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Abstract

:

Rumen metabolism is closely related to feed utilization and the environmental adaptability of cows. However, information on the influence of altitude on ruminal metabolism is limited. Our study aimed to investigate differences in rumen metabolism and blood biochemical indicators among Sanhe heifers residing at various altitudes. A total of 20 serum and ruminal fluid samples were collected from Sanhe heifers in China, including those from Hulunbeier City (approximately 700 m altitude; 119°57′ E, 47°17′ N; named LA) and Lhasa City (approximately 3650 m altitude; 91°06′ E, 29°36′ N; named HA). Compared with LA heifers, HA heifers had higher levels of serum cortisol, glucose, and blood urea nitrogen (p < 0.05) and lower Ca2+ concentrations (p < 0.05). Using liquid chromatography–mass spectrometry (LC–MS)-based untargeted metabolomic technology, we identified a significant difference in 312 metabolites between the LA and HA groups. Metabolic pathway analysis, based on significantly different rumen metabolites, identified 20 enriched metabolic pathways within hierarchy III, which are encompassed within 6 broader metabolic pathways in hierarchy I. This study constitutes the first elucidation of the altitudinal adaptation mechanism of ruminants from the perspective of rumen metabolism, thereby offering a novel angle for investigating high-altitude adaptation in both humans and animals.
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1. Introduction


The Qinghai–Tibetan Plateau occupies one-fourth of the land area of China and is referred to as the “third pole of the earth” and “top of the world” [1,2]. As animal husbandry is the main source of income for Tibetan people, its development will help local people to increase their income sources. However, this region is marked by intense ultraviolet radiation, a low partial pressure of atmospheric oxygen, and cold temperatures all year round [1,3], which bring great challenges to animal survival and breeding [4,5].



Ascending to high elevations alters metabolic and physiological processes in the body [6], inducing hypoxia that causes the body to maintain its oxygen homeostasis [7]. When people enter a high-altitude hypoxic environment, their aerobic metabolism decreases, whereas the levels of anaerobic glycolysis increase [8]. Concomitantly, metabolic disorders, reduced organ function, and microecological imbalance occur. Of note, the physical and chemical characteristics of blood can reflect the adaptability of the body to a high-altitude hypoxic environment. Similar findings have been reported for other animals in high-altitude areas. A recent study reported metabolic changes in the blood of Jersey cows at different altitudes [9].



As an important organ, the rumen of adult ruminants digests roughage through the proliferation and activity of its microbiota. Though the process of coevolution, the structure of the rumen microbiota community has formed a mutually beneficial symbiotic relationship with the host [10]. This mutually beneficial symbiotic relationship shows that gastrointestinal microorganisms play an important role in intestinal stability, nutrient digestion, immunity, behavior, and the health of the host [11,12,13]. The metabolism and digestion of microbiota ruminants plays an important role. The rumen and intestinal epithelium of dairy cows absorb 75% of the energy in the form of microbial metabolite volatile fatty acids (VFAs) [14]. The rumen metabolites VFAs such as acetic acid, propionic acid, and butyric acid are used for energy sources for the host. Acetic acid is used for ATP and lipid synthesis, propionic acid is used for liver gluconeogenesis, and butyric acid is immediately converted into ketone bodies by enzymes, providing energy for the body [15]. Morgavi et al. found that the rumen microbiota significantly affects the metabolic level of ruminants [16]. Changes in rumen metabolism have been associated with various host disorders, such as obesity [17,18,19] and brisket disease [20]. Therefore, the study of rumen metabolism is of great significance for exploring the adaptability of ruminants to high-altitude areas.



In a previous study, we showed that different altitudes affect the rumen bacterial diversity of Sanhe heifers [21]. Changes in rumen microbiota structure may further affect differences in rumen metabolism. This study aimed to investigate the differences in rumen metabolism and blood biochemical indicators in Sanhe heifers at different altitudes.




2. Materials and Methods


2.1. Ethics Statement


The research protocol received approval from the Ethics Committee at the College of Animal Science and Technology, China Agricultural University, under project number AW22121202-1-2.




