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Joint exploration of network pharmacology and metabolomics on the effects of traditional Chinese medicine compounds in weaned yaks
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Introduction: Chinese herbal medicines are relatively inexpensive and have fewer side effects, making them an effective option for improving health and treating diseases. As a result, they have gained more attention in recent years. The weaning period is a critical stage in the life of yaks, often inducing stress in calves. Weaning stress, along with dietary changes, can lead to a decline in physical fitness and immune function, making yaks more susceptible to diarrhea and resulting in high mortality rates during this period. Therefore, our study aimed to address this issue by incorporating traditional Chinese medicine (TCM) formulas into the diet of yaks during the weaning period.

Methods: Following a dialectical analysis, three TCM formulas, mainly composed of Paeonia lactiflora, Coptis chinensis, and Dandelion, were identified for their anti-inflammatory, antioxidant, and immune enhancing potentials. We explored the possible molecular mechanisms of these TCM formulas using network pharmacology analysis and investigated their effects on the physiology of yaks through metabolomics.

Results: Network pharmacology analysis revealed several key target proteins in the protein–protein interaction (PPI) network between three formulas and immune-related genes, including PIK3R1, PIK3CA, JAK2, PTK2, and PYPN11. The key target proteins in the PPI network associated with metabolism-related genes included ENPP1, CYP1A1, PTGS1, members of the CYP1 family, and EPHX2. GO analysis of co-targets revealed highly enriched pathways such as protein phosphorylation, plasma membrane, and one-carbon metabolic processes. Metabolomics revealed significant changes in the abundance of metabolites including dimethyl sulfoxide, tyrphostin A25, and thromboxane A2 in the intestines of weaned yaks supplemented with these Chinese herbal compounds. Significant changes were also observed in pathways such as vitamin A metabolism, chloroalkane, and chloroalkene degradation.

Discussion: Based on these findings, it can be inferred that TCM formulas improve the physical fitness of weaned yaks by enhancing antioxidant capacity, boosting immunity, and reducing intestinal inflammation. This study preliminarily elucidates the pharmacological mechanisms by which TCM formulas prevent diarrhea and improve physical fitness in weaned yaks through metabolomics and network pharmacology, paving the way for further evaluation of the effectiveness of these three formulas.
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Introduction

Yaks are an ancient breed native to China, primarily distributed in high-altitude areas of the Qinghai Tibet Plateau and surrounding areas, including Gansu and Sichuan provinces (above 3,000 m). Yaks have been domesticated by nomadic tribes for over 7,300 years (1–3), providing essential survival resources such as fur, meat, and milk for local herders. The Qinghai Tibet Plateau is characterized by high altitude, low oxygen pressure, scarce resources, low temperatures, and extreme environmental conditions (3, 52). Yaks that have evolved in this environment possess unique physiological characteristics, allowing them to tolerate high-altitude climates, making them one of the main economic sources for the local people (4). However, yaks have slow growth rates, long pregnancy cycles, delayed weaning of calves, and high disease and mortality rates in calves, all of which significantly hinder the development of the local yak breeding industry (52). The weaning period presents a substantial challenge for yaks, during which they face social and psychological pressures such as malnutrition and separation from their mothers. These stressors lead to changes in behavior, metabolism, physiology, and immune status, increasing susceptibility to pathological conditions such as oxidative stress and diarrhea (5, 6).

Traditional Chinese herbal medicine (TCHM) is increasingly used to maintain health and prevent or treat diseases in both humans and animals due to its low toxicity, minimal side effects, and affordability. TCM is often administered as monotherapies or in compound formulas to reduce side effects and enhance therapeutic effects (7). In animal husbandry, TCHM formulas have been shown to improve the reproductive performance in cows during the perinatal period, antioxidant capacity (8), improve growth performance in weaned piglets (9), and alleviate heat stress in beef cattle, thereby increasing apparent nutrient digestibility (10).

In this study, Coptis chinensis, the root of Chinese pulsatilla, Dandelion, Licorice, and other herbs were selected as the main medicinal ingredients in the compound formula. Coptis chinensis has demonstrated significant therapeutic potential in treating metabolic and inflammatory diseases (11). Together with the root of Chinese pulsatilla and Dandelion, Coptis chinensis can alleviate intestinal inflammation, combat gastrointestinal diseases, and enhance antioxidant capacity (12–15). Licorice, a key herb in many formulas, helps harmonize the effects of other herbs and provides mild health benefits, making it widely used in TCHM (16).

This study adopted network pharmacology analysis to investigate the active ingredients in TCM used in the experiment, clarified their overall mechanism of action, and analyzed the principles of drug combination and prescription compatibility. The molecular correlation between drugs and therapeutic targets was explored to better understand the pharmacological effects of the compound formula. Metabolomics, an essential aspect of systems biology, allows for a comprehensive quantitative analysis of endogenous metabolites in real time, providing insight into the underlying mechanisms of drug action. When TCM interacts with the gut microbiota in the gastrointestinal tract, it can significantly alter the composition of gut microbiota metabolites (17). Preliminary experiments in this study demonstrated that Chinese herbal formulas reduced serum inflammatory markers, improved antioxidant capacity, and consequently enhanced the health and disease resistance of weaned yaks. Based on these findings, this study further investigates the rectal metabolism of weaned yaks using metabolomics to analyze and identify metabolites and metabolic pathways in rectal contents, exploring the effects of Chinese herbal compounds on weaned yaks. Conclusively, this study shows that TCM compounds can promote the health and growth of weaned yaks as an alternative to antibiotics, contributing to strategies to mitigate antibiotic resistance in the management of yaks.



