on high-altitude cold adaptation in sheep but also provide a theoretical foundation and technical support for ruminant genetic breeding (e.g., breeding hypoxia-tolerant strains) and medical research (e.g., developing treatments for hypoxia-related diseases).



2 Materials and methods


2.1 Experimental animals and sample collection

This study utilized fifteen healthy, one-year-old Bayanbulak sheep (BY) and fifteen Turpan black sheep (TLF) as experimental subjects. All animals were raised under identical management conditions and were free of disease. The sheep were divided into two groups (n = 15 per group). All animals had been vaccinated against ovine caseous lymphadenitis (CLA), Peste des Petits Ruminants (PPR), Foot-and-Mouth Disease (FMD), and sheep pox. Additionally, they were regularly treated with ivermectin and abamectin for the prevention and control of internal and external parasites.



2.2 Sampling procedure

At the conclusion of the 120-day feeding trial, all animals were fasted (solid and liquid) for 12 h following animal welfare protocols. They were then transported to a local commercial slaughterhouse and humanely euthanized according to standard procedures (70). Ante-mortem, jugular venous blood was collected into clot activator tubes. Whole blood samples were allowed to clot at room temperature (RT, 18–25 °C) for 15–30 min until a clear, pale yellow supernatant (normal serum) separated. Samples were centrifuged at 3500 rpm for 5 min using a portable centrifuge. Serum was aspirated and aliquoted into sterile microcentrifuge tubes. The collection date, sample volume, and corresponding sheep identification number were recorded. Serum aliquots were stored in a refrigerated chamber (2–8 °C) pending analysis. Following exsanguination and confirmation of unconsciousness, rumen fluid, small intestinal contents, and fecal samples were collected. All samples were immediately placed on dry ice for transport to the laboratory and subsequently stored at −80 °C until further analysis.



2.3 Serum biochemistry analysis

All serum samples were analyzed for various biochemical parameters in accordance with the manufacturer’s instructions of the ELISA kit provided by Nanjing Jiancheng Bioengineering Institute. Serum biochemical parameters were analyzed using the Catalyst One chemical analyzer (IDEXX Laboratories, Westbrook, MA, USA). The parameters measured included: Total IFN-γ (Interferon-gamma) content (ng/L), TNF-α (Tumor Necrosis Factor-alpha) content (ng/L), IL-2 (Interleukin-2) content (ng/L), IgG (Immunoglobulin G) content (mg/mL), Pi (Inorganic Phosphorus) content (mmol/L), Ca (Calcium) content (mmol/L), TC (Total Cholesterol) content (mmol/L), TG (Triglycerides) content (mmol/L), GLU (Glucose) content (mmol/L), γ-GT (Gamma-Glutamyl Transferase) activity (U/L), T-BIL (Total Bilirubin) concentration (μmol/L), BUN (Blood Urea Nitrogen) content (mmol/L), UA (Uric Acid) content (μmol/L), Cr (Creatinine) content (μmol/L), AST (Aspartate Aminotransferase) activity (U/L), ALT (Alanine Aminotransferase) activity (U/L), ALP (Alkaline Phosphatase) activity (King Armstrong units/100 mL), CK (Creatine Kinase) activity (U/mL), LDH (Lactate Dehydrogenase) activity (U/L), T-AOC (Total Antioxidant Capacity) activity (mmol/L), CAT (Catalase) activity (U/mL), GSH-Px (Glutathione Peroxidase) activity (U/mL), MDA (Malondialdehyde) content (nmol/mL), SOD (Superoxide Dismutase) activity (U/mL), ALB (Albumin) content (g/L), Total Protein content (g/L).



2.4 Integumentary morphological analysis

Fixed skin tissue samples were trimmed flat and dehydrated through an ascending series of ethanol concentrations. Following clearing in xylene, the tissues were embedded in paraffin wax. After the wax solidified, sections were cut at a thickness of 4 μm. Paraffin sections were deparaffinized and rehydrated. They were then stained with hematoxylin for 3–5 min, differentiated in acid alcohol (differentiator), and rinsed in tap water for bluing (10 min). Subsequently, sections were counterstained with eosin for 2 min. Following staining, sections were dehydrated through an ascending ethanol series, cleared in xylene, and mounted with neutral balsam. Sections were observed and photographed under a light microscope.



2.5 Metabolomic analysis of rumen fluid, small intestinal contents, and feces

Samples were retrieved from the −80 °C freezer and thawed on ice until no ice crystals remained (all subsequent procedures were performed on ice); after thawing, samples were vortexed for 10 s for homogenization, and 200 μL of each sample was transferred to correspondingly labeled centrifuge tubes, followed by addition of 200 μL of 20% acetonitrile-methanol internal standard extraction solution, vortexing for 3 min, and centrifugation at 12,000 rpm for 10 min at 4 °C; subsequently, 350 μL of supernatant was transferred to new correspondingly labeled centrifuge tubes and concentrated to complete dryness; the dried residues were reconstituted in 100 μL of 70% methanol aqueous solution, vortexed for 3 min, sonicated in an ice-water bath for 10 min, then centrifuged at 12,000 rpm for 3 min at 4 °C, and 80 μL of supernatant was transferred to inserts of correspondingly labeled autosampler vials for instrumental analysis. Liquid chromatography-mass spectrometry analysis was performed using a Waters ACQUITY Premier HSS T3 Column (1.8 μm, 2.1 mm × 100 mm) with mobile phases consisting of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B), a column temperature of 40 °C, flow rate of 0.4 mL/min, and injection volume of 4 μL. Raw mass spectrometry data were converted to mzML format using ProteoWizard, and peak detection, alignment, and retention time correction were performed using XCMS; peaks with missing values >50% across samples were filtered, and missing values were imputed using KNN imputation + 1/5 minimum value approach (values with >50% missingness were filled with 1/5 minimum value, while those with <50% missingness were filled using KNN), with peak areas normalized using Support Vector Regression (SVR); processed peaks were used for metabolite identification by searching against a laboratory-built database, integrated public databases, predictive databases, and through metDNA analysis; metabolites with identification scores >0.5 and QC sample coefficient of variation (CV) values <0.3 were retained, and peaks from positive and negative ionization modes were merged, keeping the identification with the highest confidence level and lowest CV value; differential metabolites were screened by combining fold change (FC) values, t-test p-values, and variable importance in projection (VIP) scores from OPLS-DA models, with thresholds set at |FC| > 1, p < 0.05, and VIP > 1, followed by KEGG functional annotation and enrichment analysis of differential metabolites (8).



2.6 RNA isolation and sequencing

Total RNA was isolated from rumen and small intestinal tissues of Bayanbulak sheep and Turpan black sheep across distinct geographical regions using TRIzol reagent. RNA concentration and purity were quantified via NanoDrop 2000 spectrophotometry (Thermo Fisher Scientific), while RNA integrity was assessed using an Agilent 2,100 Bioanalyzer. Samples with RNA Integrity Number (RIN) > 8.5 and 28S/18S ribosomal RNA ratio >0.7 were selected for library construction.

Polyadenylated mRNA was enriched by Oligo(dT) magnetic bead purification followed by DNase I treatment. Purified mRNA was fragmented, and double-stranded cDNA was synthesized and purified. After end repair, adenylation, and adapter ligation, size-selected fragments were PCR-amplified to construct strand-specific libraries. Library quality was validated by Qubit quantification (effective concentration >2 nM) and fragment size distribution analysis. Paired-end 150 bp (PE150) sequencing was performed on the Illumina NovaSeq 6,000 platform (Biomarker Technologies, Beijing).

Raw sequencing data underwent adapter trimming and quality filtering using Trimmomatic (v0.39) to generate high-quality clean reads. Clean reads were aligned to the reference genome (Ovis aries ARS_UI_Ramb_v3.0) using HISAT2 (v2.2.1) with default parameters. Genomic mapping statistics—including chromosomal distribution, alignment rate, and structural annotation—were extracted from alignment files. Transcriptome assembly was performed using StringTie (v2.1.7) with reference-guided mode for downstream differential expression analysis.



2.7 Data processing and analysis

Statistical analysis was performed using IBM SPSS 26 software with independent samples t-test employed to analyze metabolite and gene contents (9), where results are presented as mean values and metabolites/genes with p-value < 0.05 were considered statistically significant; metabolites and genes showing statistically significant differences between groups were deemed differentially expressed, with fold change (FC) calculated as the ratio of mean expression values in the treatment group to those in the control group (10, 65), while variable importance in projection (VIP) scores derived from OPLS-DA models were utilized to identify differential metabolites between groups (11), retaining those with VIP > 1.0.