2.2. Study Regions, Animal, and Experimental Design


Low-altitude (LA) samples were taken from the birthplace of Sanhe cattle, specifically Hulunbuir in the Inner Mongolia Autonomous Region. This region, located at 119°57′ E and 47°17′ N, has an approximate altitude of 700 m. High-altitude (HA) samples were taken from Lhasa, located in the Tibet Autonomous Region. This region, located at 91°06′ E and 29°36′ N, has an altitude of approximately 3650 m. Lhasa experiences an average annual temperature and precipitation of 8.6 °C and 472.5 mm, respectively, whereas Hulunbuir has an average annual temperature and precipitation of 3.3 °C and 538.3 mm, respectively [22].



For our study, 100 Sanhe heifers were transported to the Zhizhao dairy farm in Tibet, and 100 were kept on the Xieertala farm in June 2020. After three months, the study was initiated on September 2020, when 10 healthy 14- to 15-month-old Sanhe heifers with mean body weights of 334.82 ± 13.22 kg were randomly chosen. The study spanned a 30-day duration, during which Sanhe heifers were housed in a consistent feedlot environment for an initial 2-week acclimatization period before commencing sample collection. These heifers were provided with access to a total mixed ration (TMR) twice daily, with feeding sessions taking place between 06:30 and 08:30 and 17:30 and 19:30. The formulation of the TMR aligned with the nutritional requirements of Sanhe heifers, as per the guidelines stipulated by the National Research Council [23]. The LA and HA groups of Sanhe heifers were fed TMR with the similar proportion of nutrients (based on dry matter), containing 15.70% and 15.78% crude protein (CP), 2.92% and 2.91% ether extract (EE), 38.98% and 38.85% neutral detergent fiber (NDF), and 22.36% and 22.79% acid detergent fiber (ADF), respectively. Additionally, the heifers were individually housed in well-ventilated, environmentally controlled tie-stall barns furnished with rubber mattress bedding to ensure optimal animal welfare and comfort.




2.3. Collection and Analysis of Blood Samples


At the end of the experiment, blood samples were collected from each Sanhe heifer via the tail vein. Samples were centrifuged at 3000× g for 10 min to obtain serum and stored at −20 °C until subsequent analysis. The levels of the following biochemical markers were measured using a GF-D200 automatic biochemical analyzer (Caihong, Shandong, China): immunoglobulin A (IgA), immunoglobulin G (IgG), immunoglobulin M (IgM), interleukin-2 (IL-2), interleukin-6 (IL-6), interleukin-10 (IL-10), tumor necrosis factor-α (TNF-α), total protein (TP), albumin (ALB), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), creatine kinase (CK), Ca, P, blood urea nitrogen (BUN), glucose (GLU), total cholesterol (TC), and nonesterified fatty acid (NEFA). Serum samples were used to measure the levels of glutathione (GSH), nitric oxide synthase (NOS), epinephrine, growth hormone-releasing hormone (GHRH), stimulating hormone (TSH), endothelium-derived relaxing factor (EDRF), and leptin (LEP) by ELISA using a colorimetric kit (Nanjing Jiancheng, Jiangsu, China).




2.4. Ruminal Liquid Collection


Before morning feeding on the last day of the experiment, the ruminal chyme of Sanhe heifers was collected through the mouth of Sanhe heifers using an oral gastric tube (Ancitech, Winnipeg, MB, Canada). Each time a sample was taken, the sampling instrument was rinsed with fresh water, and the initial 0.2 L of the rumen sample was discarded. To acquire rumen fluid, four layers of cheesecloth were used to filter the ruminal chyme that had been collected. The rumen fluid of each Sanhe heifer was immediately frozen at −80 °C for subsequent analysis of the metabolism of rumen microbiota.