Materials and methods


Experimental design and sample collection

The experiment was carried out at the Gesangtang Yak Breeding Base (Linzhou County, Lhasa, Xizang). Twenty-four newly weaned yaks (approximately 6 months old) were used and divided randomly into four groups. The treatment groups were as follows:

1. XA: 5% dietary addition of TCM formula I which consisted of 18.18% Rhizoma coptidis, 13.64% Pulsatilla chinensis (Bunge) Regel, 13.64% Dark plum, 13.64% Myrobalan, 13.64% Xizang Rheum officinale, 13.64% Plantain Seed, and 13.64% Glycyrrhiza uralensis Fisch.

2. XB: 5% dietary addition of TCM formula II, which consisted of 25% Pulsatilla chinensis (Bunge) Regel, 12.5% Rhizoma Coptidis, 12.5% Artemisia Scoparia, 12.5% Tibet Inula Root, 12.5% White Peony, 12.5% Anisodamine, and 12.5% Glycyrrhiza uralensis Fisch.

3. XC: 5% dietary addition of TCM formula III, which consisted of 30% Taraxacum mongolicum, 25% Myrobalan, 15% Anisodamine, 15% Magnolia Officinalis, and 15% Pueraria Lobata.

4. XD: Control group, fed ad libitum.

Randomization was employed to distribute yaks evenly across treatment groups, ensuring similar age, weight, and baseline health. Environmental factors, including feed type and housing conditions, were standardized to minimize confounding influences. The experimental period included 7 days of adaptation and 30 days of measurements. Samples were collected at two time points: on the 15th day (XZ1) and the 30th day after the start of the experiment (XZ2). Rectal content samples (3-5 g) were collected using disposable sterile swabs, which were inserted into the rectum. The samples were immediately placed in sterile fecal collection tubes and transported to the laboratory at low temperatures. The samples were stored at −80°C until analysis.



Network pharmacology analysis

The Traditional Chinese Medicine System Pharmacological Analysis Platform (TCMSP) was used to screen the main components of TCM. Keywords such as “Coptis chinensis,” “Chinese pulsatilla,” “Radix liquiritiae,” and “Taraxacum mongolicum” were used to identify relevant ingredients. Oral bioavailability (≥ 30%) and drug likeness (≥ 0.18) were applied as filtering criteria in line with established pharmacokinetic screening methods to enhance the potential efficacy and bioactivity of the selected compounds in the yak model (18). The SMILES format of the main components was imported into the Swiss Target Prediction database to obtain the gene names for a major component. Target genes with a binding probability >0 were selected (19). Immune-related genes were retrieved from the IMMPORT database using the “Gene Lists” plugin, whereas metabolic-related genes were obtained from the KEGG database using R 4.3.3 (20). The active ingredients of TCM and their target genes were imported into Cytoscape 3.10.0 to construct an ingredient–target network.

Additionally, immune-related and metabolic-related genes were uploaded to the Bioinformatics Cloud Platform1 to generate Venn diagrams. Protein–protein interaction (PPI) networks were constructed using the STRING database (confidence score > 0.7), focusing on high-confidence interactions supported by experimental or computational evidence to minimize false positives. Visualization and network analysis were performed using Cytoscape [version 3.10.0 (21)]. Finally, the gene ontology (GO) functional and KEGG pathway enrichment analyses were performed using the DAVID database (22) and visual presentations were created using Micro Bioinformatics.2



Untargeted metabolomics processing

The extraction of fecal metabolites and liquid chromatography–mass spectrometry (LC–MS) analysis were performed according to established methods (23, 24). Approximately 100 μL of each sample was put into 1.5-ml centrifuge tubes, and 400 μL 80% methanol was added and then vortexed and left in ice water for 5 min before centrifugation at 15,000 g for 20 min at 4 ͦ C. The supernatant was diluted to reach a methanol content of 53% and then centrifuged again under the same conditions. The final supernatant was injected into a high-resolution mass spectrometry system for analysis (25).

The UHPLC–MS/MS analysis was performed using a Vanquish UHPLC system (Thermo Fisher, Germany) with a Q Exactive™ HF mass spectrometer (Thermo Fisher, Germany). Chromatographic separation was achieved using a Hypersil Gold C18 column (100 × 2.1 mm, 1.9 μm) at 40°C with a 17-min linear gradient and a flow rate of 0.2 mL/min. Mobile phases for positive ion mode (ESI+) and negative ion mode (ESI–) were used (Supplementary Table 1). QC samples were injected into the system to monitor instrument stability and ensure accuracy (26). Quantification of metabolites was achieved through LC–MS analysis. Fold change (≥2.0 or ≤0.5) and p-values (< 0.05) were used to assess biological significance, while VIP scores (≥1.0) ensured the reliability of the identified changes.



Data processing and identification of metabolites

The raw data files from UHPLC–MS/MS were processed using Compound Discoverer 3.1 (Thermo Fisher). Peak intensities were normalized to the total spectral intensity. Molecular formula predictions were made based on ion peaks matched against the mzCloud, mzVault, and MassList databases for identification. Metabolites with a coefficient of variation (CV) of less than 30% in the QC samples were retained for further analysis (27). Statistical analyses were conducted using R (version 3.4.3), Python (2.7.6 version), and CentOS (release 6.6).