3 Results


3.1 Comparison of serum biochemical parameters and skin morphological indicators between Bayanbulak sheep and Turpan black sheep

Analysis of serum biochemical parameters (Table 1) revealed significantly elevated levels in Bayanbulak sheep compared to Turpan black sheep. Five parameters showed highly significant differences (p < 0.01): interferon-γ (IFN-γ), total cholesterol (TC), glucose (GLU), total antioxidant capacity (T-AOC), and superoxide dismutase (SOD). Additionally, three parameters demonstrated significant elevations (p < 0.05): interleukin-2 (IL-2), triglycerides (TG), and catalase (CAT). For skin histological measurements (Table 2), epidermal thickness was found to be highly significantly greater (p < 0.01) in Bayanbulak sheep versus Turpan black sheep, as visually confirmed through comparative histological analysis (Figures 1, 2).


TABLE 1 Serum biochemical parameters.


	Component
	Abbreviation
	Turpan black sheep
	Bayanbulak sheep
	P-value

 

 	Interferon-gamma 	IFN-γ (ng/L) 	68.50 ± 13.44 	100.15 ± 16.47*** 	<1.0 × 10−3


 	Interleukin-2 	IL-2 (ng/L) 	33.59 ± 5.61 	43.44 ± 8.30* 	3.0 × 10−3


 	Total cholesterol 	TC (mmol/L) 	1.31 ± 0.24 	1.72 ± 0.37*** 	4.0 × 10−3


 	Triglycerides 	TG (mmol/L) 	0.26 ± 0.11 	0.36 ± 0.11* 	3.0 × 10−2


 	Glucose 	GLU (mmol/L) 	3.56 ± 0.98 	6.02 ± 1.42*** 	<1.0 × 10−3


 	Total antioxidant capacity 	T-AOC (mmol/L) 	0.71 ± 0.06 	0.83 ± 0.07*** 	<1.0 × 10−3


 	Catalase 	CAT (U/mL) 	0.79 ± 0.47 	1.89 ± 1.67* 	4.7 × 10−2


 	Superoxide dismutase 	SOD (U/mL) 	92.00 ± 9.27 	157.84 ± 12.35*** 	<1.0 × 10−3


 	Glutathione peroxidase 	GSH-Px (U/mL) 	38.67 ± 7.66 	62.96 ± 49.88 	1.1 × 10−1


 	Malondialdehyde 	MDA (nmol/mL) 	5.04 ± 1.62 	5.59 ± 1.61 	4.13 × 10−1





Data are expressed as mean ± SD. Significance levels: ***p < 0.01, *p < 0.05 compared to Turpan black sheep within the same parameter. Absence of symbols denotes non-significant differences (p > 0.05).
 


TABLE 2 Skin histological parameters.


	Skin histological parameter (μm)
	Turpan black sheep
	Bayanbulak sheep
	P-value

 

 	Epidermal thickness 	58.97 ± 9.94 	122.39 ± 14.19*** 	1.0 × 10−3





Data are expressed as mean ± SD. Significance levels: ***p < 0.01, *p < 0.05 compared to Turpan black sheep within the same parameter. Absence of symbols denotes non-significant differences (p > 0.05).
 

[image: Histological comparison of two skin tissue samples labeled A and B, stained with hematoxylin and eosin. Sample A shows a thicker epidermis with measurements of 121.5 micrometers and 80.4 micrometers, while sample B displays a thinner epidermis with measurements of 62.2 micrometers and 49 micrometers. The images illustrate differences in epidermal thickness and structure.]

FIGURE 1
 Comparative histological analysis of skin sections from Bayanbulak sheep and Turpan black sheep. (A) Epidermal layer of Bayanbulak sheep (20 × magnification); (B) Epidermal layer of Turpan black sheep (20 × magnification).


[image: Box plot comparing BPHD(UM) values between groups A and B. Group A shows a larger range and median around 100, colored in purple. Group B displays a smaller range and lower median, colored in green. Asterisks indicate significant difference.]

FIGURE 2
 Comparative analysis of epidermal layers in skin sections from Bayanbulak sheep and Turpan black sheep. (A) Bayanbulak sheep (BY) (B) Turpan black sheep (TLF), BPDH, epidermal thickness*** denotes statistically significant differences at p < 0.01.




3.2 Comparative rumen metabolomics between Bayanbulak sheep and Turpan black

Metabolomic profiling identified 2,447 metabolites in rumen fluid from 15 Bayanbulak sheep (high-altitude) and 15 Turpan black sheep (low-altitude). PCA and HCA (Figure 3) revealed distinct metabolic clustering between groups. Applying thresholds (|FC|>1, p < 0.05, VIP > 1), we detected 1,333 differentially abundant metabolites (681 up-regulated and 652 down-regulated in Bayanbulak sheep). Subsequent fold change analysis identified altitude-adaptation-associated metabolites, with adenosine monophosphate (AMP), adenosine, and ascorbic acid showing particularly elevated levels in Bayanbulak sheep.

[image: Panel A shows a 2D PCA plot with green and orange dots representing two groups: BY1-LWY and TLF1-LWY. Panel B presents a volcano plot displaying gene expression with dots in red, green, and gray, indicating upregulated, downregulated, and insignificant changes, respectively. Panel C is a heatmap illustrating Z-score data for the same groups, with a gradient from green to red, representing varying expression levels.]

FIGURE 3
 Analysis of rumen metabolite profiles in Bayanbulak sheep and Turpan black sheep. (A) Principal component analysis (PCA); (B) Quantitative statistics of differentially abundant metabolites; (C) Hierarchical clustering heatmap; BY1-LWY, Bayanbulak sheep rumen fluid group; TLF1-LWY, Turpan black sheep rumen fluid group.



3.2.1 KEGG functional annotation of differential rumen metabolites

KEGG functional annotation of differential metabolites between Bayanbulak sheep and Turpan black sheep (Figure 4) revealed predominant enrichment in the AMPK signaling pathway, mTOR signaling pathway, cAMP signaling pathway, and purine metabolism pathway, with the differential metabolite 5′-adenylic acid primarily annotated to both AMPK and mTOR signaling pathways.

[image: Panel A is a bar chart displaying KEGG classification across categories: Organismal Systems, Metabolism, Human Diseases, and Environmental Information Processing, with percentages. Panel B is a bubble plot illustrating pathways against the rich factor, with bubble size representing count number and color indicating -log10 p-values.]

FIGURE 4
 KEGG functional analysis of differential rumen metabolites in Bayanbulak sheep and Turpan black sheep. (A) KEGG functional classification of differential metabolites; (B) Pathway enrichment plot of differential metabolites.





3.3 Small intestinal metabolic profiles of Bayanbulak sheep and Turpan black sheep

Metabolomic profiling of small intestinal contents (15 Bayanbulak vs. 15 Turpan black sheep) identified 2,435 metabolites. PCA and hierarchical clustering (Figure 5) showed distinct metabolic separation between altitude groups. Using |FC|>1, p < 0.05 and VIP > 1 thresholds, we found 1,155 differentially abundant metabolites (618 up- and 537 down-regulated in Bayanbulak sheep). Key adaptation-related changes included elevated spermidine, L-glutamate and oleic acid, but reduced nicotine metabolites in Bayanbulak sheep.

[image: Panel A shows a 2D PCA plot distinguishing two groups, BY1-XCN and TLF1-XCN, through different colored ellipses. Panel B is a volcano plot displaying gene expression changes with red and green dots indicating significantly upregulated and downregulated genes, respectively. Panel C is a heatmap showing gene expression data across samples, with color variations representing expression levels.]

FIGURE 5
 Analysis of small intestinal metabolic profiles in Bayanbulak sheep and Turpan black sheep. (A) Principal component analysis (PCA); (B) quantitative statistics of differential metabolites; (C) hierarchical clustering heatmap; BY1-XCN: Bayanbulak sheep small intestinal content group; TLF1-XCN, Turpan black sheep small intestinal content group.



3.3.1 KEGG functional annotation of differential small intestinal metabolites

KEGG functional annotation of differential metabolites between Bayanbulak sheep and Turpan black sheep (Figure 6) revealed predominant enrichment in glutathione metabolism, thermogenesis pathway, ferroptosis, and fatty acid biosynthesis pathways, with the differential metabolites spermidine and L-glutamate primarily annotated to both glutathione metabolism and ferroptosis pathways.

[image: Image A displays a KEGG classification bar chart with sections for organismal systems and metabolism, showing percentages for various pathways. Image B is a bubble chart illustrating enriched terms like thermogenesis and metabolism with point size indicating count number and color representing significance.]