2.5. Metabolite Extraction


Briefly, the samples were mixed with cold extraction solvent consisting of methanol/acetonitrile/H2O and sufficiently vortexed to extract the metabolites from the rumen fluids of Sanhe heifers. The samples were thoroughly vortexed to facilitate the extraction of metabolites from the rumen fluids of Sanhe heifers. Following this, the samples were vortexed again and then incubated for 20 min on ice. Subsequently, the samples were centrifuged at 14,000× g for 20 min at 4 °C. To collect and desiccate the supernatant, a vacuum centrifuge was employed at 4 °C. The resulting residues were then reconstituted in 100 μL of acetonitrile/water solvent and transferred into LC vials for subsequent LC–MS analysis.




2.6. LC–MS Analysis and Data Processing


For untargeted metabolomics analysis of polar metabolites, the extracts were analyzed using a Sciex TripleTOF 6600 quadrupole time-of-flight mass spectrometer connected to hydrophilic interaction chromatography through electrospray ionization (Shanghai Applied Protein Technology Co., Ltd., Shanghai, China). Liquid chromatography separation was carried out using a gradient of solvents A and B, where solvent A consisted of 25 mM ammonium acetate in water, and solvent B contained 25 mM ammonium hydroxide in acetonitrile. An ACQUITY UPLC BEH Amide column (2.1 × 100 mm, 1.7 μm particle size; Waters, Wilto, Ireland) was used. The gradient started at 85% B for the first minute, followed by a linear decrease to 65% over 11 min, 40% for 0.1 min, held for 4 min, and then increased to 85% over 0.1 min, with a 5 min re-equilibration period. The column temperature was maintained at 25 °C, the autosampler at 5 °C, and the flow rate was set at 0.4 mL/min. A 2 μL injection volume was used. Both positive and negative ionization modes were applied to the mass spectrometer. The electrospray ionization source was set with the following conditions: source temperature of 600 °C, IonSpray Voltage Floating of 5500 V, and Ion Source Gas 1, Ion Source Gas 2, and curtain gas at 60, 60, and 30, respectively. The time-of-flight mass spectrometer was configured to perform TOF MS scans with an accumulation time of 0.20 s/spectrum during MS acquisition, covering a mass-to-charge ratio (m/z) range of 60–1000 Da. Automatic MS/MS acquisition was set up with a m/z range of 25–1000 Da and an accumulation time of 0.05 s/spectrum for the product ion scan. The product ion scan was obtained using information-dependent acquisition in high-sensitivity mode, with parameters including a collision energy of 35 V with 15 eV and a declustering potential of 60 V for both positive (+) and negative (-) modes, except for isotopes within 4 Da. Additionally, 10 candidate ions were monitored in each cycle.




2.7. Statistical Analysis


Serum biochemistry index data were analyzed using the t-test in SPSS (version 22.0, IBM SPSS, Chicago, IL, USA). All data were shown as the mean, and p < 0.05 was considered significant.



The LC–MS data were initially converted to mzXML format using the ProteoWizard software (http://proteowizard.sourceforge.net/downloads.shtml, accessed on 8 January 2024). Subsequently, XCMS was employed for data preprocessing, peak alignment, retention time correction, and peak area calculation. The resulting dataset, comprising peak number, sample names, and peak areas, was imported into the SIMCA software (version 14.1, Umetrics AB, Sweden) for multivariate statistical analysis, including principal component analysis (PCA) [24] and orthogonal projections to latent structures discriminant analysis (OPLS–DA). Furthermore, the data were used to assess the covariance between the maximum measured data and response variables. Metabolites exhibiting a variable importance projection (VIP) value of >1.0 and a significance level of p < 0.05 were considered significantly different. To identify differential metabolites, the average peak area of each metabolite across all samples was compared, and the fold change (FC) value of the peak area for each metabolite was calculated. To assist in the identification of these differential metabolites, three databases were consulted: the Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.kegg.jp/, accessed on 8 January 2024), the Human Metabolome Database, and the Bovine Metabolome Database. The KEGG database was utilized to perform enrichment analysis of KEGG metabolic pathways based on the differential metabolites [25]. Only pathways with a significance level of p < 0.05 were considered to have undergone substantial changes. The statistical significance of enriched pathways was determined using Fisher’s exact test.