Bioinformatics and statistical analysis

Metabolite annotation was performed using the KEGG, HMDB,3 and LIPID MAPS databases.4 The multivariate statistical analysis, including principal component analysis(PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA), was performed using metaX (54). Statistical significance (p-value) and fold change (FC) were calculated via t-test. One-way ANOVA was conducted using SPSS software (version 29.0, USA) for comparisons among different groups. Visualization tools R were used to generate clustering heatmaps, volcano plots, and bubble plots to identify significant metabolites. Hierarchical clustering and metabolite correlation analysis were employed to assess relationships between samples and metabolites. Statistical significance was set at p-value <0.05.




Results


Network pharmacology analysis

The main ingredients of the TCM in the three compound formulas are presented in Supplementary Tables 2–15. Supplementary Figure S1 shows the TCM ingredient–target spot network maps, which were constructed using Cytoscape 3.10.0 software.

A total of 1,793 immune-related genes were identified from traditional Chinese herbal medicine formula (TCHMF) 1, and 902 medicine ingredients target genes were obtained after deduplication. Venn diagrams were used to express the overlap between drug targets and immune-related genes, revealing 196 intersecting proteins between TCHMF1 and immune-related genes. Similarly, 1,793 immune-related genes were identified from TCHMF2, and after deduplication, 929 medicine ingredient target genes were obtained, showing 207 intersecting proteins between TCHMF2 and immune-related genes. For TCHMF3, 1,793 immune-related genes and 709 deduplicated medicine ingredient target genes were obtained, with 171 intersecting proteins identified between TCHMF3 and immune-related genes (Figure 1A). Additionally, 1732 metabolism-related genes were identified across the three traditional Chinese Herbal Medicine formulas. In TCHMF1, 902 medicine ingredient target genes were obtained after deduplication, and the Venn diagram revealed 187 intersecting proteins between TCHMF1 and metabolic-related genes. 929 deduplicated medicine ingredient target genes, with 191 intersecting proteins between TCHMF2 and metabolic-related genes. For TCHMF3, 709 deduplicated medicine ingredient target genes were identified with 69 intersecting proteins between TCHMF3 and metabolic-related genes (Figure 1B).
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FIGURE 1
 (A) Venn diagram of the interaction between the primary drug component genes and immune-related genes. (B) Venn diagram of the interaction between the primary drug component genes and metabolism-related genes. XA: Traditional Chinese medicine formula I. XB: Traditional Chinese medicine formula II. XC: Traditional Chinese medicine formula III.


The protein–protein interaction (PPI) networks for the three compound formulas and immune/metabolism-related genes are illustrated in Figure 2. The size and color intensity of a node are directly proportional to its degree value; larger and darker nodes represent higher degree values. In the immune-related gene PPI network of TCHMF1, there were 179 nodes and 540 edges. The PPI network, constructed using Cytoscape 3.10.0, identified the top 10 core targets ranked by degree values: PIK3R1, PIK3CA, PIK3CB, SRC, JAK2, HRAS, PTK2, PLCG1, MAPK3, and PTPN11. The PPI network of TCHMF2 contained 189 nodes and 567 edges, with the top core targets being PIK3R1, PIK3CA, PIK3CB, SRC, JAK2, PTK2, HRAS, PLCG1, MAPK3, and PTPN11. For TCHMF3, the immune-related gene PPI network had 157 nodes and 435 edges, and the top 10 core targets were PIK3CA, PIK3R1, PIK3CB, SRC, JAK2, PTK2, PYPN11, MAPK3, STAT3, and AKT1 (Figures 2A,B). The PPI network of TCHMF1 had 164 nodes and 245 edges, with the top 10 core targets being: ENPP1, CYP1A1, PTGS1, CYP1A2, AMPD3, CYP1B1, EPHX2, PTGS2, HPGDS and MAOB. In TCHMF2, the PPI network had 168 nodes and 287 edges, with key targets such as HK1, HK2, ENPP1, CYP1A1, AKR1B1, and HSD17B7. The PPI network of TCHMF3 had 147 nodes and 398 edges, with core targets such as CYP1A2, PTGS2, and COMT (Figures 2C,D).
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FIGURE 2
 (A) Protein–protein interaction (PPI) network between traditional Chinese medicine formulas and immune-related genes. (B) Protein–protein interaction (PPI) network between traditional Chinese medicine formulas and immune-related genes (Cytoscape). (C) Protein–protein interaction (PPI) network between traditional Chinese medicine formulas and metabolism-related genes. (D) Protein–protein interaction (PPI) network visualization of traditional Chinese medicine formulas and metabolism-related genes (Cytoscape). XA: Traditional Chinese medicine formula I. XB: Traditional Chinese medicine formula II. XC: Traditional Chinese medicine formula III.


The top 10 terms for each category of the GO enrichment analysis (biological process, cellular component, and molecular function for the active ingredient-immune/metabolic common targets of TCM compounds) were selected for visualization. The top 15 pathways identified by KEGG enrichment analysis for the active ingredient-disease common targets are displayed in Figure 3. Due to the high overlap between TCM compounds in TCHMC1 and TCHMC2, the GO enrichment analysis results for the active ingredient–immune common targets were similar between these two compounds. “Protein phosphorylation” and “plasma membrane” were the most significantly enriched terms in BP, CC, and MF, respectively, for compounds 1 and 2. However, for compound three, “peptidyl-tyrosine phosphorylation” was the most enriched term at the biological process level. Additionally, the number of functional genes in the BP and CC categories for compound three was lower than for compounds 1 and 2 (Figure 3A). In the KEGG enrichment analysis, pathways in cancer were the most abundant in immune-related pathways across all three TCHMCs. Kaposi sarcoma-associated herpesvirus infection and Ras signaling pathway were the second most enriched pathways for TCHMC1, TCHMC2, and TCHMC3 (Figure 3B). For metabolism-related targets, one-carbon metabolic process, cytosol, and oxidoreductase activity were the most significantly enriched GO terms across BP, CC, and MF. In compound three, however, “endoplasmic reticulum membrane” was the most abundant term at the cellular component level (Figure 3C). The most significantly enriched metabolic-related KEGG analysis across the three TCHMC metabolic pathways and steroid hormone biosynthesis followed by arachidonic acid metabolism in TCHMF1 and TCHMF2, and nitrogen metabolism in TCHMF3 (Figure 3D).