FIGURE 6
 KEGG functional analysis of differential metabolites in small intestine of Bayanbulak sheep and Turpan black sheep. (A) KEGG functional classification of differential metabolites; (B) Pathway enrichment plot of differential metabolites.





3.4 Differential fecal metabolic profiles of Bayanbulak sheep and Turpan black sheep

A total of 2,114 metabolites were identified in fecal samples from 15 Bayanbulak sheep and 15 Turpan black sheep. Principal component analysis (PCA) and hierarchical clustering analysis (Figure 7) revealed distinct clustering of fecal metabolites between altitudinal groups. Using thresholds of fold change|FC|>1, p < 0.05, and variable importance in projection (VIP) > 1, we identified 1,402 differentially abundant metabolites between breeds. Among these, 556 metabolites were up-regulated and 846 were down-regulated in Bayanbulak sheep. Further screening for high-altitude adaptation relevance demonstrated significantly elevated concentrations of allantoin metabolites in the Bayanbulak group compared to the Turpan black sheep group.

[image: Panel A shows a 2D PCA plot with two distinct clusters, indicating separation between two groups. Panel B presents a volcano plot, illustrating significant gene expression changes with points categorized as upregulated, downregulated, or insignificant based on fold change and p-value. Panel C displays a heatmap of gene expression data, with a color gradient from red to green representing expression levels across different samples.]

FIGURE 7
 Analysis of fecal metabolic profiles in Bayanbulak sheep and Turpan black sheep. (A) Principal component analysis (PCA); (B) quantitative statistics of differential metabolites; (C) hierarchical clustering heatmap; BY1-FB, Bayanbulak sheep fecal group; TLF1-FB, Turpan black sheep fecal group.



3.4.1 KEGG functional annotation of differential fecal metabolites

KEGG functional annotation of differential metabolites between Bayanbulak sheep and Turpan black sheep (Figure 8) revealed predominant enrichment in purine metabolism, Th17 cell differentiation, and intestinal IgA production immune network pathways, with the differential metabolite allantoin primarily annotated to purine metabolism.

[image: Panel A shows a horizontal bar chart for KEGG classification, with categories like Th17 cell differentiation and purine metabolism, indicating their percentage distribution. Panel B displays a scatter plot depicting enrichment terms like thermogenesis and gnRH secretion, with dot sizes representing count number and colors indicating negative logarithm p-values.]

FIGURE 8
 KEGG functional analysis of differential metabolites in small intestine of Bayanbulak sheep and Turpan black sheep. (A) KEGG functional classification of differential metabolites; (B) Pathway enrichment plot of differential metabolites.





3.5 Comparative analysis of digestive tract metabolites between Bayanbulak and Turpan black sheep

Comparative analysis of ruminal, small intestinal, and fecal metabolites between Bayanbulak and Turpan black sheep revealed 77 shared metabolites (Figure 9). Notably, 4-hydroxy-3-methoxybenzaldehyde exhibited compartment-specific regulation: significantly up-regulated in ruminal metabolites but down-regulated in both small intestinal and fecal metabolites of Bayanbulak sheep versus Turpan black sheep (Table 3). In contrast, pinacidil demonstrated consistent up-regulation across all three digestive compartments, whereas 4′-hydroxychalcone showed pan-enteric down-regulation. Vanillin, pinacidil, and 4′-hydroxychalcone exhibited significant alterations across all three digestive compartments in Bayanbulak sheep, and were associated with high-altitude adaptation mechanisms including antioxidant defense, vasodilation, and oxidative stress regulation.

[image: Venn diagram and bar chart illustrating overlaps and sizes of three lists: LWY, XCN, and FB. In the Venn diagram, LWY has 820 unique items, XCN has 794, FB has 939. Overlaps: LWY and XCN have 101, XCN and FB have 183, LWY and FB have 203, all three share 77. Bar chart shows total sizes: LWY is 1201, XCN is 1155, FB is 1402.]

FIGURE 9
 Analysis of shared metabolites in rumen fluid, small intestinal content, and feces of Bayanbulak sheep and Turpan black sheep. LWY, rumen fluid; XCN, small intestinal content; FP, feces.



TABLE 3 Comparative analysis of differential digestive tract metabolites between Bayanbulak and Turpan black sheep.


	Compound
	Compartment
	P-value
	Regulation

 

 	Vanillin 	Rumen 	2.786E-04 	Up


 	 	Small intestine 	5.793E-03 	Down


 	Feces 	1.066E-03 	Down


 	Pinacidil 	Rumen 	2.885E-05 	Up


 	 	Small intestine 	1.440E-03 	Up


 	Feces 	1.905E-04 	Up


 	4’-Hydroxychalcone 	Rumen 	2.185E-12 	Down


 	 	Small intestine 	2.185E-12 	Down


 	Feces 	2.185E-12 	Down





Statistically significant differences (P < 0.05) indicate differential regulation for the specified metabolite within a given digestive compartment. Non-significant differences (p > 0.05) denote absence of measurable regulation.
 



3.6 Differential gene expression analysis between Bayanbulak and Turpan black sheep

Gene expression analysis of ruminal tissues (15 Bayanbulak vs. 15 Turpan black sheep) identified 13,024 genes. PCA showed clear altitude-dependent separation (Figure 10A). Stringent analysis (p < 0.01) revealed 2,784 DEGs (1,166 up-, 1,618 downregulated; Figure 10B), including upregulated cold-adaptation genes CPT1B, CPT1C and SLC7A2 in Bayanbulak sheep. Small intestinal analysis detected 15,407 genes with distinct altitude clustering (Figure 10C). We identified 1,025 DEGs at p < 0.01 (332 up-, 693 downregulated; Figure 10D), notably downregulated TM4SF18 in Bayanbulak sheep.

[image: Panel A shows a scatter plot with PCA results for groups BY-LW (green) and TLF-LW (orange), indicating separation. Panel B is a volcano plot with differentially expressed genes; upregulated in red, downregulated in blue. Panel C is another PCA plot displaying groups BY-XC (green) and TLF-XC (orange) with observed clustering. Panel D displays a volcano plot similar to Panel B, with both upregulated and downregulated genes highlighted.]

FIGURE 10
 Multi-tissue transcriptomic profiling of differentially expressed genes in rumen and small intestine of Bayanbulak vs. Turpan black sheep. (A) Principal component analysis (PCA); (B) Differential metabolite quantification; BY, Bayanbulak sheep group; TLF, Turpan black sheep group; LW, rumen; XC, small intestine (C) Principal component analysis (PCA); (D) Differential metabolite quantification.



3.6.1 Comparative analysis of rumen and intestinal metabolome and gene expression differences between Bayanbulak sheep and Tulfan black sheep

The comparison of rumen and small intestine metabolic and gene differences between Bayanbulak sheep and Turpan black sheep, as shown in the provided text, reveals significant differences in metabolic pathways and gene expression. Specifically, for the rumen, transcriptome and metabolome co-analysis, as depicted in Figure 11A, indicates that KEGG enrichment analysis of differentially expressed genes (DEGs) and differential metabolites (DMS) show enrichment in pathways such as the AMPK signaling pathway and mTOR signaling pathway. Compared to the Turpan black sheep group, the Bayanbulak sheep group exhibited significantly higher levels of 5′-adenosine monophosphate, and the expression of genes such as CPT1B, CPT1C, and CASTOR2 was significantly upregulated. For the small intestine, transcriptome and metabolome co-analysis, as shown in Figure 11B, revealed that KEGG enrichment analysis of DEGs and DMS showed enrichment in the ferroptosis pathway. Compared to the Turpan black sheep group, the Bayanbulak sheep group showed significantly higher levels of L-glutamine, and the expression of the TM4SF18 gene was significantly downregulated.

[image: Two scatter plots labeled A and B compare the correlation of pathway enrichment. Both graphs have metabolomics P-value on the x-axis (0 to 0.5) and transcriptomics P-value on the y-axis (0 to 1). Plot A shows a downward trend with a dashed line and shaded confidence area, highlighting ferroptosis in red. Plot B has an upward trend. Each dot represents different metabolic pathways, color-coded and listed in a side legend, with dot size indicating average enrichment score.]

FIGURE 11
 Integrated co-enrichment pathway analysis of rumen and small intestine in Bayanbulak sheep and Turpan black sheep. (A). Bubble plot of co-enriched pathways in rumen; (B). Bubble plot of co-enriched pathways in small intestine.