3. Results


3.1. Serum Immunoglobulins, Cytokines, and Biochemical Parameters


We did not identify any significant differences (p > 0.05) in the levels of serum immunoglobulins and cytokines between the two groups of heifers living at different altitudes (Table 1). In particular, we did not observe any significant differences (p > 0.05) in the levels of serum Lep, TC, and NEFA. Compared with LA heifers, HA heifers had higher levels of serum cortisol, glucose, and blood urea nitrogen (p < 0.05) but lower Ca2+ concentrations (p < 0.05, Table 2).




3.2. Rumen Metabolome of Sanhe Heifers from Different Altitudes


3.2.1. Differential Metabolites


We identified 1678 different metabolites in the rumen metabolome of heifers from different altitudes. Of these, 899 metabolites were detected in the positive ion mode and 779 metabolites were detected in the negative ion mode. To compare the metabolic compositions of the rumen fluid between the HA and LA groups, the differences in LC–MS positive and negative ion modes were evaluated by PCA (Figure 1A,B). The metabolites in the HA and LA groups were well distinguished in PCA score plots of the positive and negative ion modes. Volcano plots and OPLS–DA score plots of the positive and negative ion modes for the two groups are shown in Figure 2C,D and Supplementary Figure S1. OPLS–DA revealed a clear distinction between the two groups in both the positive [R2X(cum) = 0.387, R2Y(cum) = 0.985, Q2(cum) = 0.936] and negative [R2X(cum) = 0.574, R2Y(cum) = 0.994, Q2(cum) = 0.950] ion modes, which was further validated by permutation analysis (positive: Q2 intercept = −0.4015; negative: Q2 intercept = −0.4172). Based on the cut-off (VIP > 1 and p < 0.05) for differential metabolites, we identified 312 metabolites that differed significantly between the LA and HA groups; among which, 186 and 126 were detected in the positive and negative ion modes, respectively.




3.2.2. KEGG Pathways


The enriched KEGG pathways identified from the comparison between the LA and HA groups are shown in Figure 2. Metabolic pathway analysis based on significantly different rumen metabolites revealed the enrichment of 20 level III metabolic pathways (Figure 2), namely “protein digestion and absorption”, “central carbon metabolism in cancer”, “phenylalanine metabolism”, “aminoacyl-tRNA biosynthesis”, “neuroactive ligand-receptor interaction”, “tyrosine metabolism”, “cAMP signaling pathway”, “alcoholism”, “cGMP-PKG signaling pathway”, “gap junction”, “mineral absorption”, “ABC transporters”, “aldosterone synthesis and secretion”, “regulation of lipolysis in adipocytes”, “cocaine addiction”, “olfactory transduction”, “vascular smooth muscle contraction”, “circadian entrainment”, “amphetamine addiction”, and “prion diseases”. These belong to six level I metabolic pathways, namely organismal systems, human diseases, metabolism, genetic information processing, environmental information processing, and cellular processes. We found that all 20 metabolic pathways were upregulated.



The metabolites in the differentially enriched KEGG pathways determined by hydrophilic interaction LC–MS analysis are shown in Table 3. We detected a total of 38 upregulated differential metabolites and 26 downregulated differential metabolites.






4. Discussion


High altitude is a potent stressor that modifies the physiological and metabolic systems [26,27]. We previously showed that altitude affects the composition and function of rumen microbiota in Sanhe heifers [21]. In this study, we measured the levels of serum biochemical parameters and investigated the mechanisms of adaptation of rumen metabolome to high-altitude by identifying differences in the rumen microbial metabolites among heifers from different altitudes.



Cytokines play a central role in the immune response by promoting the activation of antigen-specific and nonspecific effector mechanisms and tissue repair. Cytokines are important immune response modulators that may be affected by exposure to high altitude [28]. For example, hypobaric hypoxia causes an inflammatory response through the release of cytokines [29]. Many studies have shown that living at high altitudes leads to an increased content of proinflammatory cytokines, such as interleukin-1beta (IL-1β), IL-6, and TNF-α in the body [30,31,32,33]. However, in this study, high altitude had no significant effect on the serum levels of IgA, IgG, IgM, or those of the four tested inflammatory cytokines, which is consistent with some previous studies [34,35]. This may be because the Sanhe heifers used in this study might have gradually acclimated to the hypoxic environment, having entered Tibet 3 months prior to the experiment.



