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Yaks are tough animals living in Tibet’s hypoxic stress environment. However, the metabolite composition of yak milk and its role in hypoxic stress tolerance remains largely unexplored. The similarities and differences between yak and human milk in hypoxic stress tolerance are also unclear. This study explored yak colostrum (YC) and yak mature milk (YMM) using GC–MS, and 354 metabolites were identified in yak milk. A comparative metabolomic analysis of yak and human milk metabolites showed that over 70% of metabolites were species-specific. Yak milk relies mainly on essential amino acids- arginine and essential branched-chain amino acids (BCAAs): L-isoleucine, L-leucine, and L-valine tolerate hypoxic stress. To slow hypoxic stress, human breast milk relies primarily on the neuroprotective effects of non-essential amino acids or derivates, such as citrulline, sarcosine, and creatine. In addition, metabolites related to hypoxic stress were significantly enriched in YC than in YMM. These results reveal the unique metabolite composition of yak and human milk and provide practical information for applying yak and human milk to hypoxic stress tolerance.
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1. Introduction

Domestic yaks (Bos grunniens) are tough animals native to Tibet in alpine and subalpine regions at a latitude above 3,000 m with extreme cold and semi-humid climate (1). Up to 2019, more than 90% (~16 million) of the world’s yaks are distributed in western China’s Qinghai-Tibet Plateau. In 2020, the output value of China’s yak industry was around 6 billion dollars. Domestic yaks offer significant economic benefits to the Tibetans, and it has been used for farming and threshing, fur, meat, and high-quality milk (2). Yak milk and dairy products such as butter and cheese give Tibetans an essential source of vitamins and nutrients (1). Yak milk also plays a vital role in health protection. Hydrolysate of yak milk casein attenuates superoxide, DPPH, and hydrogen peroxide free radicals. It increases anti-inflammatory activities by preventing the secretion of pro-inflammatory cytokines-interleukins (IL-6, IL-1ß) and tumor necrosis factor-alpha (TNF-a) (3). Feeding yak milk to rats can stimulate the production of plasma immunoglobulin M (IgM) and enhance the immunity of rats (4). Yak milk can also improve intestinal microbes and prevent the growth of cancer cells (5, 6). Therefore, yak milk is vital to Tibetans’ health protection, economic income, and daily life. Unlike the minimal changes of bovine milk due to year-round breeding, the composition of yak milk is dynamic between warm and cold seasons as yaks show a robust seasonal breeding pattern (1). However, yak milk is still higher in fat (yak vs. bovine milk: 5.5–7.5% vs. 2.4–5.5%), lactose (yak vs. bovine milk: 4.0–5.9% vs. 3.8–5.3%), and protein (yak vs. bovine milk: 4.0–5.5% vs. 2.3–4.4%) than bovine milk (1). It is also reported that the protein content of yak milk is ~40–60% higher than that of native bovine milk (7). Thus, yak milk is highly nutritious and known as a naturally concentrated milk (1). Recently, yak milk has attracted much attention due to its unique characteristics mentioned above (1), and it is an urgent need to expand its production capacity.

The health and survival of newborn yak calves are the basis for expanding domestic yak populations and increasing yak milk production. Newborn calves are vulnerable to diseases, and colostrum is vital in feeding and managing newborn bovine calves (8, 9). Colostrum management is still considered the most critical factor in preventing bovine calf morbidity and mortality (9). Colostrum is the primary source of nutrients for newborn calves and the only source of passive immunity for calves (8, 9). During pregnancy, due to the barrier effect of the placenta, the calf cannot directly obtain immunoglobulin, and the active immunity of the newborn calf has not yet developed (8, 9). Therefore, passive immunity can only be acquired by ingesting colostrum against the unfavorable external environment and harmful bacteria infection (8, 9). More than 15.6% of newborn calves have serum IgG concentrations below 10 g/L at 24 to 48 h, and calves below this threshold are at a higher risk of death, resulting in a phenomenon known as the failure of passive transfer (FPT) (8, 10). Overall, colostrum benefits subsequent calf and adult development (8, 11). In addition, hypoxic stress is one of the significant environmental stresses for domestic animals living in high-altitude regions (12). However, the roles of colostrum on hypoxic stress tolerance and the development of yak calves are mainly unexplored.

Recently, it has been reported that there are significant differences in the content of triglycerides (13) and protein (14), the composition of fatty acids at different milk lactation stages (15, 16). It has been reported that ruminant milk provides a variety of essential nutrients that affect the contents of various immune factors of mammals (4). The composition of donkey milk at different lactation stages contains different content of long-chain fatty acids, which affect the immunological development of infants (17). However, the changes in the composition between yak colostrum (YC) and yak mature milk (YMM) have yet to be reported.

Metabolomics analysis involves the systematic study of low molecular weight (< 1kda) endogenous and exogenous metabolites (such as lipids, amino acids, and organic acids), which represent the genetic and environmental intersection of cell functions and effects (18, 19). This method has recently been recognized as a promising tool for studying the nutritional quality of milk (20). However, previous studies on milk metabolomics focused on different species of mammals (21) or other physiological states of mammals (22). Recently, metabolomics has been used to study donkey milk between colostrum and mature milk (16, 23). These pioneer reports fully illustrate the reliability of metabolomics in milk research. However, the changes in the metabolite composition between YC and YMM remain unexplored.

In this study, the metabolites of yak colostrum (YC) and yak mature milk (YMM) were investigated by gas chromatography–mass spectrometry (GC–MS). Comparative metabolomic analysis identified distinct metabolites and explored the mechanisms underlying compositional changes between YC and YMM. The comparative metabolomics between yak and human breast milk was also analyzed. Common metabolites between yak and human breast milk were also analyzed in detail. This study provides practical information on the nutritional components of yak milk and lays a foundation for the development and research of yak milk products.



2. Materials and methods


2.1. Milk sample collection

The yak milk samples were collected from the “Yushu Yak” at the Zangbala Farm (E89°27′ ~ 97°39′; N31°45′ ~ 36°10′) in Yushu, Qinghai Province, China. Ninety cows with similar nutritional levels were selected as the experimental group. Six yak YC or YMM samples were randomly chosen for metabolomics analysis, respectively. These yaks were all around six years old and under similar physical conditions. The milk sample was frozen to liquid nitrogen and stored at −80°C until analysis.

The human breast milk data was from a previous publication and the human breast milk sampling method is described again (24). Briefly: 60 first-born mothers in the same hospital participated; 30 volunteered to provide Human Colostrum (HC, collected at 1–5 days postpartum). Human Mature Milk (HMM) was provided by 30 volunteers (collected at 30–40 days postpartum). Six biological replicates were sampled for HC and HMM, respectively. Each biological replicate was collected by randomly mixing 5 milk samples to reduce the difference due to dietary and other habits. The milk sample was frozen to liquid nitrogen and stored at −80°C until analysis.