4 Discussion


4.1 Analysis of serum biochemical parameters and skin morphological indicators in Bayanbulak sheep versus Turpan black sheep

To elucidate the comprehensive adaptation mechanisms of animals to high-altitude environments, this study systematically examined the coordinated adaptation strategies of Bayanbulak sheep under high-altitude hypoxic and low-temperature conditions through integrated analysis of serum biochemical parameters and skin histomorphometric data across four physiological dimensions: immunomodulation, energy metabolism, antioxidant defense, and physical barrier function.

In the immunological dimension, Bayanbulak sheep exhibited significant elevations in serum interferon-γ (IFN-γ) and interleukin-2 (IL-2), indicating enhanced immune system activation that corresponds with established immune adaptation patterns in high-altitude mammals including Tibetan sheep (12, 66). Under the combined stressors of hypoxia and cold exposure, these animals demonstrate upregulated IFN-γ expression, which mediates cellular functions including proliferation inhibition, apoptosis promotion, and immune response activation for targeted elimination of transformed cells (13). The synchronized increase of both IFN-γ and IL-2 not only reflects potentiated Th1-type immune responses but also suggests optimized immune resource allocation under environmental duress through regulatory T-cell homeostasis adjustments (14).

Metabolically, Bayanbulak sheep displayed comprehensive elevation in serum total cholesterol (TC), triglycerides (TG), and glucose (GLU) levels, revealing substantial remodeling of energy storage and utilization pathways. Compared to their low-altitude Turpan black sheep counterparts, Bayanbulak sheep demonstrated enhanced lipid mobilization and glucose metabolic capacity, consistent with documented metabolic adaptations in Mongolian sheep that augment fat metabolism for thermal regulation in cold environments (6). Cholesterol serves dual roles as both a structural component of cell membranes and a precursor for steroid hormone synthesis, while its metabolic derivatives—particularly bile acids—facilitate lipid digestion and absorption (15, 16), suggesting that Bayanbulak sheep potentially improve dietary energy harvest efficiency through these mechanisms. Furthermore, triglycerides function as deposited energy reserves (17) to support cold adaptation, while glucose operates not only as an immediate energy substrate but also sustains reduced glutathione (GSH) regeneration via the pentose phosphate pathway (18), thereby exhibiting dual functionality in both energy provision and antioxidant defense.

Regarding antioxidant systems, Bayanbulak sheep manifested significantly enhanced activities of total antioxidant capacity (T-AOC), superoxide dismutase (SOD), and catalase (CAT), constituting an integrated enzymatic defense network where SOD catalyzes the conversion of superoxide anions to hydrogen peroxide (19) and CAT subsequently decomposes hydrogen peroxide into water and molecular oxygen (20), effectively disrupting reactive oxygen species cascade reactions. This antioxidant coordination aligns with oxidative stress adaptation strategies documented in high-altitude species such as yaks (21, 67), reflecting an evolutionarily conserved pathway for maintaining redox equilibrium under hypoxic conditions.

The investigation additionally identified significantly greater epidermal thickness in Bayanbulak sheep compared to Turpan black sheep, suggesting this morphological adaptation provides augmented physical protection against high-altitude environmental challenges including intense ultraviolet radiation and low-temperature exposure. This observation correlates with established understanding of epidermal stratum corneum function as the outermost protective layer that resists diverse environmental physicochemical stressors (22).

In synthesis, the high-altitude adaptation of Bayanbulak sheep represents a multidimensional integrative process rather than reliance on isolated mechanisms, achieved through synergistic coordination across immune system activation, metabolic reprogramming, antioxidant enhancement, and structural barrier reinforcement. These findings substantially advance comprehension of animal adaptation to high-altitude environments and establish theoretical foundations for future initiatives in livestock genetic improvement and environmental adaptation breeding. The differential metabolites vanillin, pinacidil, and 4′-hydroxychalcone identified across three distinct digestive compartments further demonstrate associations with high-altitude adaptation mechanisms encompassing antioxidant defense, vasodilation, and oxidative stress regulation.



4.2 Metabolomics of Bayanbulak sheep and Turpan black sheep


4.2.1 Rumen metabolomic analysis of Bayanbulak sheep and Turpan black sheep

Through comparative analysis of the rumen metabolome between Bayanbulak sheep and Turpan black sheep, this study reveals a crucial adaptive dimension in energy metabolism and oxidative balance regulation in high-altitude mammals: orchestrating energy supply, thermoregulation, and antioxidant defense through ruminal metabolic adaptations to counter persistent hypoxic stress.

Hypoxic conditions restrict mitochondrial oxidative phosphorylation, diminishing ATP synthesis while upregulating AMP, which subsequently activates the AMPK pathway by binding to the cystathionine β-synthase (CBS) domain of its γ subunit (23), mirroring mechanisms observed in other high-altitude ruminants like Tibetan sheep (24, 68). This activation enhances glucose uptake via upregulated GLUT4 expression and GLUT1 membrane translocation to bypass insulin resistance, while simultaneously reprogramming lipid metabolism through ACC1/ACC2 inhibition to drive fatty acid β-oxidation (25–27), thereby prioritizing energy allocation to critical organs including the heart and brain. Concurrently, AMPK-mediated suppression of mTORC1 complex activity (28) reduces energy expenditure on mitochondrial respiration and ribosome biogenesis, aligning with fat mobilization strategies during winter forage scarcity—a metabolic pattern similarly observed in Mongolian sheep during cold adaptation (6). This mechanism becomes further reinforced under low-temperature conditions through preferential lipid over glycogen catabolism, simultaneously lowering oxygen demand and extending energy availability.

Intraruminal 5′-AMP undergoes conversion to adenosine via 5′-nucleotidase, activating central adenosine A1 receptors (29) to suppress hypothalamic thermoregulatory centers. This mechanism shows remarkable consistency with findings from murine models (30, 31) where exogenous AMP induced hypometabolic states to alleviate hypoxic injury, significantly reducing body heat loss in cold environments. Furthermore, adenosine-mediated suppression of thermogenesis and promotion of feeding behavior through central A1 receptor activation resonates with avian and mammalian studies (32–34), reflecting an evolutionarily conserved “energy conservation priority” strategy in resource-limited environments.

Notably, 5′-AMP enhances superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) activities while increasing reduced glutathione (GSH) content and decreasing malondialdehyde (MDA) levels. This antioxidant mechanism parallels observations in murine models (35), effectively neutralizing mitochondrial ROS bursts induced by hypoxia and synergistic damage from UV radiation.

In summary, Bayanbulak sheep maintain energy homeostasis amidst forage scarcity and extreme climates through integrated thermoregulation, feeding promotion, and energy conservation mechanisms, thereby significantly enhancing population fitness and survival competitiveness.



4.2.2 Small intestinal metabolomic analysis of Bayanbulak sheep and Turpan black sheep

Through comparative analysis of the small intestinal metabolome between Bayanbulak sheep and Turpan black sheep, this study reveals another crucial adaptive strategy in nutrient utilization and oxidative homeostasis regulation in high-altitude ruminants at the critical interface of digestion and absorption—the small intestinal level. The findings demonstrate that Bayanbulak sheep establish a comprehensive metabolic adaptation aimed at enhancing intestinal antioxidant capacity, promoting energy storage, and reducing unnecessary energy consumption through upregulation of spermidine, L-glutamate, and oleic acid, coupled with downregulation of nicotine.

Consistent with the systemic antioxidant enhancement observed in rumen and serum, the significant enrichment of spermidine and L-glutamate in glutathione metabolism pathways within the small intestine—with L-glutamate additionally enriched in ferroptosis pathways—holds particular physiological significance given the small intestine’s crucial role in nutrient absorption and transformation. Spermidine significantly enhances the clearance capacity for lipid peroxides and superoxide anions by elevating glutathione peroxidase (GSH-Px) and superoxide dismutase (SOD) activities (19, 35, 36). This mechanism is not isolated, as related studies have observed positive correlations between polyamine metabolite accumulation and antioxidant enzyme activities in tissues (37, 69), suggesting that enhanced intestinal antioxidant defense through polyamine compounds may represent a convergent adaptation strategy among high-altitude ruminants. More importantly, this study further reveals that L-glutamate not only serves as the core precursor for glutathione synthesis, maintaining continuous synthesis of intracellular reduced glutathione (GSH) and redox homeostasis (38), but also functions as an important oxidative fuel for enterocytes, with its upregulation potentially optimizing overall nutrient utilization efficiency indirectly. Research indicates that L-glutamate supplementation increases key intermediate metabolites such as glutamine and α-ketoglutarate in jejunal mucosa and enhances plasma essential amino acid levels in weaned piglets (39–41). Accordingly, it is hypothesized that L-glutamate enrichment in Bayanbulak sheep likely enhances intestinal integrity and promotes nutrient digestion and absorption through similar mechanisms, thereby maximizing energy and nutrient acquisition under limited foraging conditions—a sophisticated adaptation to the ecological pressure of seasonal forage scarcity commonly associated with high-altitude environments.