The adrenal cortex capacity of animals at high altitudes is enhanced, secreting a large number of glucocorticoids, inhibiting excessive stress responses, enhancing resistance, and maintaining and restoring internal environment stability [36]. Cortisol is the main type of glucocorticoid and an important stress hormone that protects the body from stress damage [37]. The metabolic function of glucocorticoids helps to restore the energy balance of the body after a violent reaction. Research has found that when individuals enter high altitudes, their cortisol level is increased to adapt to the high-altitude environment [38], consistent with the results of this study. Under hypoxic stress, an increase in the level of serum cortisol can lead to an increase in the level of blood glucose, in agreement with the increase in the level of serum glucose of Sanhe heifers in the HA group. Ruminant protein digestion can be divided into two periods: (1) degradation and digestion in the rumen, part of which is used to synthesize microbial proteins, and (2) digestion in the abomasum and small intestine [39]. Ammonia absorbed from the rumen is converted to urea and secreted into the blood as BUN [40]. Therefore, the concentration of BUN in ruminants reflects the efficiency of protein utilization. In this study, the increase in BUN concentrations observed in the high-altitude group may have been due to the adaptation of Sanhe cattle to high-altitude hypoxic environments. Previous research has reported that increased serum BUN concentrations may lead to an increase in plasma osmotic pressure that results in tissue edema [41], which means that an increase in BUN concentration may also be one of the signals that high altitude affects the health of animals.



By integrating LC–MS-based untargeted metabolomic analyses, we investigated the mechanisms of adaptation of the rumen metabolome to high altitude. PCA and OPLS–DA score plots showed a significant difference in the metabolic components of rumen fluid between the HA and LA groups and demonstrated an obvious effect of altitude on the composition of rumen metabolites. In a previous study, we found that the digestibility of Sanhe heifers at different altitudes differed [16]. This study suggested that the difference in rumen metabolites is one of the possible reasons for the decline in digestibility in heifers from high altitudes.



Some of the enriched differential metabolic pathways belonged to the digestive system of organismal systems, including mineral and protein digestion and absorption, suggesting that different altitudes affect the digestive system of Sanhe heifers. In addition, the change in the BUN content may be related to the enrichment of this pathway. Among the enriched differential metabolic pathways, some belong to the environmental adaptation of organismal systems, further suggesting that the organisms of Sanhe cattle respond to changes in altitude. Other enriched differential metabolic pathways belong to amino acid metabolism, including tyrosine and phenylalanine metabolism. Recent metabolic studies have shown that various amino acids may be involved in regulating intracellular osmotic pressure during environmental hypoxia [9,42], which is consistent with our results, suggesting that Sanhe heifers adapt to high altitude by changing their amino acid metabolism. Some other enriched differential metabolic pathways belong to environmental information processing, including the “cAMP signaling pathway”, “cGMP-PKG signaling pathway”, “neuroactive ligand-receptor interaction”, and “ABC transporters”. The cAMP signaling pathway regulates critical physiological processes, including metabolism, secretion, calcium homeostasis, muscle contraction, cell fate, and gene transcription [43]. The cyclic nucleotide-gated ion channel regulates downstream pathways by activating calmodulin-and calcium/calmodulin-dependent protein kinases. In addition, the cAMP pathway, also known as the protein kinase A pathway, directly regulates the transmembrane transport of calcium, potassium, sodium, and chloride ions through the phosphorylation of channel proteins, transporters, and receptors on the cell membrane [44]. Interestingly, this may be the reason for the differences in the blood calcium content of Sanhe heifers at different altitudes. ABC transporters exert various physiological functions, such as the removal of foreign substances, nutrient intake, resistance to foreign invasion, antigen transmission, and transportation inhibition, and are closely related to the overall health of the body [45,46]. All of these pathways were upregulated in the HA group compared with those in the LA group.