2.2. Chemicals and quality control samples

The chemical reagents and the catalog numbers were identical to the previous study (23). The methanol, H2O, Pyridine, N-hexane, O-methyl hydroxylamine hydrochloride (97%), and BSTFA+1%TMCS were all from CNW technologies. The acetonitrile and 2-chloro-l-phenylalanine were separately provided by Fisher and Shanghai HC Biotech Co. The eleven fatty acid methyl esters were supported by Larodan, Nc-chek, DR. The quality control (QC) samples were prepared by equally mixing the metabolite extracts from 12 samples, including six Yak colostrum and six mature milk samples. The metabolites were identified based on three identical QC samples to increase the reliability of experiments.



2.3. Sample extracts

The sample extracts were prepared following the standard protocol for GC–MS metabolomics analysis (25). Briefly, 80 μL of each sample was mixed with 20 μL of internal standard (2-chloro-l-phenylalanine in methanol, 0.3 mg/mL) and then extracted with 240 μL of extraction mixture (methanol: acetonitrile 2:1 vol/vol). The samples were then vortexed for 30 s and treated with an ultra-sound for 10 min on ice. Samples were then incubated on ice for 30 min at −20°C, followed by centrifuging at 13000 rpm for 10 min at 4°C. The supernatant (150 μL) was transferred into a new glass derivatization vial, and the quality control samples were prepared with identical procedures. The samples were evaporated by using a freeze-concentrated centrifugal dryer and 80 μL of methoxamine hydrochloride pyridine solution (15 mg/mL) to the glass derivatization vial to perform the oximation reaction in a shaking incubator at 37°C for 90 min. After adding 80 μL of BSTFA (with 1% TMCS) and 20 μL of n-hexane into the vial, 10 μL of 11 internal standards (C8/C9/C10/C12/C14/C16, 0.16 mg/mL; C18/C20/C22/C24/C26, 0.08 mg/mL, chloroform configuration) were added into samples to react at 70°C for 60 min. After the reaction, the samples were placed at room temperature for 30 min for GC–MS metabolomics analysis.



2.4. GC–MS analysis

The derivatized samples were analyzed on an Agilent 7890B gas chromatography system coupled to an Agilent 5977A MSD system (Agilent Technologies Inc., CA, USA) with standard protocol (25). A DB-5MS fused-silica capillary column (30 m × 0.25 mm × 0.25 μm, Agilent J & W Scientific, Folsom, CA, USA) was utilized to separate the derivatives. Helium (>99.999%) was used as the carrier gas at a constant flow rate of 1 mL/min through the column. The injector temperature was maintained at 260°C. The injection volume was 1 μL by splitless mode. The initial oven temperature was 60°C, ramped to 125°C at a rate of 8°C/min, to 210°C at a rate of 5°C/min, to 270°C at a rate of 10°C/min, to 305°C at a rate of 20°C/min, and finally held at 305°C for 5 min. The MS quadrupole and ion source (electron impact) temperature was set to 230°C, and the quadrupole temperature was set to 150°C. The collision energy was 70 eV. Mass spectrometric data were acquired in a full-scan mode (m/z 50–500). The QCs were injected at regular intervals (every six samples) throughout the analytical run to provide data from which repeatability could be assessed.



2.5. Data processing

The GC/MS raw data were processed by AnalysisBaseFileConverter software and then imported into MS-DIAL software for further processing to get the original data matrix (26). The Untarget database of GC–MS from Lumingbio was used for identifying metabolite. After removing the data noise of the data matrix, the normalization of each sample and log conversion was performed to get the raw, clean matrix.



2.6. Bioinformatics analysis

The raw data clean matrix was then imported into the R ropls package for Principal component analysis (PCA), (orthogonal) partial least-squares-discriminant analysis (O)PLS-DA (27). Correlation analysis uses the Pearson correlation coefficient and the structural similarity of metabolites to calculate the correlation between two metabolites and then visualizes it through the Cytoscape 3.8.2 software (28). In addition, the untarget database of GC–MS from Lumingbio and the KEGG database (https://www.kegg.jp/kegg/) was used for qualitative and metabolic pathway analysis.



2.7. Comparative analysis of different milk metabolite

The human breast milk metabolomics data were obtained from the previous publication (24). Common metabolites were identified by identical PubChem CID in different milk. After this, calculate each species’ Fold Change value (FC) between mature milk and colostrum. Differential common metabolites identified by |FC(species 1) – FC(species 2)| > 1.




3. Results


3.1. Statistical comparison of metabolites between YC and YMM

According to the GC–MS data, a total of 354 metabolites were identified in Yak milk (Supplementary Table S1), and the signal intensity (peak area) of all peaks was normalized according to the internal standard with RSD (relative standard deviation) (ALL) < 0.3 after the screening. The missing values in the raw data were replaced by zero. In particular, the YC (Yak colostrum) and YMM (mature yak milk) groups were separated from each other by principal component analysis using MS (Mass Spectrometry) raw data (Supplementary Figure S1A). Next, orthogonal partial least squares-discriminant analysis (OPLS-DA) was used to filter out the noise that has nothing to do with classification information to improve the analytical ability and effectiveness of the mode (Supplementary Figure S1B). The model parameters were R2Y = 0.998 and Q2Y = 0.972, indicating that the model could successfully classify samples. The 7-fold cross-validation and 200 response permutation testing (RPT) methods were used to further examine the model’s quality. The results unveiled that the model was stable and the risk of overfitting was lower (Supplementary Figure S1C). Accordingly, a loading graph was constructed based on OPLS-DA (Supplementary Figure S1D) to better visualize the important variables far from the origin and their contribution to the difference between the YC and YMM.