[image: Figure 3]

FIGURE 3
 (A) GO enrichment analysis of active ingredients and immune common targets in Traditional Chinese herbal medicine formulas. (B) KEGG bubble chart showing active ingredient immune common target in Traditional Chinese herbal medicine formulas. (C) GO enrichment analysis of active ingredients and metabolism common targets in Traditional Chinese medicine formulas. (D) KEGG bubble chart showing active ingredients and metabolic common targets in Traditional Chinese medicine formulas.




The effect of adding traditional Chinese medicine compounds on the intestinal metabolites of weaned yaks

The impact of incorporating TCHM compounds into the diet on the intestine metabolite composition of weaned yaks was analyzed by examining rectal contents from groups XA, XB, XC, and XD. A total of 10, 633, and 9,262 features were detected in the ESI+ (positive) and ESI (negative) ion modes, respectively. To explore the chemical classification of the identified metabolites, a pie chart was generated, reflecting the distribution and quantity of metabolites in each classification. In class I, amino acid and their metabolites constituted the largest portion (17.93%), followed by benzene and substituted derivatives (17.11%) and heterocyclic compounds (11.75%; Figure 4A).
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FIGURE 4
 (A) Classification pie chart of metabolites in Class I. (B) Sample annotation of the Human Metabolome Database (HMDB) at the Superclass level. (C) Sample annotation of LIPID MAPS. (D) Sample annotation of the KEGG pathway database. (E,F) Sample correlation and quality control analysis.


The functions and classifications of identified metabolites were annotated using databases such as the HMDB, LIPID MAPS, and KEGG to further explore their functional characteristics. The HMDB annotations at the superclass level revealed that lipids and lipid-like molecules were the most abundant metabolite class (Figure 4B). The LIPID MAPS database, which contains biologically relevant lipid structures and annotations, identified glycerophospholipids as the most prevalent lipid class, with flavonoids [PK12] being the most abundant lipid subtype (Figure 4C). The KEGG pathway analysis revealed that pathways related to metabolism were most enriched, with global and overview maps(level 2)having the highest representation (Figure 4D). As the metabolome is highly sensitive to external influences and undergoes rapid changes, quality control (QC) is critical to ensuring stable and accurate results in metabolomic studies. Pearson correlation coefficients for the QC samples, based on the relative quantitative values of metabolites, were calculated as R2 > =0.999, indicating excellent stability throughout the detection process. The high-quality data met the requirements for further analysis. Additionally, correlation analysis revealed a strong correlation among the experimental groups, while the correlation between the experimental groups and control group was relatively low (Figures 4E,F).

Principal component analysis (PCA) was conducted to classify the main new variables (principal components) based on their similarity, providing a global overview of the variations in metabolite data (28). The results revealed that data points from the groups supplemented with TCM formulas in the diet were clustered closely together, suggesting minimal metabolic differences between the experimental group samples. Furthermore, these variations tended to decrease over time. In contrast, data points from the control group were more dispersed and farther from the experimental groups (Figures 5A,C).
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FIGURE 5
 (A) Principal component analysis (PCA) of the total sample on the 15th day of the experiment. (B) Score plot of OPLS-DA of the total sample on the 15th day of the experiment. (C) PCA of the total sample on the 30th day of the experiment. (D) Score plot of OPLS-DA of the total sample on the 30th day of the experiment.


Figures 5B,D depict the score plots of orthogonal partial least squares discriminant analysis (OPLS-DA), which was performed to verify the differentiation of metabolites between the four groups. OPLS-DA maximized the differences among the groups and provided objective insights into group relationships, showing a clear separation and distinction between the control and the experimental groups. Additionally, as time progressed, the intragroup relationships became closer, whereas intergroup differences became more pronounced. The validation diagrams showed Q2 > 0.75 and p < 0.005, indicating that the models were robust and effectively identified differences between groups. The clustering heatmap analysis further highlighted a distinct separation in the gut metabolome between the control and experimental groups, supporting the results of the PCA and OPLS-DA.



Adding traditional Chinese herbal medicine compounds to the diet caused significant changes in metabolites in weaned yaks

Significant differential metabolites were screened using thresholds of VIP >1.0, FC > 2.0, or FC < 0.5 with p-value<0.05. In the samples collected on the 15th day of the experiment, 9,225 differential metabolites were identified in the XAZ1 group, 9,257 in the XBZI group, and 9,249 in the XCZ1 group compared to the XDZ1 group. At the end of the experiment cycle, 9,384 differential metabolites were detected in the XAZ2 group, 9,377 in the XBZ2 group, and 9,375 in the XCZ2 group, compared to the XDZ2 group. The specific number of upregulated and downregulated metabolites is presented in Supplementary Table 16. Volcano plots provided an intuitive representation of the overall distribution of differential metabolites (Figures 6A–F).
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FIGURE 6
 (A–F) Volcanic plot of differential metabolites. The horizontal axis represents the fold change of metabolites in different groups [log2 (fold change)] and the vertical axis represents the level of significance [− log10 (p-value)]. (G–L) Differential metabolite matchstick chart, blue representing downregulation and yellow representing upregulation; the length of the pole represents the size of log2 (fold change); the size of the dot represents the size of the VIP value.