Furthermore, our findings revealed the enrichment of five distinct metabolic pathways associated with human diseases, underscoring the potential health impact of high altitudes on Sanhe heifers. In a broader context, untargeted metabolomics analysis can illuminate the profound influence of high altitudes [47]. This influence extends to the modification of organismal systems, metabolic pathways, environmental information processing, genetic information processing, and the potential induction of diseases. Additionally, altitude exerts its effects on environmental information processing, organismal systems, human diseases, and genetic information processing. This comprehensive perspective highlights the multifaceted impact of high altitudes on various facets of biological systems and health. However, for a greater understanding of the exact mechanism of differences in metabolism, further studies will be required with ruminants and other animals. Such studies would be beneficial for the development of plateau animals and humans.




5. Conclusions


We investigated the mechanisms of adaptation of the rumen metabolome of Sanhe heifers to high-altitude environments. We studied variations in the rumen metabolites between the LA and HA groups by integrating LC–MS-based untargeted metabolomic analyses, which suggested that the differences in rumen metabolites caused by high altitude may further affect the plateau adaptability of Sanhe heifers. This study provides a new basis for the study of the adaptability of ruminants to high altitudes from the standpoint of rumen digestion.
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Figure 1. Metabolomic profiling of fecal samples. (A,B) Scatter plots of the principal coordinate analysis (PCA) model based on all identified metabolite features of rumen fluid samples from the two groups. [(A) negative mode; (B) positive mode]. (C,D) Volcano plots of the comparison between the low-altitude (LA) and high-altitude (HA) groups [(C) negative mode; (D) positive mode]. 






Figure 1. Metabolomic profiling of fecal samples. (A,B) Scatter plots of the principal coordinate analysis (PCA) model based on all identified metabolite features of rumen fluid samples from the two groups. [(A) negative mode; (B) positive mode]. (C,D) Volcano plots of the comparison between the low-altitude (LA) and high-altitude (HA) groups [(C) negative mode; (D) positive mode].



[image: Fermentation 10 00170 g001]







[image: Fermentation 10 00170 g002] 





Figure 2. Enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of the low-altitude (LA) and high-altitude (HA) groups (only those with p < 0.05 are shown). 
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Table 1. Effect of altitude on levels of serum immunoglobulins and cytokines in Sanhe heifers.
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Items

	
Groups 1

	
SEM

	
p-Value




	
LA

	
HA






	
Immunoglobulin A (IgA, mg/mL)

	
0.13

	
0.12

	
0.01

	
0.89




	
Immunoglobulin G (IgG, mg/mL)

	
2.39

	
2.41

	
0.17

	
0.96




	
Immunoglobulin M (IgM, mg/mL)

	
0.82

	
0.82

	
0.06

	
0.99




	
Interleukin-2 (IL-2, ng/L)

	
128.65

	
107.59

	
10.12

	
0.30




	
Interleukin-6 (IL-6, ng/L)

	
565.06

	
567.20

	
60.87

	
0.99




	
Interleukin-10 (IL-10, ng/L)

	
31.37

	
31.60

	
3.10

	
0.97




	
Tumor necrosis factor-α (TNF-α, ng/L)

	
180.33

	
66.73

	
10.36

	
0.53








1 LA represents the low-altitude region specifically Hulunbuir City in the Inner Mongolia Autonomous Region, situated at approximately 700 m altitude (coordinates: 119°57’ E, 47°17’ N). HA denotes the high-altitude region, which corresponds to Lhasa City in the Tibet Autonomous Region, located at an approximate altitude of 3750 m (coordinates: 91°06’ E, 29°36’ N).