3.2. Identification of significantly different metabolites between YC and YMM

By comparing with the Untarget database of GC–MS from Shanghai luming biological technology co. Ltd., the three most abundant metabolites of Yak milk were carbohydrates and carbohydrate conjugates (15.54%), amino acids (12.99%), fatty acids, and conjugates (6.21%), which accounted for 38.89% of all 354 identified metabolites (Figure 1A). To understand the changes of metabolites in Yak milk between YC and YMM, different metabolites have been identified between the YC and YMM. As shown in the Volcano map (Figure 1B), a total of 164 different metabolites (FC > 1.2, or FC < 0.83, student t-test: p < 0.05) were identified, and 109 of them were selected as significantly different metabolites (SDM) between the YC and YMM groups with an additional criterion: the variable importance in the projection (VIP) values exceeding 1.0 (Figure 1C, Supplementary Tables S2–S4). Interestingly, carbohydrates and carbohydrate conjugates (4), amino acids (15), fatty acids and conjugates (8) were consistently the most abundant SDMs (Figure 1D). However, the percentage of all three groups of metabolites was increased in SDMs compared to total Yak milk metabolites, respectively. Significantly, the rate of fatty acids and conjugates (a 1.13% increase, SDM vs. total Yak metabolites: 7.34% vs. 6.21%) increased in SDMs compared with that from whole Yak milk (Supplementary Figure S2). Metabolites related to tricarboxylic acids and derivatives, monoradylglycerols and benzoic acids and derivatives were also among SDMs (Supplementary Table S2). In addition, the number of up-regulated metabolites was higher than (68 vs. 41) from down-regulated ones in YC compared to YMM (Figure 1E). 74 SDMs can be annotated to the KEGG pathway. They were called known significantly different metabolites (KSDM) (Figure 2). These results indicated that the metabolite composition was changed considerably between YC and YMM.
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FIGURE 1
 (A) Histogram of the top 8 categories in the classification of stage milk identified metabolites and their percentages to the total number of metabolites. (B) Volcano plot of differential metabolites in yak milk (YC vs. YMM). (Student’s t-test, p < 0.05, FC >1.2 or FC < 0.83). (C) Venn diagram of different criteria to screen for significant differential metabolites. (D) Histogram of top 8 type significant differential metabolites (Student’s t-test: p < 0.05, FC >1.2 or FC < 0.83, VIP > 1). (E) Histogram of significant up or down-regulated metabolites in YC compared to YMM. YC: yak colostrum; YMM: yak mature milk; FC: Fold Change; VIP: variable importance in the projection.
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FIGURE 2
 Heatmap of known significantly different metabolite (KSDM). SDMs: significantly different metabolites; KSDM: SDMs can be annotated to the KEGG pathway.




3.3. Correlation network analysis of the SDMs

To identify the relationship between different SDMs, the correlation between metabolites was calculated using the Pearson correlation coefficient and was then grouped according to the type of metabolite (Supplementary Table S3). Visualization with Cytoscape, there were 478 edges, with red lines showing a positive correlation, blue lines showing a negative correlation, pink circles showing a known metabolite, and blue circles showing an unknown metabolite (Figure 2). A total of 14 clusters could be classified according to the type of metabolites (Figure 2, Supplementary Table S5). These results revealed the association of metabolites within the group. Carbohydrates and their conjugates, amino acids, peptides, and analogs, and fatty acids and their conjugates were the three most closely related to each other (Figure 3A).

[image: Figure 3]

FIGURE 3
 Correlation network graph of SDMs and KSDMs. (A) The Correlation network graph based on changes in relative content and the type of SDMs. Red lines show a positive correlation; blue lines indicate a negative correlation; pink circles show a known metabolite; blue circles show an unknown metabolite. (B) The correlation network graph is based on known significantly different metabolites’ (KSDM) chemical structure and physiological function. The red nodes represent that KSDMs are significantly down-regulated (YC vs. YMM), and the blue nodes represent that KSDMs are significantly up-regulated (YC vs. YMM). The node size represents the multiple of the difference in metabolite content. YC: yak colostrum; YMM: yak mature milk; SDMs: significantly different metabolites; KSDM: SDMs can be annotated to the KEGG pathway.


74 KSDMs are uploaded to the web-based MetaboAnalyst (https://www.metaboanalyst.ca) (29) for further analysis. Based on the metabolites’ chemical structure and physiological function, another correlation network analysis found that KSDM was highly correlated. These KSDMs were grouped into eight clusters, which revealed the association of KSDM between YC and YMM (Figure 3B). Amino acid metabolism with other metabolism and glycometabolism were the most closely related in the 8 clusters, and KSDM in glycometabolism had almost no association with other KSDM (Figure 3B). These results indicated that the regulatory network among KSDM was complex.



3.4. Key differential metabolic pathways between YC and YMM

To better understand the changes in components between YC and YMM, 74 KSDMs were sent to the untargeted database of GC–MS from Lumingbio and KEGG databases. These metabolites were enriched into 116 different metabolic pathways. Based on the p value and the number of metabolites, 24 key pathways were screened out, which might correlate with the metabolism composition dynamics between YC and YMM (Figure 4). The top 15 metabolic pathways of KSDMs are central carbon metabolism in cancer, glucagon signaling pathway, carbon metabolism, citrate cycle (TCA cycle), alcoholism, prolactin signaling pathway, taste transduction, parkinson disease, pentose phosphate pathway, glyoxylate and dicarboxylate metabolism, ABC transporters, biosynthesis of amino acids, galactose metabolism, alanine, aspartate and glutamate metabolism, pathways in cancer (Figure 4). Based on these critical metabolic pathways and other related SDMs, a detailed pathway map of metabolic changes between YC and YMM was constructed (Figure 5). Levels of glucose and TCA cycle metabolites such as citric acid, cis-aconitic acid, isocitrate and malic acid were lower in YC than in YMM (Figure 5). In contrast, metabolites related to the pentose phosphate pathway, including Ribulose-5-P and Ribose-5-P, were upregulated in YC compared to YMM (Figure 5). Overall, these results suggest that the metabolite composition of YC is different from that of YMM.
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FIGURE 4
 KEGG pathway enrichment map of known significantly different metabolite. KSDM: SDMs can be annotated to the KEGG pathway; Criteria: p < 0.05, The number of metabolites enriched in each KEGG pathway is more than two.


[image: Figure 5]

FIGURE 5
 Hypothesized scheme pathway and related SDMs most related to metabolite changes of yak milk during lactation. Error bars of each bar plot represent the standard deviation of six biological replicates; student t-test: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.