Matchstick diagrams were generated based on the differential metabolites identified in each group comparison, the top 20 upregulated and downregulated metabolites. On the 15th day, Tyrphostin A25, Dimethyl sulfoxide, and (2r)-2,3-Dihydroxypropyl Dodecanoate were significantly upregulated in all experimental groups, whereas Trileucine, Stearic acid, and thromboxane B2 were significantly downregulated. 19-Oxoandrostenedione, and Avenanthramide E markedly increased in the XAZ1 group, while Americanin D decreased (Figure 6G). 13(R)-HODE and Floionolic acid significantly decreased in the group XBZ1 (Figure 6H), and Carbamoyl phosphate was decreased in the XCZ1 group (Figure 6I). In the samples collected on the 30th day, Tyrphostin A25, Ethyl oleate, and Zeaxanthin were significantly upregulated across all experimental groups, whereas Trileucine, cis,cis-Muconic, and Stearic acid were significantly downregulated. Tyr-Thr showed a notable increase, whereas 13(R)-HODE, Phe-Phe-Leu, and Floionolic acid were decreased in the XAZ2 group (Figure 6J); Docosa-7,10,13,16,19-pentaen-4-ynoic acid was significantly increased, whereas Bis(glutathionyl)spermine decreased in the XBZ2 group (Figure 6K), In the XCZ2 group, Ethynodiol diacetate was significantly enriched, whereas Tectochrysin and Carbamoyl phosphate were decreased (Figure 6L).

ANOVA was conducted to identify metabolites with significant differences among the four groups. The top 20 differential metabolites with the most significant differences are shown in Figure 7. In the XDZ1 group compared to the three experimental groups, metabolites such as 4,15-Leukotriene D4, 3-Methyladipic acid, and 3-Oxocholic acid were significantly enriched, while Mirasan, Zafirlukast metabolite M5, and Quinoline−4,8-diol were reduced. In the XAZ1 group, (2R)-O-phospho-3-sulfolactic acid and Agathisflavone were decreased whereas N,N′-Bis(3-aminopropyl)-1,3-propanediamine and Cl-amidine were significantly decreased in the XCZ1 group. Conversely, N-(octadecanoyl)-sphing-4-enine-1-phosphocholine and 2-Oxopropyl-CoM were increased (Figure 7A). In the XDZ2 group, (3xi,5Z)-1,5-Octadien-3-ol, 4-O-8′,5′-5′′-Dehydrotriferulic acid and 4-Oxatetradecanoic acid were more abundant, while (R)-Dimethyl 2-hydroxysuccinate, 9-nitro-9E-octadecenoic acid, and Symmetric dimethylarginine were less abundant. Cys-Phe was found in the XBZ2 group, and Leu-Met-OH was reduced in the XCZ2 group (Figure 7B).
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FIGURE 7
 ANOVA of significant differences across the four groups. (A) Samples collected on the 15th day of the experiment. (B) Samples collected on the 30th day of the experiment.




The impact of adding traditional Chinese herbal medicine compounds to the diet on the KEGG metabolic pathways

The Kyoto Encyclopedia of Genes and Genomes (KEGG) is a public database used for systematically analyzing metabolic pathways and the functions of gene products within cells. In this study, the KEGG differential abundance DA score was utilized to assess the overall changes in metabolites within specific metabolic pathways. A DA score greater than 0 indicates an upregulation of the expression trend for all annotated metabolites in the pathway, while a score less than 0 indicates a downregulation. The results revealed that pathways such as Teichoic acid biosynthesis, Phosphonate and phosphonate metabolism, long-term depression, Inositol phosphate metabolism, and several autophagy-related pathways were significantly upregulated in groups supplemented with Chinese herbal compounds compared to the control group. Carbon fixation in photosynthetic organisms showed an increase in the XAZ1 and XCZ1 groups, and vitamin B6 metabolism was upregulated in the XBZ1 and XCZ1 groups. In contrast, chloroalkane and chloroalkene degradation, sesquiterpenoid and triterpenoid biosynthesis, and lipid and atherosclerosis pathways were downregulated in the groups with dietary supplementation, as shown in Figures 8A–C. In the later stage of the experiment, retinol metabolism was notably upregulated in the groups receiving dietary supplementation along with pathways such as phosphonate and phosphonate metabolism, histidine metabolism, inositol phosphate metabolism, phosphatidylinositol signaling system, glycosylphosphatidylinositol (GPI)-anchor biosynthesis, and several pathways associated with autophagy. Additionally, vitamin B6 metabolism was significantly enriched in the XBZ2 group. Conversely, chloroalkane and chloroalkene degradation, monoterpenoid biosynthesis, and carotenoid biosynthesis were significantly downregulated in the experimental groups compared to the control group. Sesquiterpenoid and triterpenoid biosynthesis also decreased in the XAZ2 and XCZ2 groups (Figures 8D–F).
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FIGURE 8
 KEGG differential abundance score (DA Score) plot. The horizontal axis represents the differential abundance score, and the vertical axis represents the differential pathway names. (A) Group XAZ1 VS. XDZ1. (B) Group XBZ1 VS. XDZ1. (C) Group XCZ1 VS. XDZ1. (D) Group XAZ2 VS. XDZ2. (E) Group XBZ2 VS. XDZ2. (F) Group XCZ2 VS. XDZ2.