Oleic acid, as a product of fatty acid biosynthesis pathways, serves as a preferred substrate for acyl-CoA cholesterol acyltransferase (ACAT) and diacylglycerol acyltransferase (DGAT), enzymes responsible for cholesterol ester and triglyceride synthesis, respectively (42). The increased oleic acid content enhances cholesterol ester and triglyceride synthesis. Triglycerides represent important metabolic fuels that can supply energy-demanding tissues during energy deficiency or replenish white adipose tissue (WAT) for storage during energy surplus (43). This finding corroborates our observed elevation of serum total cholesterol and triglyceride levels, indicating a preference for energy storage as fat when possible, to cope with energy crises caused by winter forage scarcity. This strategy aligns with the adaptation mechanism observed in Mongolian sheep, which increase fat deposition to resist severe cold (6).

The downregulation of nicotine in thermogenesis pathways inhibits the activation of the sympathetic nervous system and brown adipose tissue (BAT)-mediated thermogenesis (44), enabling Bayanbulak sheep to effectively reduce basal metabolic rate (BMR), thereby decreasing oxygen demand—a crucial adaptation to hypoxic environments. By suppressing energy expenditure related to thermogenesis while enhancing feeding behavior to compensate for energy reserves (45), nicotine downregulation may synergize with AgRP-mediated antagonism of α-MSH to promote feeding behavior and reduce energy consumption.



4.2.3 Fecal Metabolomic analysis of Bayanbulak sheep and Turpan black sheep

Through comparative analysis of fecal metabolites between Bayanbulak sheep and Turpan black sheep, this study reveals novel dimensions of high-altitude adaptation in systemic antioxidant regulation and nitrogen metabolic balance from the terminal phase of organismal metabolism. The findings demonstrate significant upregulation of allantoin—a key intermediate in purine metabolism—in Bayanbulak sheep, suggesting its potential crucial role in systemic antioxidant defense and metabolic recycling.

Echoing the glutathione-centered antioxidant system observed in rumen and small intestine, the accumulation of allantoin in feces indicates that Bayanbulak sheep establish a cross-compartment, multi-molecule coordinated antioxidant network. In plant research, allantoin has been identified as a key signaling molecule responding to oxidative stress, with its accumulation level positively correlated with organismal stress tolerance (46). More importantly, allantoin possesses direct reactive oxygen species (ROS) scavenging capacity (47), a mechanism likely functional in Bayanbulak sheep, assisting in clearing excess ROS generated by high-altitude hypoxic environments and consequently reducing production of lipid peroxidation products like MDA. This finding corroborates our observed enhancements in serum SOD and CAT activities alongside relatively stable MDA levels, collectively indicating allantoin’s integral role in maintaining systemic redox homeostasis in Bayanbulak sheep.

Notably, the protective effects of allantoin are not isolated but reinforced through synergistic interactions with polyamine metabolism. Studies demonstrate that allantoin promotes the accumulation of putrescine, spermine, and spermidine (48, 49), providing strong mutual validation with the observed spermidine upregulation in the small intestine from this study, revealing coordinated mechanisms between purine metabolism and polyamine metabolism across different tissues and organs. The upregulated spermidine can further activate glutathione peroxidase and superoxide dismutase (19), thereby establishing a multi-layered, amplified antioxidant defense system comprising signaling molecules (allantoin) - effector molecules (polyamines) - antioxidant enzymes (GSH-Px, SOD) building upon allantoin’s direct ROS scavenging capacity.

In summary, the upregulation of allantoin in fecal metabolites of Bayanbulak sheep not only represents the terminal manifestation of their response to high-altitude oxidative stress but also, through cross-compartment synergy with the polyamine system, closely links purine metabolism with the organism’s overall antioxidant defense network. This discovery retrospectively interprets physiological significance from the metabolic endpoint, providing terminal evidence for comprehensively understanding the systemic metabolic remodeling in ruminant adaptation to high-altitude environments.




4.3 Comparative analysis of gastrointestinal tract metabolites in Bayanbulak sheep and Turpan black sheep

Through integrated analysis of the metabolomes from three consecutive digestive tract segments (rumen, small intestine, and feces) of Bayanbulak sheep and Turpan black sheep, this study reveals the multi-level, cross-compartment metabolic协同 adaptation mechanisms achieved by high-altitude ruminants within their digestive systems. Among the 77 identified common differential metabolites, vanillin, pinacidil, and 4′-hydroxychalcone exhibited unique abundance variation patterns across the three digestive segments, collectively forming a comprehensive metabolic adaptation network ranging from local microenvironment regulation to systemic physiological adaptation.

The upregulation of vanillin in the rumen contrasted with its downregulation in the small intestine and feces reflects compartmentalized utilization of its bioactivity during digestion. As the fermentation center, ruminal upregulation of vanillin may maintain ruminal microenvironment homeostasis through its antioxidant properties (50) and protective effects (51), while simultaneously enhancing host energy acquisition by increasing volatile fatty acid concentration (50, 52), consistent with the strategy of high-altitude ruminants like Tibetan sheep optimizing rumen fermentation to improve energy efficiency (53). Its downregulation in the small intestine, considering vanillin’s capacity to reduce physical and adipose tissue burden (52), may represent metabolic programming that reduces lipolysis and promotes energy storage for cold adaptation, reflecting differential utilization of the same metabolite’s functions across digestive phases.

In contrast, the consistent upregulation of pinacidil across all three segments suggests its potential absorption into the circulatory system for systemic physiological functions. As a potassium channel opener, pinacidil induces vasodilation and increases local blood flow (51). Under high-altitude hypoxic conditions, this mechanism potentially improves blood perfusion and oxygen supply to intestinal and peripheral tissues, functionally converging with enhanced vasodilatory responses observed in high-altitude adapted human populations (54). The persistent upregulation of pinacidil highlights Bayanbulak sheep’s unique adaptation strategy of regulating metabolites to improve tissue oxygen supply.

The consistent downregulation of 4′-hydroxychalcone conversely demonstrates Bayanbulak sheep’s precise avoidance of oxidative stress. This compound has been confirmed to deplete glutathione, increase reactive oxygen species, and impair mitochondrial function (52). Its widespread downregulation throughout the digestive tract can be viewed as an active regulatory measure taken by the organism to reduce endogenous oxidative damage sources and maintain systemic redox balance. This complements the robust antioxidant capacity we observed in serum and intestinal tissues, collectively forming a dual defense strategy of “enhancing protection” while “reducing harm.”

In summary, connections exist among ruminal metabolites, small intestinal metabolites, and fecal metabolites, and their combined analysis reveals these metabolites’ significant roles in Bayanbulak sheep’s adaptation to high-altitude cold environments.



4.4 Integrated analysis of rumen and small intestinal metabolome and transcriptome in Bayanbulak sheep and Turpan black sheep

This study aims to investigate the high-altitude adaptation mechanisms of Bayanbulak sheep through integrated analysis of rumen and small intestinal metabolomes and transcriptomes compared with low-altitude Turpan black sheep. The findings demonstrate upregulated expression of CPT1B, CPT1C, and CASTOR2 genes in the rumen of Bayanbulak sheep, alongside downregulated expression of TM4SF18 gene in their small intestine.

In core energy metabolism pathways, the coordinated upregulation of CPT1C and CPT1B in rumen tissue highlights the central role of fatty acid oxidation in high-altitude energy supply. As the rate-limiting enzyme for fatty acid β-oxidation (55), CPT1 family member CPT1C is specifically induced under metabolic stress conditions such as hypoxia (56). In this study, the high-altitude hypoxic environment potentially activates the AMPK-p53 signaling axis (57, 58), driving transcriptional upregulation of CPT1C. This mechanism aligns with findings from (59), where CPT1C enhances fatty acid uptake, promotes intracellular ATP generation, and maintains redox homeostasis. Notably, CPT1B upregulation not only facilitates fatty acid oxidation but also promotes adipogenesis when overexpressed in preadipocytes (60). This indicates dual purposes in lipid metabolism regulation in Bayanbulak sheep: ensuring efficient fat mobilization for energy under hypoxic conditions while establishing sufficient energy reserves to cope with cold and food scarcity.