3.5. Comparative metabolomic analysis of yak and human breast milk

To further explore the metabolic composition of yak milk, comparative metabolomic studies were performed in yak and human breast milk, as colostrum and mature milk with GC–MS metabolomic data are available only for these two species. We first compared the metabolite composition of the two kinds of milk with the PubChem CID. Yak milk shared 46 common metabolites with human breast milk (Figure 6A, Supplementary Table S6). To further explore whether yak and human milk share similar trends between colostrum and mature milk, we compared changes in 53 metabolites (corresponding to 46 common metabolites) in colostrum and mature milk from the two animals. The fold change of each metabolite between colostrum and mature milk was calculated from yak and human milk, respectively. The identification criteria for differently expressed metabolites were: |fold change (HC/HMM)-fold change (YC/YMM)| >1. Interestingly, more than 75.47% (40/53) of common metabolites had similar expression patterns between yak and human milk (Figure 6B, Supplementary Table S7). Therefore, yak and human have similar metabolite composition trends between colostrum and mature milk. Although only 13 metabolites have different expression patterns between yak and human milk, four of them including uridine, glutaric acid, L-isoleucine, and malonic acid were reported to be involved in the hypoxic stress response (29–32). Specially, uridine was decreased in HC than HMM (FC = 0.54950, HC vs. HMM: 0.07914 vs. 0.14402), whereas it was upregulated in YC than YMM (FC = 9.35992, YC vs. YMM: 2.49364 vs. 0.26642, Supplementary Table S7). Similarly, glutaric acid was reduced in HC than HMM (FC = 0.00563, HC vs. HMM: 0.00300 vs. 0.05285) while slightly increased in YC than HMM (FC = 1.14554, YC vs. YMM: 0.00130 vs. 0.00113, Supplementary Table S7). Conversely, L-isoleucine, one of the essential branched-chain amino acids (BCAA) (33–35), was increased more than two-fold in HC than HMM (FC = 2.65825, HC vs. HMM: 0.01260 vs. 0.00474) and only slightly increased in YC than YMM (FC = 1.20487, YC vs. YMM: 0.04986 vs. 0.04138, Supplementary Table S7). However, the L-isoleucine was more abundant in yak milk than in human breast milk (YC vs. HC: 0.04986 vs. 0.01260, YMM vs. HMM: 0.04138 vs. 0.00474, Supplementary Table S7). Furthermore, malonic acid was increased in HC than HMM (FC = 1.88758, HC vs. HMM: 0.04935 vs. 0.2614) but reduced in YC than YMM (FC = 0.68250, YC vs. YMM: 0.00060 vs. 0.00088, Supplementary Table S7). Thus, the different expression patterns of metabolites during lactation between yak and human milk that might contribute to the hypoxic stress responses.
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FIGURE 6
 Comparative metabolomics analyses among yak milk and human breast milk. (A) Venn gram to represent the metabolites composition among milk from three species by PubChem CID. (B) Bar plot to characterize the metabolites with differentially expressed trends between colostrum and mature milk in yak and humans. (C) KEGG pathway analysis of human breast milk-specific metabolites. (D) KEGG pathway analysis of yak milk-specific metabolites. PubChem CID: PubChem Compound Identifier.


Although yak and human milk share 46 metabolites, approximately 86.71% of the metabolites (300/346) in yak milk (303 metabolites, corresponding to 300 identical metabolites) are specific to yak and not found in human milk, according to PubChem CID (Supplementary Table S8). Similarly, according to PubChem CID (Supplementary Table S9), about 70.51% of the metabolites (110/156) in human milk (111 metabolites, corresponding to 110 identical metabolites) are specific to humans and not similar in yak milk. Therefore, yak milk and human milk differ significantly in the composition of metabolites.

KEGG enrichment analysis was performed for yak-specific metabolites and human breast-specific metabolites using HMDB IDs to explore the functions of yak-specific metabolites further. Galactose metabolism, starch and sucrose metabolism, glycine, serine, and threonine metabolism, neomycin, kanamycin, and gentamicin biosynthesis, and Linoleic acid metabolism are the most significantly enriched pathways in the human breast-specific metabolites (Figure 6C). Especially, serine, a non-essential amino acid (NEAA), was only presented in human breast milk but not in yak milk (Supplementary Tables S8, S9). In addition, the non-essential amino acids or derivates: citrulline, sarcosine, and creatine were only presented in human breast milk but not in yak milk (Supplementary Tables S8, S9). In contrast, yak-specific metabolites were enriched in arginine biosynthesis, D-glutamine, and D-glutamate metabolism, aminoacyl-tRNA biosynthesis, purine metabolism, and pentose phosphate pathways (Figure 6D). Interestingly, two other BCAAs: L-leucine and L-valine, were only presented in yak milk but not characterized in human breast milk (Supplementary Tables S8, S9). Therefore, the metabolite composition of yak and human breast milk was very different.




4. Discussion

Metabolites are essential in milk, whereas yak milk metabolites are mainly unexplored. The only report on yak milk was the identification of 21 volatile compounds using GC–MS and GC-O-MS methods (36). In this study, we analyzed the metabolite composition between YC and YMM. Our results show that the metabolism between YC and YMM is very different. According to the method of multi-dimensional analysis and single-dimensional analysis, 109 metabolites with significant differences between YC and YMM were screened, of which 68 were up-regulated, and 41 were down-regulated in YC compared with YMM (Figure 1E). Similarly, 92 metabolites differed between human colostrum (HC) and human mature milk (HMM), with 21 up-regulated and 71 down-regulated metabolites in HC than in HMM (24). Therefore, the number of SDMs between yak colostrum and mature milk (109) is closer in human milk (92). Overall, in human, more metabolites were down-regulated in colostrum compared with mature milk. Conversely, more metabolites were up-regulated in colostrum than mature milk in yak (68 vs. 41). Therefore, we speculate that the metabolite expression trends of yak milk are primarily different from that of human milk during lactation.