 





Table 2. Effect of altitude on serum biochemistry indices of Sanhe heifers.
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Items

	
Groups 1

	
SEM

	
p Value




	
LA

	
HA






	
Leptin (LEP, ng/mL)

	
3.98

	
3.69

	
0.54

	
0.80




	
Cortisol (Cor, ng/mL)

	
15.35

	
32.46

	
3.17

	
<0.01




	
Glucose (GLU, mmol/L)

	
3.65

	
4.03

	
0.09

	
0.04




	
Blood urea nitrogen (BUN, mmol/L)

	
3.81

	
7.23

	
0.43

	
<0.01




	
Total cholesterol (TC, mmol/L)

	
2.63

	
2.68

	
0.08

	
0.79




	
Nonesterified fatty acids (NEFA, mmol/L)

	
0.43

	
0.47

	
0.04

	
0.54




	
Ca2+ (mmol/L)

	
2.05

	
0.86

	
0.21

	
<0.01




	
P5+ (mmol/L)

	
2.08

	
1.99

	
0.08

	
0.59








1 LA represents the low-altitude region specifically Hulunbuir City in the Inner Mongolia Autonomous Region, situated at approximately 700 m altitude (coordinates: 119°57′ E, 47°17′ N). HA denotes the high-altitude region, which corresponds to Lhasa City in the Tibet Autonomous Region, located at an approximate altitude of 3750 m (coordinates: 91°06′ E, 29°36′ N).













 





Table 3. Differential metabolites in differentially enriched KEGG pathways using HILIC–MS analysis.
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	HMDB
	Metabolite
	VIP
	Fold Change
	p-Value
	Direction