According to KEGG database analysis, CASTOR2 participates in the mTOR signaling pathway. CASTOR1 and CASTOR2 are highly related proteins that can form homo- or heterodimers and directly interact with GATOR2 to inhibit mTORC1 activity (61). As mentioned in (62), active mTORC1 stimulates biosynthetic pathways including protein, lipid, and nucleotide synthesis while suppressing cellular catabolism through autophagy inhibition, thereby promoting cell growth and proliferation. The upregulation of CASTOR2 contributes to mTORC1 activity inhibition. This inhibitory effect may help reduce unnecessary energy expenditure in high-altitude environments, sharing conceptual similarities with the physiological principle of metabolic flexibility described in (63).

TM4SF18 is enriched in the ferroptosis metabolic pathway. Previous research demonstrates that TM4SF18 upregulation promotes proliferation, migration, and invasion capabilities in gastric cancer (GC) cells (64), while TM4SF18 knockdown effectively suppresses these capacities. Therefore, TM4SF18 downregulation may inhibit proliferation, migration, and invasion capabilities in GC cells.

In summary, close connections exist among ruminal metabolome, small intestinal metabolome, and transcriptome, and their integrated analysis reveals the significant roles these genes play in Bayanbulak sheep’s adaptation to high-altitude cold environments.




5 Conclusion

This study demonstrates that Bayanbulak sheep have developed comprehensive adaptations to high-altitude conditions through coordinated physiological changes: Enhanced antioxidant capacity via elevated serum CAT/SOD levels and upregulation of glutathione/purine metabolism pathways, increasing spermidine, L-glutamate and allantoin production; Improved immune function through higher IFN-γ/IL-2 levels and AMPK pathway activation, boosting 5’-AMP content; Increased energy reserves via elevated cholesterol/triglycerides/glucose and thermogenesis pathway activation, raising nicotine and oleic acid levels. Multi-tissue analysis revealed significant abundance differences in vanillin, pinacidil and 4-hydroxychalcone across digestive compartments, while gene expression showed ruminal upregulation of CPT1B/CPT1C/CASTOR2 (AMPK/mTOR pathways) and intestinal downregulation of TM4SF18 (ferroptosis pathway). Histologically, thickened epidermis provides additional skin protection. These integrated adaptations collectively enhance oxidative resistance, immune competence and metabolic efficiency in high-altitude environments.



Data availability statement

The data presented in this study are deposited in the Figshare repository (accession number http://doi.org/10.6084/m9.figshare.29551862) and the National Center for Biotechnology Information repository (accession number PRJNA1308259, available at https://www.ncbi.nlm.nih.gov/sra/PRJNA1308259), respectively. For more information regarding our data policies, refer to our guidelines.



Ethics statement

The animal studies were approved by the Animal Welfare Ethics Committee and Ethics Committee of Xinjiang Agricultural University (protocol code: 2023053; May 3, 2023). The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

XC: Formal analysis, Writing – review & editing, Investigation, Writing – original draft. BC: Formal analysis, Investigation, Writing – review & editing. YY: Software, Data curation, Writing – review & editing. LL: Writing – review & editing. WL: Conceptualization, Methodology, Funding acquisition, Writing – review & editing, Supervision.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This project was funded by the key research and development project of the autonomous region (Approval No.: 2023B02015-1), the Tianshan Talent Project of the Xinjiang Uygur Autonomous Region (2023TSYCLJ0017), the Xinjiang Agriculture Research System (XJARS-09-04).


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 Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



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.2025.1687858/full#supplementary-material