Discussion

Network pharmacology is a systematic research method that integrates laboratory findings, clinical inquiries, and data processing to support drug discovery and development (3). It is particularly effective for studying the complex interactions between TCM and various diseases (29). In this study, the primary component genes of the herbal formula were analyzed for their interaction with immune and metabolic genes to explore their therapeutic efficacy. The protein–protein interaction (PPI) network for immune-related genes in TCHMF1 contained 179 nodes and 540 edges, TCHMF2 had 189 nodes and 567 edges, and TCHMF3 had 157 nodes and 435 edges. Similarly, the PPI networks for I metabolic-related genes included 164 nodes and 245 edges in TCHMF1, 168 nodes and 287 edges in TCHMF2, and 147 nodes and 398 edges in TCHMF3. The core target genes from these networks may be involved in the therapeutic effects of the three TCHMFs.

The core genes in the PPI network between TCM and immune-related genes are primarily involved in regulating cell proliferation and division. For instance, PIK3R1 is known for its tumor-suppressing potential, which is associated with various cancers due to its mutations. The PIK3CA gene encodes a subunit of the PI3K enzyme, which is linked to cell survival by activating anti-apoptotic signals (30). Another significant gene, Src, encodes a protein tyrosine kinase crucial for cell growth, division migration, and survival. Src is also implicated in malignant transformation and tumorigenesis (31). The protein encoded by PTPN11 regulates several cellular processes, including growth, differentiation, and the mitotic cycle. Mutations in PTPN11 are linked to Noonan syndrome and acute myeloid leukemia. Additionally, STAT3, a transcription factor, regulates genes associated with cancer cell survival, proliferation, angiogenesis, invasion, metastasis, drug resistance, and immune evasion. Dysregulation of STAT3, whether over-activated or inactivated, is linked to diseases, underscoring the importance of its precise regulation (32). Therefore, the Chinese herbs in the TCHMFs may exert their effects by modulating cellular life processes, immune functions, and inflammation-related pathways.

The core genes involved in the metabolic-related gene protein interaction network are associated with pathways regulating various metabolic diseases. ENPP1 is expressed in many tissues and is vital for purinergic signaling, which regulates cardiovascular, neurological, immune, musculoskeletal, hormonal, and hematological functions in mammals. A study by Chen et al. (51) demonstrated that in a mouse model, the red blood cell ENT1-AMPD3 axis is a key energy regulator in the intracellular purinergic hypoxia compensation response, enhancing the extracellular adenosine-mediated rapid energy supply. This mechanism is particularly critical for yaks, especially calves with incomplete physical development, living in high-altitude environments. CYP1A2, a member of the CYP1 family, is predominantly expressed in the liver and accounts for approximately 10 to 15% of the total liver CYP content. It plays a major role in the metabolism of 10 to 15% of drugs. CYP1B1 is involved in regulating metabolic pathways, including steroid hormone, fatty acid, vitamin, and melatonin metabolism, which are linked to the development of metabolic diseases such as metabolic syndrome, insulin resistance, hepatic steatosis, inflammation, and endothelial dysfunction. Studies suggest that sEH also contributes to obesity-induced intestinal barrier dysfunction and bacterial translocation, a key factor in the pathogenesis of obesity-related diseases (33). The PTGS2 gene, encoding cyclooxygenase-2 (COX2), plays a crucial role in immune cell infiltration and enriched signaling pathways (34). A study by Meriwether et al. (53) highlighted that macrophage (COX2) deficiency exacerbates intestinal inflammation similar to inflammatory bowel disease (IBD). Macrophage COX2 enhances exocytosis and dependent reprogramming, thereby promoting intestinal epithelial repair. AKR1B1 is involved in a complex network of signaling pathways, including miR-21-mediated inflammatory response cell cycle regulation, epithelial-to-mesenchymal transition, cell survival, and apoptosis mechanisms. AKR1B10 a (NADPH)-dependent reductase is highly expressed in the epithelial cells of the stomach and intestine but downregulated in gastrointestinal cancer and inflammatory bowel disease (35). These metabolic pathways are intricately linked to the growth, development, immune function, and gut health of calves, emphasizing their importance in promoting healthy physiological development.

GO enrichment analysis of the active ingredient immune common target of the compound revealed that “protein phosphorylation” and “plasma membrane” were the most significantly enriched categories at three levels of the GO. “Protein phosphorylation” is a crucial regulatory factor for protein and cellular functions (36). As the most abundant post-translational modification of proteins, phosphorylation regulates numerous cellular processes, including cell growth, differentiation, apoptosis, and cell signaling under normal conditions. However, disruptions in the phosphorylation pathway can lead to severe consequences, particularly in the development of diseases, such as cancer (37). The “plasma membrane” plays a crucial role in providing a biophysical and biochemical platform for immune cells, facilitating the initiation of the signaling cascades and immune responses that defend against foreign pathogens or tumor cells (38). The immune-relative KEGG pathways identified in this analysis were predominantly associated with tumors, including the Ras signaling pathway and the Kaposi sarcoma-associated herpesvirus infections, as well as pathways linked to metabolic and cardiovascular diseases.