	HMDB0000148
	Glutamic acid
	5.489
	2.701
	<0.001
	↑



	HMDB0033752
	3-(2-hydroxyphenyl)propionic acid
	3.811
	0.317
	<0.001
	↓



	HMDB0000251
	Taurine
	1.099
	0.224
	<0.001
	↓



	HMDB0000440
	3-hydroxyphenylacetic acid
	2.328
	0.423
	<0.001
	↓



	HMDB0001335
	Prostaglandin i2
	4.766
	2.500
	<0.001
	↑



	HMDB0000058
	Adenosine 3′,5′-cyclic monophosphate
	5.007
	0.086
	0.005
	↓



	HMDB0000159
	L-phenylalanine
	2.405
	4.418
	<0.001
	↑



	HMDB0003213
	Raffinose
	1.289
	18.775
	<0.001
	↑



	HMDB0001547
	Corticosterone
	3.482
	0.315
	<0.001
	↓



	HMDB0001830
	Progesterone
	3.423
	0.362
	<0.001
	↓



	HMDB0000158
	Tyrosine
	1.536
	3.418
	<0.001
	↑



	HMDB0000300
	Uracil
	8.893
	2.225
	<0.001
	↑



	HMDB0001314
	Guanosine 3′,5′-cyclic monophosphate
	1.690
	0.099
	0.006
	↓



	HMDB0000020
	4-hydroxyphenylacetic acid
	1.648
	0.401
	<0.001
	↓



	HMDB0000161
	L-alanine
	1.528
	2.449
	<0.001
	↑



	HMDB0000016
	21-hydroxyprogesterone
	1.407
	0.527
	<0.001
	↓



	HMDB0000156
	L-malic acid
	1.666
	2.686
	<0.001
	↑



	HMDB0000191
	Aspartic acid
	4.091
	2.684
	<0.001
	↑



	HMDB0060475
	DL-glutamic acid
	5.339
	2.259
	<0.001
	↑



	HMDB0006483
	D-aspartic acid
	1.388
	2.549
	<0.001
	↑



	HMDB0000050
	Adenosine
	13.658
	0.391
	<0.001
	↓



	HMDB0001397
	Guanosine 5′-monophosphate
	1.202
	2.575
	<0.001
	↑



	HMDB0000273
	His-ser
	1.881
	2.048
	0.003
	↑



	HMDB0002088
	N-oleoylethanolamine
	2.181
	2.507
	<0.001
	↑



	HMDB0000159
	Phenylalanine
	1.550
	2.990
	0.002
	↑



	HMDB0000158
	DL-tyrosine
	1.080
	2.336
	<0.001
	↑



	HMDB0000156
	Malate
	2.853
	3.128
	0.002
	↑



	HMDB0000259
	Serotonin
	1.459
	0.224
	0.003
	↓



	HMDB0000022
	3-methoxytyramine
	1.386
	2.113
	<0.001
	↑



	HMDB0000177
	Histidine
	1.422
	0.589
	<0.001
	↓



	HMDB0000767
	Pseudouridine
	1.599
	3.272
	0.003
	↑



	HMDB0000228
	Phenol
	4.418
	0.336
	<0.001
	↓



	HMDB0000764
	3-Phenylpropanoic acid
	22.624
	0.697
	<0.001
	↓



	HMDB0000011
	Beta-hydroxybutyrate
	1.583
	0.629
	0.002
	↓



	HMDB0000172
	L-isoleucine
	1.143
	0.254
	0.002
	↓



	
	D-glucose 6-phosphate
	1.316
	0.206
	0.034
	↓



	HMDB0000965
	Hypotaurine
	1.008
	1.865
	0.002
	↑



	HMDB0060263
	Histamine
	3.487
	1.904
	0.019
	↑



	HMDB0000148
	L-glutamate
	1.259
	3.098
	0.044
	↑



	HMDB0062186
	L-aspartic acid
	1.314
	2.114
	0.010
	↑



	HMDB0000089
	Cytidine
	5.894
	3.292
	<0.001
	↑



	HMDB0000669
	2-hydroxyphenylacetic acid
	1.103
	0.564
	<0.001
	↓



	HMDB0000423
	3,4-dihydroxyhydrocinnamic acid
	2.585
	0.833
	0.005
	↓



	HMDB0000687
	Leucine
	4.389
	4.818
	<0.001
	↑



	HMDB0000301/HMDB0034174
	Urocanic acid
	1.904
	6.727
	0.001
	↑



	HMDB0000210
	Pantothenic acid
	1.628
	1.773
	0.019
	↑



	HMDB0000262
	Thymine
	4.986
	3.304
	0.002
	↑



	HMDB0002434
	Hydroquinone
	1.518
	0.596
	0.007
	↓



	HMDB0000167
	DL-threonine
	1.116
	2.312
	0.001
	↑



	HMDB0000301
	Urocanate
	4.846
	7.767
	0.002
	↑



	HMDB0001202
	2′-deoxycytidine 5′-monophosphate
	1.442
	1.567
	0.029
	↑



	HMDB0001870
	Benzoic acid
	1.111
	0.527
	<0.001
	↓



	HMDB0000162
	L-proline
	1.844
	1.778
	0.007
	↑



	HMDB0000303
	Ala-Ala
	9.320
	2.824
	0.005
	↑



	HMDB0000306
	Tyramine
	3.244
	4.475
	0.024
	↑



	HMDB0000001
	1-methylhistidine
	1.322
	0.229
	0.015
	↓



	HMDB0004284
	4-hydroxyphenethyl alcohol
	2.885
	1.827
	0.021
	↑



	HMDB0000043
	Betaine
	3.599
	0.384
	0.016
	↓



	HMDB0000375
	3-(3-Hydroxyphenyl)propanoic acid
	1.547
	0.617
	0.028
	↓



	HMDB0004063
	Metanephrine
	1.242
	1.403
	0.040
	↑



	HMDB0000209
	Phenylacetic acid
	1.473
	1.399
	0.011
	↑



	HMDB0002322
	1,5-pentanediamine
	6.655
	0.597
	<0.001
	↓



	HMDB0001895
	Salicylic acid
	4.604
	0.391
	<0.001
	↓



	HMDB0000819
	Dl-normetanephrine
	2.686
	1.941
	0.005
	↑







HILIC–MS, hydrophilic interaction liquid chromatography-mass spectrometry; VIP, variable important in projection. Different metabolites were filtered using significance estimates of p < 0.05 and VIP > 1.0 (n¼5). LA represents the low-altitude region (Hulunbuir City, Inner Mongolia Autonomous Region, situated at approximately 700 m altitude; coordinates: 119°57′ E, 47°17′ N). HA denotes the high-altitude region (Lhasa City, Tibet Autonomous Region, located at an approximate altitude of 3750 m; coordinates: 91°06′ E, 29°36′ N). ‘↑’ indicates an increase in the level of a metabolite in the HA group compared with that in the LA group; ‘↓’ indicates a decrease in the level of a metabolite in the HA group compared with that in the LA group.
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