Yaks live in the harsh environment of the Qinghai-Tibet Plateau, and hypoxia is an unavoidable major environmental factor in the life of animals on the plateau (37). Arginine, an essential amino acid, is usually deficient in colostrum, but animals are more demanding for rapid postpartum growth (38). More importantly, dietary arginine enhanced hypoxic stress tolerance by reducing hypoxia-upregulated hypoxia-inducible factor (HIF)-1α mRNA expression, inhibiting lipid peroxidation and increasing antioxidant enzyme activity in fish (39). Comparative metabolomic analysis revealed that arginine biosynthesis was the most abundant KEGG pathway among yak-specific metabolites (Figure 6D). Arginine can be synthesized from the glutamine (38). Interestingly, glutamine and glutamate are the second most abundant KEGG pathways among yak-specific metabolites (Figure 6D). Therefore, we speculated that yak milk could enhance tolerance to hypoxic stress by increasing arginine biosynthesis. Hypoxic stress elevates oxidative stress, and the pentose phosphate pathway contributes to increased oxidative stress tolerance in the neonatal brain (40). The pentose phosphate pathway (PPP) is the fifth most abundant KEGG pathway among yak-specific metabolites, not presented in human breast milk (Figures 6C,D). Metabolites in this pathway also showed higher expression levels in YC and YMM (Figure 5). Therefore, yak milk, especially yak colostrum, may also promote tolerance to hypoxic stress by increasing metabolites in the PPP pathway. In humans, glutathione, an amino acid derivate, is vital in reducing oxidative stress, maintaining redox balance, enhancing metabolic detoxification, and regulating the immune system (41). Various age-related chronic diseases are related to poor or insufficient glutathione levels (42, 43). In this study, glutathione was one of the metabolites specific to yak milk but not in human breast milk, and the glutathione concentration in YC was significantly higher than that in YMM (Supplementary Table S8). Therefore, yak milk, especially yak colostrum, may also promote tolerance to hypoxic stress by increasing glutathione levels. Uridine treatment could prevent hypoxia-induced neuro-glial damage to rat brains in neonate (44). Although uridine was commonly expressed in both yak and human milk (Supplementary Table S6), interestingly, the uridine level was higher in yak milk than in human milk (HC: 0.07914, HMM: 0.14402, YC: 2.49364, YMM: 0.26642, Supplementary Table S7). More importantly, the uridine level was decreased in human colostrum than in human breast mature milk. In contrast, yak colostrum had a higher uridine level than yak mature milk (Human vs. yak differ FC: −8.81, Supplementary Table S7). Therefore, yak milk, especially yak colostrum, may also enhance hypoxic stress tolerance by increasing the uridine level. Similarly, glutaric acid-induced oxidative stress in rat brains suggests that it might be a negative metabolite in hypoxic stress tolerance (31). Interestingly, glutaric acid was decreased in yak milk compared to human breast milk (Supplementary Table S7). Thus, yak milk might tolerant the high-altitude stress via decreasing the glutaric acid level. L-isoleucine, L-leucine, and L-valine are essential branched-chain amino acids (BCAAs), and increased BCAAs contributed to the cellular adaptation to hypoxic stress (45). In this study, comparative metabolomics revealed a high L-isoleucine level in yak milk instead of human milk, taken together with L-leucine and L-valine were only presented in yak milk but not characterized in human breast milk (Supplementary Tables S8, S9), we would suggest that BCAAs from yak might also contribute to the cellular hypoxia adaptation. Therefore, yak milk alleviates hypoxic stress via essential amino acid-arginine and branched-chain amino acids. Studying metabolites in yak milk has deepened our understanding of its components and provided a perspective for future research and development of the yak dairy industry.

Although yak milk has diverse metabolites to increase cellular adaptation to hypoxia, some human breast milk metabolites also have their specificity in response to hypoxia (Supplementary Table S9). Citrulline is an amino acid that inhibits hypoxia-induced diseases in newborn pigs and alleviates hypoxia-induced obstructive sleep apnea (OSA) in humans (46, 47). Thus, citrulline is a positive metabolite in hypoxic stress tolerance. Sarcosine is an amino acid that functions in neuroprotection in humans, and it is also a hypoxia-induced metabolite in the extreme hypoxia species Siberian wood frog (48, 49). Therefore, sarcosine might also be a positive metabolite in hypoxic stress tolerance. Creatine, an amino acid derivate, significantly alleviates the hypoxia-induced damage to neuroprotection on a factor called “Complex Attention” (50–52). Thus, Creatine is also a positive metabolite in hypoxic stress tolerance. In this study, citrulline, sarcosine, and creatine were only presented in human breast milk but not in yak milk (Supplementary Tables S8, S9) suggesting that human milk might also function on hypoxic stress tolerance. However, not all amino acids or derivates play a positive function in hypoxic stress tolerance. For example, serine, a non-essential amino acid, catabolism produces the toxic NADH, which is important for aerobic ATP production under the hypoxic stress (53). This study only characterized serine in human breast milk but not yak milk (Supplementary Tables S8, S9), suggesting the complex relationship between human breast milk and hypoxic stress tolerance.



5. Conclusion

Yak milk is essential for the survival of Tibetans, and the composition of yak milk during lactation remains unexplored. In this study, 354 metabolites were identified in YC and YMM during lactation. Incredibly, 109 of them were significantly differentially expressed between YC and YMM. Therefore, this study could provide the composition of metabolites of yak milk during lactation, providing a preliminary understanding of yak milk lactation. In addition, comparative metabolomics analysis unveils that yak milk-specific metabolites were enrichment in hypoxic stress-tolerant pathways. Thus, these data also provided helpful information to decipher how the metabolites composition of yak milk contributed to the hypoxic stress tolerance and provide practical information for Yak milk production in the future.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving animals were reviewed and approved by the Experimental Animal Welfare and Ethical Review Certificate of Qinghai Academy of Animal Husbandry and Veterinary Sciences (Ethic approval file No. 2023– QHMKY-009). Informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

WL and LM: conceptualization. WL, WZ, and XJ: methodology. YZ and XF: software. YZ and ZM: validation. XF: formal analysis. ZM and WL: investigation. YZ: resources. WZ: data curation. WL, WZ, and LM: writing—original draft preparation. WL, LM, WZ, and XJ: writing—review and editing. YZ: supervision. LM: project administration. WL and YZ: funding acquisition. YH and YS: visualization. All authors contributed to the article and approved the submitted version.



Funding

This work was financially supported by the Key R&D and Transformation Projects of Qinghai Province (2019-NK-109), the Natural Science Foundation of Qinghai Province (2020-ZJ-960Q), and the Special Project of Science and Technology Commissioner of Qinghai Province (Project number: 2023-NK-P06).



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.



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.2023.1207950/full#supplementary-material



References

 1. Li, H, Ma, Y, Li, Q, Wang, J, Cheng, J, Xue, J , et al. The chemical composition and nitrogen distribution of Chinese yak (Maiwa) milk. Int J Mol Sci. (2011) 12:4885–95. doi: 10.3390/ijms12084885 

 2. Guo, X, Long, R, Kreuzer, M, Ding, L, Shang, Z, Zhang, Y , et al. Importance of functional ingredients in yak milk-derived food on health of Tibetan nomads living under high-altitude stress: a review. Crit Rev Food Sci Nutr. (2014) 54:292–302. doi: 10.1080/10408398.2011.584134 

 3. Mao, XY, Cheng, X, Wang, X, and Wu, SJ. Wu: free-radical-scavenging and anti-inflammatory effect of yak milk casein before and after enzymatic hydrolysis. Food Chem. (2011) 126:484–90. doi: 10.1016/j.foodchem.2010.11.025

 4. Wen, Y, He, Q, Ding, J, Wang, H, Hou, Q, Zheng, Y , et al. Cow, yak, and camel milk diets differentially modulated the systemic immunity and fecal microbiota of rats. Science Bulletin. (2017) 62:405–14. doi: 10.1016/j.scib.2017.01.027