References
	 1. Zhang, L, Liang, L, Zhang, X, Li, WR, Li, H, and He, S. Understanding key genetic make-up of different coat colour in Bayanbulak sheep through a comparative transcriptome profiling analysis. Small Rumin Res. (2023) 226:107028. doi: 10.1016/j.smallrumres.2023.107028
	 2. Yue, P, Song, W, Li, KH, He, GX, Wang, XL, and Liu, XJ. Atmospheric inorganic nitrogen deposition in Bayanbulak alpine steppe of central Tianshan Mountains. Chinese Journal of Applied Ecology. (2014) 25:1592–98. doi: 10.13287/j.1001-9332.20140415.012
	 3. Yang, J. Analysis of oxygen supplementation effects for tunnel workers in plateau mines. Henan Building Materials. (2017) 6:243–244. doi: 10.16053/j.cnki.hnjc.2017.06.126
	 4. Qiu, JL. Turpan black sheep. Xinjiang Animal Husbandry. (2006) 6:64. doi: 10.16795/j.cnki.xjxmy.2006.06.031
	 5. Ma, B, Wang, L, Chen, X, Sha, Y, Chen, Q, Yang, X , et al. Analysis of rumen microbiota and host serum metabolome characteristics in Tibetan sheep at different altitudes. Chinese Journal of Grassland Science. (2025) 45:1–11.
	 6. Zhang, YM. Study on the physiological adaptation mechanisms of Mongolian sheep to cold environments. Hohhot: Inner Mongolia Agricultural University (2023).
	 7. Chaofeng, WANG. Association of COX17, EPOR, and VEGF-A gene polymorphisms with high-altitude hypoxia adaptation in Tibetan sheep [D] Gansu Agricultural University, Master’s thesis (2013). Avilable online at: https://kns.cnki.net/kcms2/article/abstract?v=6VlBgy5--53vIp_tOpkjMUdYvhs12gSghEBjWCEKXOGBOlt
	 8. Kanehisa, M, and Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. (2000) 28:27–30. doi: 10.1093/nar/28.1.27 
	 9. Love, MI, Huber, W, and 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 
	 10. Wold, S, Sjöström, M, and Eriksson, L. PLS-regression: a basic tool of chemometrics. Chemom Intell Lab Syst. (2001) 58:109–30. doi: 10.1016/S0169-7439(01)00155-1
	 11. Benjamini, Y, and Hochberg, Y. Controlling the false discovery rate: a practical and powerful approach to multiple testing. Journal Royal Statistical Society. (1995) 57:289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x
	 12. Xia, YF, Bao, YL, and Mei, CH. Effects of compound Chinese herbal medicine on growth performance and immune function of house-fed Tibetan sheep. Heilongjiang Animal Science and Veterinary Medicine. (2018) 12:24–6. doi: 10.13881/j.cnki.hljxmsy.2017.08.0463
	 13. Kursunel, MA, and Esendagli, G. The untold story of IFN-γ in cancer biology. Cytokine Growth Factor Rev. (2016) 31:73–81. doi: 10.1016/j.cytogfr.2016.07.005 
	 14. Lokau, J, Petasch, LM, and Garbers, C. The soluble IL-2 receptor α/CD25 as a modulator of IL-2 function. Immunology. (2024) 171:377–87. doi: 10.1111/imm.13723 
	 15. Hong, LI, Zhen, WU, and Xiao-wen, DING. Nutritional regulation pathways and mechanisms of cholesterol in vivo. Food Industry Science Technology. (2011) 32:421–3. doi: 10.13386/j.issn1002-0306.2011.03.027
	 16. Zhao, X, Liu, Z, Sun, F, Yao, L, Yang, G, and Wang, K. Bile acid detection techniques and bile acid-related diseases. Front Physiol. (2022) 13:826740. doi: 10.3389/fphys.2022.826740 
	 17. Patel, JV, Tracey, I, Hughes, EA, and Lip, GY. Omega-3 polyunsaturated fatty acids: a necessity for a comprehensive secondary prevention strategy. Vasc Health Risk Manag. (2009):801–10. doi: 10.2147/VHRM.S430 
	 18. Ghosh, S, Castillo, E, Frias, ES, and Swanson, RA. Bioenergetic regulation of microglia. Glia. (2018) 66:1200–12. doi: 10.1002/glia.23271 
	 19. Enpeng, HE, Lili, TANG, and Yujiang, GUO. Influence of spermidine on free radical metabolism in skeletal muscle and its anti-fatigue effect in mice. Food Sci. (2014) 35:229–33.
	 20. Li, J, Xu, X, Cai, X , et al. Oxidative medicine and cellular longevity. Hindaw: London, UK (2019).
	 21. Li, QF, Xie, Z, Qiangba, YZ, Yuan, Q-Y, Chen, G-F, and Tuden,. Measurement of four erythrocyte enzyme activities in Jiali yak and Holstein cattle. Chinese J Zoology. (2003) 3:83–5. doi: 10.13859/j.cjz.2003.03.020
	 22. Tian'ai, L, Xue, Z, Guanqing, W , et al. Histological observation of skin tissue and seasonal changes in hair follicle structure of tan sheep. Chinese J Vet Sci. (2025) 55:255–62. doi: 10.16656/j.issn.1673-4696.2025.0034
	 23. Hardie, DG, Schaffer, BE, and Brunet, A. AMPK: an energy-sensing pathway with multiple inputs and outputs. Trends Cell Biol. (2016) 26:190–201. doi: 10.1016/j.tcb.2015.10.013 
	 24. Shang, ZD, Li, CZ, Mao, XR, Wei, FL, Wang, ZX, Shi, Y , et al. Effects of starvation stress on meat quality of different muscle parts in Tibetan sheep. Heilongjiang Animal Science and Veterinary Medicine. (2014) 13:41–43. doi: 10.13881/j.cnki.hljxmsy.2014.0548
	 25. Chen, S, Murphy, J, Toth, R , et al. Complementary regulation of TBC1D1 and AS160 by growth factors, insulin and AMPK activators. Biochem J. (2008) 409:449–59.
	 26. Fogarty, S, and Hardie, DG. Development of protein kinase activators: AMPK as a target in metabolic disorders and cancer. Biochimica et biophysica acta (bba)-proteins and proteomics. (2010) 1804:581–91. doi: 10.1016/j.bbapap.2009.09.012 
	 27. Foretz, M, Ancellin, N, Andreelli, F, Saintillan, Y, Grondin, P, and Kahn, A. Short-term overexpression of a constitutively active form of AMP-activated protein kinase in the liver leads to mild hypoglycemia and fatty liver. Diabetes. (2005) 54:1331–9. doi: 10.2337/diabetes.54.5.1331
	 28. Gwinn, DM, Shackelford, DB, Egan, DF, Mihaylova, MM, Mery, A, Vasquez, DS , et al. AMPK phosphorylation of raptor mediates a metabolic checkpoint. Mol Cell. (2008) 30:214–26. doi: 10.1016/j.molcel.2008.03.003 
	 29. Muzzi, M, Blasi, F, Masi, A, Coppi, E, Traini, C, Felici, R , et al. Neurological basis of AMP-dependent thermoregulation and its relevance to central and peripheral hyperthermia. J Cereb Blood Flow Metab. (2013) 33:183–90. doi: 10.1038/jcbfm.2012.157 
	 30. Ouchi, Y, Yamato, M, Chowdhury, VS, and Bungo, T. Adenosine 5′-monophosphate induces hypothermia and alters gene expressions in the brain and liver of chicks. Brain Res Bull. (2021) 172:14–21. doi: 10.1016/j.brainresbull.2021.04.008 
	 31. Kondo, Y, Sueyoshi, K, Zhang, J, Bao, Y, Li, X, Fakhari, M , et al. Adenosine 5′-monophosphate protects from hypoxia by lowering mitochondrial metabolism and oxygen demand. Shock. (2020) 54:237–44. doi: 10.1097/SHK.0000000000001440 
	 32. Takeuchi, S, Teshigawara, K, and Takahashi, S. Widespread expression of Agouti-related protein (AGRP) in the chicken: a possible involvement of AGRP in regulating peripheral melanocortin systems in the chicken. Biochimica et Biophysica Acta (BBA)-molecular. Cell Res. (2000) 1496:261–9.
	 33. Small, CJ, Liu, YL, Stanley, SA, Connoley, IP, Kennedy, A, Stock, MJ , et al. Chronic CNS administration of Agouti-related protein (Agrp) reduces energy expenditure. Int J Obes. (2003) 27:530–3. doi: 10.1038/sj.ijo.0802253 
	 34. Richards, MP. Genetic regulation of feed intake and energy balance in poultry. Poult Sci. (2003) 82:907–16.
	 35. Cheng, C, Yi, J, Wang, R, Cheng, L, Wang, Z, and Lu, W. Protection of spleen tissue of γ-ray irradiated mice against immunosuppressive and oxidative effects of radiation by adenosine 5′-monophosphate. Int J Mol Sci. (2018) 19:1273. doi: 10.3390/ijms19051273 
	 36. Zhang, Z, Chang, XX, Zhang, L, Li, JM, and Hu, XH. Spermidine application enhances tomato seedling tolerance to salinity-alkalinity stress by modifying chloroplast antioxidant systems. Russ J Plant Physiol. (2016) 63:461–8. doi: 10.1134/S102144371604018X
	 37. Dai, ZL, Wu, G, and Zhu, WY. Amino acid metabolism in intestinal bacteria: links between gut ecology and host health. Front Biosci. (2011) 16:1768–86. doi: 10.2741/3820 
	 38. Wang, W, Tang, L, Zhou, W , et al. Research Progress on glutathione biosynthesis and related metabolic enzymes. China Biotechnology. (2014) 34:89–95. doi: 10.13523/j.cb.20140714
	 39. Ntambi, JM, and Miyazaki, M. Regulation of stearoyl-CoA desaturases and role in metabolism. Prog Lipid Res. (2004) 43:91–104. doi: 10.1016/S0163-7827(03)00039-0 
	 40. Zhang, Y, Zhou, S, Zhao, R , et al. Multi-layer regulation of postprandial triglyceride metabolism in response to acute cold exposure. J Lipid Res. (2025) 100751
	 41. Santos, NC, Figueira-Coelho, J, Martins-Silva, J, and Saldanha, C. Multidisciplinary utilization of dimethyl sulfoxide: pharmacological, cellular, and molecular aspects. Biochem Pharmacol. (2003) 65:1035–41. doi: 10.1016/S0006-2952(03)00002-9 
	 42. Lupien, JR, and Bray, GA. Nicotine increases thermogenesis in brown adipose tissue in rats. Pharmacol Biochem Behav. (1988) 29:33–7. doi: 10.1016/0091-3057(88)90269-9 
	 43. Blitzer, PH, Rimm, AA, and Giefer, EE. The effect of cessation of smoking on body weight in 57,032 women: cross-sectional and longitudinal analyses. J Chronic Dis. (1977) 30:415–29. doi: 10.1016/0021-9681(77)90035-2 
	 44. da Silva, DM, Martins, JLR, de Oliveira, DR, Florentino, IF, da Silva, DPB, dos Santos, FCA , et al. Effect of allantoin on experimentally induced gastric ulcers: pathways of gastroprotection. Eur J Pharmacol. (2018) 821:68–78. doi: 10.1016/j.ejphar.2017.12.052 
	 45. You, S, Zhu, B, Wang, F, Han, H, Sun, M, Zhu, H , et al. A Vitis vinifera xanthine dehydrogenase gene, VvXDH, enhances salinity tolerance in transgenic Arabidopsis. Plant Biotechnology Reports. (2017) 11:147–60. doi: 10.1007/s11816-017-0437-8
	 46. Kaur, R, Chandra, J, Varghese, B, and Keshavkant, S. Allantoin: a potential compound for the mitigation of adverse effects of abiotic stresses in plants. Plants. (2023) 12:3059. doi: 10.3390/plants12173059 
	 47. Chen, D, Shao, Q, Yin, L , et al. Polyamine function in plants: metabolism, regulation on development, and roles in abiotic stress responses. Front Plant Sci. (1945) 2019:9.
	 48. Makni, M, Chtourou, Y, Barkallah, M, and Fetoui, H. Protective effect of vanillin against carbon tetrachloride (CCl4)-induced oxidative brain injury in rats. Toxicol Ind Health. (2012) 28:655–62. doi: 10.1177/0748233711420472 
	 49. Katary, MA, and Salahuddin, A. Gastroprotective effect of vanillin on indomethacin-induced gastric ulcer in rats: protective pathways and anti-secretory mechanism. Clin Exp Pharmacol. (2017) 7:232
	 50. Sha, Y, Ren, Y, Zhao, S, He, Y, Guo, X, Pu, X , et al. Response of ruminal microbiota-host gene interaction to high-altitude environments in Tibetan sheep. Int J Mol Sci. (2022) 23:12430. doi: 10.3390/ijms232012430 
	 51. Thuillez, C, Pussard, E, Bellissant, E, Richer, C, Kechrid, R, and Giudicelli, JF. Arterial vasodilating profile and biological effects of pinacidil in healthy volunteers. Br J Clin Pharmacol. (1991) 31:33–9. doi: 10.1111/j.1365-2125.1991.tb03854.x 
	 52. Alshangiti, AM, Tuboly, E, Hegarty, SV , et al. 4-Hydroxychalcone induces cell death via oxidative stress in MYCN-amplified human neuroblastoma cells. Oxidative Med Cell Longev. (2019) 2019:1670759.
	 53. Zhao, C, Wang, L, Ke, S, Chen, X, Kenéz, Á, Xu, W , et al. Yak rumen microbiome elevates fiber degradation ability and alters rumen fermentation pattern to increase feed efficiency. Animal Nutrition. (2022) 11:201–14. doi: 10.1016/j.aninu.2022.07.014 
	 54. Pham, K, Parikh, K, and Heinrich, EC. Hypoxia and inflammation: insights from high-altitude physiology. Front Physiol. (2021) 12:676782. doi: 10.3389/fphys.2021.676782 
	 55. Park, JK, Coffey, NJ, Limoges, A, and le, A. The heterogeneity of lipid metabolism in cancer. Heterogeneity Cancer Metabolism. (2018):33–55. doi: 10.1007/978-3-319-77736-8_3 
	 56. Wang, R, Cheng, Y, Su, D, Gong, B, He, X, Zhou, X , et al. Cpt1c regulated by AMPK promotes papillary thyroid carcinomas cells survival under metabolic stress conditions. J Cancer. (2017) 8:3675–81. doi: 10.7150/jca.21148 
	 57. Jones, RG, Plas, DR, Kubek, S, Buzzai, M, Mu, J, Xu, Y , et al. AMP-activated protein kinase induces a p53-dependent metabolic checkpoint. Mol Cell. (2005) 18:283–93. doi: 10.1016/j.molcel.2005.03.027 
	 58. Sanchez-Macedo, N, Feng, J, Faubert, B, Chang, N, Elia, A, Rushing, EJ , et al. Depletion of the novel p53-target gene carnitine palmitoyltransferase 1C delays tumor growth in the neurofibromatosis type I tumor model. Cell Death Differentiation. (2013) 20:659–68. doi: 10.1038/cdd.2012.168 
	 59. Zhao, H, Cheng, X, Yan, L, Mi, F, Wang, W, Hu, Y , et al. APC/C-regulated CPT1C promotes tumor progression by upregulating the energy supply and accelerating the G1/S transition. Cell Communication Signaling. (2024) 22:283. doi: 10.1186/s12964-024-01657-z 
	 60. Li, B, Huang, X, Yang, C, Ge, T, Zhao, L, Zhang, X , et al. miR-27a regulates sheep adipocyte differentiation by targeting CPT1B gene. Animals. (2021) 12:28. doi: 10.3390/ani12010028 
	 61. Nguyen, TP, Frank, AR, and Jewell, JL. Amino acid and small GTPase regulation of mTORC1. Cell Logist. (2017) 7:e1378794. doi: 10.1080/21592799.2017.1378794 
	 62. Rabanal-Ruiz, Y, and Korolchuk, VI. mTORC1 and nutrient homeostasis: the central role of the lysosome. Int J Mol Sci. (2018) 19:818. doi: 10.3390/ijms19030818 
	 63. Smith, RL, Soeters, MR, Wüst, RCI, and Houtkooper, RH. Metabolic flexibility as an adaptation to energy resources and requirements in health and disease. Endocr Rev. (2018) 39:489–517. doi: 10.1210/er.2017-00211 
	 64. Qin, X, Chen, Y, Ma, S, Shen, L, and Ju, S. Immune-related gene TM4SF18 could promote the metastasis of gastric cancer cells and predict the prognosis of gastric cancer patients. Mol Oncol. (2022) 16:4043–59. doi: 10.1002/1878-0261.13321 
	 65. Daval, M, Diot-Dupuy, F, Bazin, R , et al. Anti-lipolytic action of AMP-activated protein kinase in rodent adipocytes. J Biol Chem. (2005) 280:25250–7.
	 66. Alam, R, Rasheed, R, Ashraf, MA, Hussain, I, and Ali, S. Allantoin alleviates chromium phytotoxic effects on wheat by regulating osmolyte accumulation, secondary metabolism, ROS homeostasis and nutrient acquisition. J Hazard Mater. (2023) 458:131920. doi: 10.1016/j.jhazmat.2023.131920 
	 67. Zhang, B, Yang, N, Lin, S, and Zhang, F. Suitable concentrations of uric acid can reduce cell death in models of OGD and cerebral ischemia-reperfusion injury. Cell Mol Neurobiol. (2017) 37:931–9. doi: 10.1007/s10571-016-0430-8 
	 68. Guo, J, Han, X, Zhan, J, You, Y, and Huang, W. Vanillin alleviates high fat diet-induced obesity and improves the gut microbiota composition. Front Microbiol. (2018) 9:2733. doi: 10.3389/fmicb.2018.02733 
	 69. Korolchuk, VI. mTORC1 and nutrient homeostasis: the central role of the lysosome. Int J Mol Sci. (2018) 19:818.
	 70. Joint FAO/WHO Expert Committee on Food Additives. Meeting, World Health Organization. FAO food and nutrition paper[M]. Food and Agriculture Organization of the United Nations (2001).