The inclusion of TCM compounds in the diet significantly affected the composition of intestinal metabolites in weaned yaks. Cellular signal transduction and cellular metabolism are intricately connected, signaling pathways can regulate cellular metabolism, and recent studies indicate that metabolism, in turn, can influence signaling. Tyrphostin A25, a member of the tyrosine kinase inhibitor family, binds competitively and inhibits the GTPase activity of epidermal growth factor receptors and transduction proteins, inducing apoptosis in human leukemia cell lines. G. Partik et al. investigated its effects on colorectal tumor cells and found that it inhibits DNA synthesis and induces apoptosis, demonstrating therapeutic potential (39). At low concentrations, DMSO exhibits various properties, including anti-inflammatory, analgesic, diuretic, vasodilatory, antiplatelet aggregation, radiation protection, and muscle relaxation effects. Additionally, DMSO is a potent scavenger of hydroxyl radicals, enhancing its antioxidant effects in ischemic and inflammatory conditions (40–42). Clinically, DMSO has been shown to regulate the immune regulation response, reduce inflammation, and prevent amyloid fibrillar degeneration (43). Furthermore, DMSO is an effective antioxidant and anti-inflammatory agent, which contributes to reducing oxidative stress markers. Reduced thromboxane A2 (TXA2) levels observed in this study suggest a diminished thrombogenic potential, correlating with improved intestinal and systemic health (44, 45). The increase in these metabolites suggests that TCM can enhance the physical fitness of calves through its anti-inflammatory and immune-regulating properties. In the first stage of the experiment, metabolites related to the biosynthesis of unsaturated fatty acids, such as stearic acid, were significantly reduced. An increase in thromboxane B2 (TXB2) may lead to thrombosis and increase the risk of atherothrombotic events (44, 46). However, the experimental group showed a reduction in TXB2 levels, which lowered the risk of such events (45). For humans, zeaxanthin known for its photoprotective, anti-inflammatory, and brain-boosting properties has potent antioxidant effects that provide health effects throughout the lifecycle (47). Gehan El Akabawy et al. demonstrated that zeaxanthin exerts a protective effect against acetic acid-induced colitis in rats by modulating pro-inflammatory cytokines and oxidative stress (48). The increase in zeaxanthin in the intestinal metabolites of the experimental groups suggests that Chinese herbal medicine may offer protective effects on the intestines. Vitamin B6 metabolism was elevated in the XBZ1 and XCZ1 groups with its active form, pyridoxal 5′-phosphate (PLP), acting as a cofactor in over 150 enzymatic reactions. One possible mechanism is that vitamin B6 may be mobilized to the inflammation site, where it participates in metabolic pathways with immunomodulatory effects. Supplementation of vitamin B6 has been shown to improve immune functions in patients with vitamin B6 deficiency and in the experimental animals (49).

The addition of TCM formulas to the diet leads to significant downregulation of several KEGG metabolic pathways, such as those involved in chloroalkane and chloroalkane degradation, sesquiterpenoid and triterpenoid biosynthesis, and lipid and atherosclerosis. Liu et al. reported that the metabolic pathways related to chloroalkane and chloroalkane degradation were significantly upregulated in the gut microbiota of patients with chronic kidney disease. Fungi, particularly from the phyla Ascomycota and Basidiomycota, are known to produce structurally diverse terpenoids, including sesquiterpenes, diterpenes, and triterpenoids. The observed downregulation of these metabolic pathways may reflect a decrease in the abundance of fungi involved in terpenoid production (50). Additionally, the reduction in lipid and atherosclerotic-related pathways suggests that TCM may play a role in regulating fat metabolism and reducing the risk of lipid-related metabolic diseases.

On the other hand, the experimental groups showed upregulation in vitamin A metabolism and autophagy-related pathways. Vitamin A is crucial for several physiological processes, including embryogenesis, vision, cell proliferation and differentiation, immune regulation, and glucose and lipid metabolism. Enhanced vitamin A metabolism, observed in experimental groups, implies improved epithelial repair and immune resilience. Supplementation with vitamin A or its precursors may provide targeted support during weaning stress to promote gut and systemic health. Moreover, autophagy, a cellular catabolic process, plays a critical role in maintaining the intestinal epithelium. Many autophagy-related genes have been linked to intestinal diseases. In addition, autophagy itself is essential for intestinal homeostasis that repairs and supports intestinal barrier function by managing cellular stress and also influences intestinal stem cells, impacting their metabolism, proliferation, and regeneration capacity. In summary, Chinese herbal medicine can enhance immunity and improve intestinal function in calves by influencing gut microbiota, metabolic pathways, fat metabolism, and other related processes.



Conclusion

This study combines network pharmacology analysis with yak gut metabolomics to explore the effects of three TCM formulas on weaned yaks. Network pharmacology analysis revealed that these TCM formulas interact with multiple tumor-related immune genes, which are closely linked to cell growth processes. The interaction between metabolic-related genes and proteins identified top targets involved in purine metabolism, blood cell metabolism, inflammatory responses, and other pathways critical for growth, immune regulation, and antioxidant function in calves. Weaning is a crucial period in the life of yaks involving a physiological change. During this time, the intake of TCM significantly alters the abundance of various intestinal metabolites, such as DMSO, tyrphostin A25, and zeaxanthin. Several metabolic pathways, including those related to autophagy, lipid and atherosclerosis, and vitamin A metabolism, were upregulated in the experimental groups. These findings suggest that TCM may improve the physical fitness of weaned yaks and reduce the risk of diarrhea by regulating cell growth, improving immune function, and enhancing anti-inflammatory and antioxidant responses. This study provides preliminary insights into the pharmacological mechanism of TCM in preventing diarrhea and improving physical fitness in weaned yaks, which is valuable for further evaluation of the efficacy of these formulas. Additionally, the major limitations of this study include a small sample size and short experimental duration. Future research should explore larger cohorts and extend the study period to confirm the long-term benefits of TCM supplementation. Future studies will explore the long-term effects of TCM supplementation on yak productivity and health, with a particular focus on gut microbiota dynamics and host–microbe interactions.