 5. Di, W, Zhang, L, Wang, S, Yi, H, Han, X, Fan, R , et al. Physicochemical characterization and antitumour activity of exopolysaccharides produced by Lactobacillus casei SB27 from yak milk. Carbohydr Polym. (2017) 171:307–15. doi: 10.1016/j.carbpol.2017.03.018 

 6. Zhang, W, Cao, J, Wu, S, Li, H, Li, Y, Mi, F , et al. Anti-fatigue effect of yak milk powder in mouse model. Dairy Sci Technol. (2015) 95:245–55. doi: 10.1007/s13594-014-0198-x

 7. Chen, Y, Qu, S, Huang, Z, Ren, Y, Wang, L, and Rankin, SA. Analysis and comparison of key proteins in Maiwa yak and bovine milk using high-performance liquid chromatography mass spectrometry. J Dairy Sci. (2021) 104:8661–72. doi: 10.3168/jds.2021-20269 

 8. Godden, SM, Lombard, JE, and Woolums, AR. Colostrum Management for Dairy Calves. Vet Clin North Am Food Anim Pract. (2019) 35:535–56. doi: 10.1016/j.cvfa.2019.07.005 

 9. Lorenz, I. Calf health from birth to weaning - an update. Ir Vet J. (2021) 74:5. doi: 10.1186/s13620-021-00185-3 

 10. Urie, NJ, Lombard, JE, Shivley, CB, Kopral, CA, Adams, AE, Earleywine, TJ , et al. Preweaned heifer management on US dairy operations: part I. descriptive characteristics of preweaned heifer raising practices. J Dairy Sci. (2018) 101:9168–84. doi: 10.3168/jds.2017-14010 

 11. Hammon, HM, Steinhoff-Wagner, J, Flor, J, Schönhusen, U, and Metges, CC. LACTATION BIOLOGY SYMPOSIUM: role of colostrum and colostrum components on glucose metabolism in neonatal calves 1, 2. J Anim Sci. (2013) 91:685–95. doi: 10.2527/jas.2012-5758 

 12. Li, W, Zeng, W, Jin, X, Xu, H, Fang, X, Ma, Z , et al. High-altitude stress orchestrates mRNA expression and alternative splicing of ovarian follicle development genes in Tibetan sheep. Animals. (2022) 12:2812. doi: 10.3390/ani12202812 

 13. Yuan, T, Qi, C, Dai, X, Xia, Y, Sun, C, Sun, J , et al. Triacylglycerol composition of breast Milk during different lactation stages. J Agric Food Chem. (2019) 67:2272–8. doi: 10.1021/acs.jafc.8b06554 

 14. Gjostein, H, Holand, O, and Weladji, RB. Milk production and composition in reindeer (Rangifer tarandus): effect of lactational stage. Comp Biochem Physiol A Mol Integr Physiol. (2004) 137:649–56. doi: 10.1016/j.cbpb.2004.01.002 

 15. Dai, X, Yuan, T, Zhang, X, Zhou, Q, Bi, H, Yu, R , et al. Short-chain fatty acid (SCFA) and medium-chain fatty acid (MCFA) concentrations in human milk consumed by infants born at different gestational ages and the variations in concentration during lactation stages. Food Funct. (2020) 11:1869–80. doi: 10.1039/c9fo02595b 

 16. Li, M, Liu, Y, Li, Q, Yang, M, Pi, Y, Yang, N , et al. Comparative exploration of free fatty acids in donkey colostrum and mature milk based on a metabolomics approach. J Dairy Sci. (2020) 103:6022–31. doi: 10.3168/jds.2019-17720 

 17. Innis, SM, Gilley, J, and Werker, J. Are human milk long-chain polyunsaturated fatty acids related to visual and neural development in breast-fed term infants? J Pediatr. (2001) 139:532–8. doi: 10.1067/mpd.2001.118429 

 18. Huynh, J, Xiong, G, and Bentley-Lewis, R. A systematic review of metabolite profiling in gestational diabetes mellitus. Diabetologia. (2014) 57:2453–64. doi: 10.1007/s00125-014-3371-0 

 19. Patti, GJ, Yanes, O, and Siuzdak, G. Innovation: metabolomics: the apogee of the omics trilogy. Nat Rev Mol Cell Biol. (2012) 13:263–9. doi: 10.1038/nrm3314 

 20. Sundekilde, UK, Frederiksen, PD, Clausen, MR, Larsen, LB, and Bertram, HC. Relationship between the metabolite profile and technological properties of bovine milk from two dairy breeds elucidated by NMR-based metabolomics. J Agric Food Chem. (2011) 59:7360–7. doi: 10.1021/jf202057x 

 21. Caboni, P, Murgia, A, Porcu, A, Manis, C, Ibba, I, Contu, M , et al. A metabolomics comparison between sheep's and goat's milk. Food Res Int. (2019) 119:869–75. doi: 10.1016/j.foodres.2018.10.071 

 22. Wen, L, Wu, Y, Yang, Y, Han, TL, Wang, W, Fu, H , et al. Gestational diabetes mellitus changes the metabolomes of human colostrum, transition Milk and mature Milk. Med Sci Monit. (2019) 25:6128–52. doi: 10.12659/MSM.915827 

 23. Li, M, Kang, S, Zheng, Y, Shao, J, Zhao, H, An, Y , et al. Comparative metabolomics analysis of donkey colostrum and mature milk using ultra-high-performance liquid tandem chromatography quadrupole time-of-flight mass spectrometry. J Dairy Sci. (2020) 103:992–1001. doi: 10.3168/jds.2019-17448 

 24. Li, M, Chen, J, Shen, X, Abdlla, R, Liu, L, Yue, X , et al. Metabolomics-based comparative study of breast colostrum and mature breast milk. Food Chem. (2022) 384:132491. doi: 10.1016/j.foodchem.2022.132491 

 25. Papadimitropoulos, MP, Vasilopoulou, CG, Maga-Nteve, C, and Klapa, MI. Untargeted GC-MS metabolomics. Methods Mol Biol. (2018) 1738:133–47. doi: 10.1007/978-1-4939-7643-0_9

 26. Tsugawa, H, Cajka, T, Kind, T, Ma, Y, Higgins, B, Ikeda, K , et al. MS-DIAL: data-independent MS/MS deconvolution for comprehensive metabolome analysis. Nat Methods. (2015) 12:523–6. doi: 10.1038/nmeth.3393 

 27. Thevenot, EA, Roux, A, Xu, Y, Ezan, E, and Junot, C. Analysis of the human adult urinary metabolome variations with age, body mass index, and gender by implementing a comprehensive workflow for univariate and OPLS statistical analyses. J Proteome Res. (2015) 14:3322–35. doi: 10.1021/acs.jproteome.5b00354 

 28. Shannon, P, Markiel, A, Ozier, O, Baliga, NS, Wang, JT, Ramage, D , et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. (2003) 13:2498–504. doi: 10.1101/gr.1239303 

 29. O'Brien, KA, Atkinson, RA, Richardson, L, Koulman, A, Murray, AJ, Harridge, SDR , et al. Metabolomic and lipidomic plasma profile changes in human participants ascending to Everest Base camp. Sci Rep. (2019) 9:2297. doi: 10.1038/s41598-019-38832-z 

 30. Davydov, VV, and Repetskaia, AV. Protective effect of malonic acid in hypoxic hypoxia. Fiziol Zh (1978). (1991) 37:111–2.