Copyright
 © 2025 Chen, Chen, Yang, Liu and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Integrated metabolomic and transcriptomic analysis reveals digestive tract adaptations to high altitude in Bayanbulak sheep



		1 Introduction



		2 Materials and methods



		2.1 Experimental animals and sample collection



		2.2 Sampling procedure



		2.3 Serum biochemistry analysis



		2.4 Integumentary morphological analysis



		2.5 Metabolomic analysis of rumen fluid, small intestinal contents, and feces



		2.6 RNA isolation and sequencing



		2.7 Data processing and analysis









		3 Results



		3.1 Comparison of serum biochemical parameters and skin morphological indicators between Bayanbulak sheep and Turpan black sheep



		3.2 Comparative rumen metabolomics between Bayanbulak sheep and Turpan black



		3.2.1 KEGG functional annotation of differential rumen metabolites









		3.3 Small intestinal metabolic profiles of Bayanbulak sheep and Turpan black sheep



		3.3.1 KEGG functional annotation of differential small intestinal metabolites









		3.4 Differential fecal metabolic profiles of Bayanbulak sheep and Turpan black sheep



		3.4.1 KEGG functional annotation of differential fecal metabolites









		3.5 Comparative analysis of digestive tract metabolites between Bayanbulak and Turpan black sheep



		3.6 Differential gene expression analysis between Bayanbulak and Turpan black sheep



		3.6.1 Comparative analysis of rumen and intestinal metabolome and gene expression differences between Bayanbulak sheep and Tulfan black sheep















		4 Discussion



		4.1 Analysis of serum biochemical parameters and skin morphological indicators in Bayanbulak sheep versus Turpan black sheep



		4.2 Metabolomics of Bayanbulak sheep and Turpan black sheep



		4.2.1 Rumen metabolomic analysis of Bayanbulak sheep and Turpan black sheep



		4.2.2 Small intestinal metabolomic analysis of Bayanbulak sheep and Turpan black sheep



		4.2.3 Fecal Metabolomic analysis of Bayanbulak sheep and Turpan black sheep









		4.3 Comparative analysis of gastrointestinal tract metabolites in Bayanbulak sheep and Turpan black sheep



		4.4 Integrated analysis of rumen and small intestinal metabolome and transcriptome in Bayanbulak sheep and Turpan black sheep









		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fvets-12-1687858-g011.jpg
Py Envnmans






OPS/images/fvets-12-1687858-g010.jpg
Pe21053%)

P2 a0.1%)

Per@128%)

-0

100

PCL@481%)

100

GazEDuinIoN @ (SOSD) boaiugon mwoq @

@00y bora
Group
® nvxe
® mExc
I3 3

€

0B p1s706)





OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Integrated metabolomic and
transcriptomic analysis reveals
digestive tract adaptations to high
altitude in Bayanbulak sheep












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






OPS/images/fvets-12-1687858-g005.jpg
[pe—

R ey





OPS/images/fvets-12-1687858-g006.jpg





OPS/images/fvets-12-1687858-g003.jpg
reapn

£
-8
g

i gpor—
EH]
L





OPS/images/fvets-12-1687858-g004.jpg
sl Sysens R

Human Dseases

Enionment omaton Pocessng






OPS/images/fvets-12-1687858-g009.jpg
939

FB

Size of each list






OPS/images/fvets-12-1687858-g007.jpg
r—

g%

]

2DPCAPIL

(n00 ) 200





OPS/images/fvets-12-1687858-g008.jpg
KEGG Classification

‘Thi? cel difeentation 1isw
Intstinalimmune networ o kg pocucion [ 1%
Retinol metavolism [N ! >

puin neadoisn [ <5
Microbial metabolism in dverse envronmerts [ : (0%
Meaolc ey N ¢ )

‘Smal ce g cancer [N 1%
Panays incacer
Nonsmall el g cancer [N 1%
Gastic cancer [N 1

AT
06 U2DBHAR DT BN






OPS/images/fvets-12-1687858-g001.jpg





OPS/images/fvets-12-1687858-g002.jpg
sHekok

2504

2004
150+
1004

50

(NnaHdg

Group