 31. de Oliveira Marques, F, Hagen, ME, Pederzolli, CD, Sgaravatti, AM, Durigon, K, Testa, CG , et al. Dutra-Filho: Glutaric acid induces oxidative stress in brain of young rats. Brain Res. (2003) 964:153–8. doi: 10.1016/s0006-8993(02)04118-5 

 32. Rozova, EV, Mankovskaya, IN, Belosludtseva, NV, Khmil, NV, and Mironova, GD. Uridine as a protector against hypoxia-induced lung injury. Sci Rep. (2019) 9:9418. doi: 10.1038/s41598-019-45979-2 

 33. Nie, C, He, T, Zhang, W, Zhang, G, and Ma, X. Branched chain amino acids: beyond nutrition metabolism. Int J Mol Sci. (2018) 19:954 doi: 10.3390/ijms19040954 

 34. Lei, J, Feng, D, Zhang, Y, Zhao, FQ, Wu, Z, San Gabriel, A , et al. Nutritional and regulatory role of branched-chain amino acids in lactation. Front Biosci (Landmark Ed). (2012) 17:2725–39. doi: 10.2741/4082 

 35. Webb, LA, Sadri, H, Schuh, K, Egert, S, Stehle, P, Meyer, I , et al. Branched-chain amino acids: abundance of their transporters and metabolizing enzymes in adipose tissue, skeletal muscle, and liver of dairy cows at high or normal body condition. J Dairy Sci. (2020) 103:2847–63. doi: 10.3168/jds.2019-17147

 36. Chi, XL, Pan, MH, Muratzhan, K, Sun, BG, Wang, B, Si, AN , et al. Analysis of volatile flavor compounds of yak milk powder by GC-MS,GC-O-MS combined with sensory evaluation. Sci Technol Food Ind. (2017) 17:235–40. doi: 10.13386/j.jssn1002-0306.2017.17.045

 37. Parraguez, VH, Urquieta, B, Pérez, L, Castellaro, G, De los Reyes, M, Torres-Rovira, L , et al. Fertility in a high-altitude environment is compromised by luteal dysfunction: the relative roles of hypoxia and oxidative stress. Reprod Biol Endocrinol. (2013) 11:24. doi: 10.1186/1477-7827-11-24 

 38. Wu, G, and Knabe, DA. Arginine synthesis in enterocytes of neonatal pigs. Am J Phys. (1995) 269:R621–9. doi: 10.1152/ajpregu.1995.269.3.r621 

 39. Varghese, T, Dasgupta, S, Anand, G, Rejish Kumar, VJ, Sahu, NP, Pal, AK , et al. Dietary arginine attenuates hypoxia- induced HIF expression, metabolic responses and oxidative stress in Indian major carp, Cirrhinus mrigala. Comp Biochem Physiol B: Biochem Mol Biol. (2022) 259:110714. doi: 10.1016/j.cbpb.2022.110714 

 40. Brekke, EMF, Morken, TS, Widerøe, M, Håberg, AK, Brubakk, A-M, and Sonnewald, U. The pentose phosphate pathway and pyruvate carboxylation after neonatal hypoxic-ischemic brain injury. J Cereb Blood Flow Metab. (2014) 34:724–34. doi: 10.1038/jcbfm.2014.8 

 41. Pizzorno, J. Glutathione! Integr Med (Encinitas). (2014) 13:8–12.

 42. Franco, R, Schoneveld, OJ, Pappa, A, and Panayiotidis, MI. The central role of glutathione in the pathophysiology of human diseases. Arch Physiol Biochem. (2007) 113:234–58. doi: 10.1080/13813450701661198

 43. Ballatori, N, Krance, SM, Notenboom, S, Shi, S, Tieu, K, and Hammond, CL. Glutathione dysregulation and the etiology and progression of human diseases. Biol Chem. (2009) 390:191–214. doi: 10.1515/BC.2009.033 

 44. Goren, B, Cakir, A, Sevinc, C, Serter Kocoglu, S, Ocalan, B, Oy, C , et al. Uridine treatment protects against neonatal brain damage and long-term cognitive deficits caused by hyperoxia. Brain Res. (2017) 1676:57–68. doi: 10.1016/j.brainres.2017.09.010 

 45. Fitzgerald, E, Roberts, J, Tennant, DA, Boardman, JP, and Drake, AJ. Metabolic adaptations to hypoxia in the neonatal mouse forebrain can occur independently of the transporters SLC7A5 and SLC3A2. Sci Rep. (2021) 11:9092. doi: 10.1038/s41598-021-88757-9 

 46. Fike, CD, Dikalova, A, Kaplowitz, MR, Cunningham, G, Summar, M, and Aschner, JL. Rescue treatment with L-Citrulline inhibits hypoxia-induced pulmonary hypertension in newborn pigs. Am J Respir Cell Mol Biol. (2015) 53:255–64. doi: 10.1165/rcmb.2014-0351OC 

 47. Ozcan, B, Blachot-Minassian, B, Paradis, S, Maziere, L, Chambion-Diaz, M, Bouyon, S , et al. L-Citrulline supplementation reduces blood pressure and myocardial infarct size under chronic intermittent hypoxia, a major feature of sleep apnea syndrome. Antioxidants (Basel). (2022) 11:2326 doi: 10.3390/antiox11122326 

 48. Tanas, A, Tozlu, OO, Gezmis, T, Hacimuftuoglu, A, Abd El-Aty, AM, Ceylan, O , et al. In vitro and in vivo neuroprotective effects of sarcosine. Biomed Res Int. (2022) 2022:5467498–11. doi: 10.1155/2022/5467498 

 49. Shekhovtsov, SV, Bulakhova, NA, Tsentalovich, YP, Zelentsova, EA, Yanshole, LV, Meshcheryakova, EN , et al. Metabolic response of the Siberian wood frog Rana amurensis to extreme hypoxia. Sci Rep. (2020) 10:14604. doi: 10.1038/s41598-020-71616-4 

 50. Engl, E, and Garvert, MM. A prophylactic role for Creatine in hypoxia? J Neurosci. (2015) 35:9249–51. doi: 10.1523/JNEUROSCI.1195-15.2015 

 51. Turner, CE, Byblow, WD, and Gant, N. Creatine supplementation enhances Corticomotor excitability and cognitive performance during oxygen deprivation. J Neurosci. (2015) 35:1773–80. doi: 10.1523/JNEUROSCI.3113-14.2015 

 52. Roschel, H, Gualano, B, Ostojic, SM, and Rawson, ES. Creatine supplementation and brain health. Nutrients. (2021) 13:586 doi: 10.3390/nu13020586 

 53. Yang, L, Canaveras, JC, Chen, Z, Wang, L, Liang, L, Jang, C , et al. Serine catabolism feeds NADH when respiration is impaired. Cell Metab. (2020) 31:809–821.e6. doi: 10.1016/j.cmet.2020.02.017 



OPS/images/fvets-10-1207950-g005.jpg
Mattol T —— Jowose— G\ucomc‘ acidf—» Rbnlosa-.‘r e Rihofe»s-P'

i V= i, UE S G
o . = e ]
o] — 2 o os =
v T o o Cucosespnospraie LT | b
oo / S
- e Glucose-1-phosphate |
s Adenosine | Guanosine || Uridine |
D-fructose-1-phosphate f——— D-fuctose |——»  Fructose-6-
¢ phosphate =
o 1 D-fuctose-1 6 isphosphate ©
oct S
ocol ~ o l \
Dinydroxyacetone «—— 3P-Gyceraldehyde
phosphate
—— 3pchcena |
Pyruvate
[ Acetylcoa |
i o
) ad e
co0 =l | citieagig €4
] 3 ©d f
e cis-Aconitate |———> Haconic acid |
sl P \
Asparate | +—> Oxaloacetat ol
. oo

I

+—Maiic acid |

Isocitric aud'—- o

l

Oxo-glutance—— Aminoadipi
acid

\

Fumarat
e

Succinyl-CoA

L-glutamic acid l
Succinate

Proline

Glycyl proling l

ocouf

ool






OPS/images/fvets-10-1207950-g006.jpg
yak milk

o

Y

N

$
§
3
Ea
s
g
3
=
5
=

uman milk

Overview of Enriched Metabolite Sets (Top 25)

Sven s s .
— .

Gyeon e e mesem | .
o mesion | .

L — .

.
.
[ p— .
pesnpto| 3 Enrchment Ratio
e wcre v siecresoyoess @
.

[E——
P )
) Puae

S—— =
ratien By Im

Praie

[ —— 00

I Ve asamyc o s

N oty e TR S—

I ——
T mestion{

Swndrome terpoess|

T H T
40910 (pvalue) 1010 (pvalue)





OPS/images/fvets-10-1207950-g003.jpg
Carbohydrates and carbohydrate conjugates

Bl orgpen@ e @l B ey D

@ know compound ~———  Negative correlation

Amino acids, peptides, and analogues

B ®  unknow compound ———  Positive correlation

s;. WTW : & . " .

1 e

log,Fold change
@ downregulated significantly different known metabolites in YC compared with YMM

@ upregulated known significantly different known metabolites in YC compared with YMM





OPS/images/fvets-10-1207950-g004.jpg
Bile secretion

Pentose and glucuronate interconversions:
Nicotinate and nicotinamide metabolism
Neuroactive ligand-receptor interaction
Primary bile acid biosynthesis

Arginine and proline metabolism
2-Oxocarboxylic acid metabolism

Purine metabolism

beta-Alanine metabolism

Pathways in cancer

Alanine, aspartate and glutamate metabolism
Galactose metabolism

Biosynthesis of amino acids

ABC transporters

Glyoxylate and dicarboxylate metabolism
Pentose phosphate pathway

Parkinson disease

Taste transduction

Prolactin signaling pathway

Alcoholism

Gitrate cycle (TCA cycle)

Carbon metabolism

Glucagon signaling pathway

Central carbon metabolism in cancer

01

02
Rich Factor

03

© @ N o 0 s

00000 - ¢

~logso(Pvalue)
6

N





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A comparative metabolomics analysis of domestic yak (Bos grunniens) milk with human breast milk



		1. Introduction



		2. Materials and methods



		2.1. Milk sample collection



		2.2. Chemicals and quality control samples



		2.3. Sample extracts



		2.4. GC–MS analysis



		2.5. Data processing



		2.6. Bioinformatics analysis



		2.7. Comparative analysis of different milk metabolite









		3. Results



		3.1. Statistical comparison of metabolites between YC and YMM



		3.2. Identification of significantly different metabolites between YC and YMM



		3.3. Correlation network analysis of the SDMs



		3.4. Key differential metabolic pathways between YC and YMM



		3.5. Comparative metabolomic analysis of yak and human breast milk









		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fvets-10-1207950-g001.jpg
N

Number of metabolites
8

5

vip>1

Number of SOMs

80

8

8

8

FC>1.20rFC<0.83

P<0.05

Type

W vpregiated
own regulated

Volcano Plot
ve
» e o5
3 0 - .10
12 i o
s
H fpeee——
? kit
i)
w0 ’
D
20
15
2
o
2
S 10
5
2
£
-
z
5
0






OPS/images/fvets-10-1207950-g002.jpg
Group GmuP
N-acetyl -5-hydroxytryptamine
VMM

@ phosphosthsnolamine
“methylenedicxyamphetarine

Oleic aci
Pulmmeluldu: acid
-acetylputrescine 0
| Malic acid B

Caffeic acid
Itaconic acid
Guanosine

Cis-aconitic acid
Xylonolactone

- Cholic acid
) Nlmnlc acid
N-acetylmannosamine

-myo-inositol

N-acetyl -d -glucosamine

“-aminophendl

Hypoxanthine

cmchm

D-fructo:

Nemethylolutamic acid

Allantoic acid
henodeoxycholic acid

leacetic acid
ose -1,6 -bisphosphate
1 3 d-ammopmpnne
Di-dopa
Glutathione
Melezitose
Daidzein
Gluconic acid
Adenosine
Glycer

hosphoric acid
Dt "T -phosphate
Bisphenol a
Phthalic acid
Guanidinosuccinate

ridoxine
1-kestose

Uridine

D-ribose 5-phosphate
D-ribulose 5 -phosphate
Pyrephosphnl.e

Estradiol
Gluwse -1-phosphate
Quinolinic acid






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

A comparative metabolomics
analysis of domestic yak (8os
grunniens) milk with human breast
milk












OPS/images/crossmark.jpg
(®) Check for updates







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