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 animal study was approved by All the experiment procedures were under the ethics committee of Nanjing Agricultural University (NJAU.No20240321054). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

YZ: Investigation, Writing – original draft, Writing – review & editing. SL: Investigation, Writing – original draft. XZ: Investigation, Writing – original draft. YC: Investigation, Writing – original draft. WB: Supervision, Validation, Writing – review & editing. KL: Conceptualization, Investigation, Project administration, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by the Nagqu City major science and technology project (NQKJ-2023-10), the Department of Science and Technology of the Tibet Autonomous Region (XZ202101 ZD0002N), the breeding and efficient propagation of yaks in Gesangtang in Linzhou County (QYXTZX-LS2020-01), and the Ministry of Agriculture and Rural Affairs of China (CARS-37).



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.

The reviewer ZAB declared a past co-authorship with the author KL to the handling editor.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2024.1511311/full#supplementary-material

SUPPLEMENTARY FIGURE S1 | TMC-ingredient-target interaction network maps. (A) Traditional Chinese Medicine formula I, (B) Traditional Chinese Medicine formula II, (C) Traditional Chinese Medicine formula III.



Footnotes

1   https://bio-cloud.aptbiotech.com/

2   http://www.bioinformatics.com.cn/

3   https://hmdb.ca/metabolites

4   http://www.lipidmaps.org/



References

 1. Liu, Y, Luo, J, Dou, J, Yan, B, Ren, Q, Tang, B , et al. The sequence and de novo assembly of the wild yak genome. Sci Data. (2020) 7:66. doi: 10.1038/s41597-020-0400-3 

 2. Peng, S, Xu, C, Saleem, MU, Babar, W, Idrees, A, and Li, K. Epidemiological investigation of Cryptosporidium infection in yaks in chamdo, China. Pak Vet J. (2024) 44:526–9. doi: 10.29261/pakvetj/2024.170

 3. Wang, S, Cao, Z, Wu, Q, Ai, MHA, and Dong, H. A comparative analysis and verification of differentially expressed miRNAs could provide new insights for the treatment of endometritis in yaks. Pak Vet J. (2023) 43:486–92. doi: 10.29261/pakvetj/2023.061

 4. Zhang, X, Wang, K, Wang, L, Yang, Y, Ni, Z, Xie, X , et al. Genome-wide patterns of copy number variation in the Chinese yak genome. BMC Genomics. (2016) 17:379. doi: 10.1186/s12864-016-2702-6 

 5. Lynch, EM, Earley, B, Mcgee, M, and Doyle, S. Effect of abrupt weaning at housing on leukocyte distribution, functional activity of neutrophils, and acute phase protein response of beef calves. BMC Vet Res. (2010) 6:39. doi: 10.1186/1746-6148-6-39 

 6. O'loughlin, A, Mcgee, M, Doyle, S, and Earley, B. Biomarker responses to weaning stress in beef calves. Res Vet Sci. (2014) 97:458–63. doi: 10.1016/j.rvsc.2014.06.003 

 7. Shi, Q, Si, D, Bao, H, Yan, Y, Kong, Y, Li, C , et al. Efficacy and safety of Chinese medicines for asthma: A systematic review protocol. Medicine (Baltimore). (2019) 98:e16958. doi: 10.1097/MD.0000000000016958 

 8. Ran, M, Cha, C, Xu, Y, Zhang, H, Yang, Z, Li, Z , et al. Traditional Chinese herbal medicine complex supplementation improves reproductive performance, serum biochemical parameters, and anti-oxidative capacity in periparturient dairy cows. Anim Biotechnol. (2022) 33:647–56. doi: 10.1080/10495398.2020.1819823 

 9. Lin, ZN, Ye, L, Li, ZW, Huang, XS, Lu, Z, Yang, YQ , et al. Chinese herb feed additives improved the growth performance, meat quality, and nutrient digestibility parameters of pigs. Animal Model Exp Med. (2020) 3:47–54. doi: 10.1002/ame2.12104 

 10. Song, X, Luo, J, Fu, D, Zhao, X, Bunlue, K, Xu, Z , et al. Traditional chinese medicine prescriptions enhance growth performance of heat stressed beef cattle by relieving heat stress responses and increasing apparent nutrient digestibility. Asian Australas J Anim Sci. (2014) 27:1513–20. doi: 10.5713/ajas.2014.14058 

 11. Lu, Q, Tang, Y, Luo, S, Gong, Q, and Li, C. Coptisine, the characteristic constituent from Coptis chinensis, exhibits significant therapeutic potential in treating cancers, metabolic and inflammatory diseases. Am J Chin Med. (2023) 51:2121–56. doi: 10.1142/s0192415x2350091x 

 12. Li, Y, Chen, Y, and Sun-Waterhouse, D. The potential of dandelion in the fight against gastrointestinal diseases: A review. J Ethnopharmacol. (2022) 293:115272. doi: 10.1016/j.jep.2022.115272 

 13. Niu, C, Hu, XL, Yuan, ZW, Xiao, Y, Ji, P, Wei, YM , et al. Pulsatilla decoction improves DSS-induced colitis via modulation of fecal-bacteria-related short-chain fatty acids and intestinal barrier integrity. J Ethnopharmacol. (2023) 300:115741. doi: 10.1016/j.jep.2022.115741 

 14. Zhou, R, Huang, Y, Tian, C, Yang, Y, Zhang, Z, and He, K. Coptis chinensis and Berberine ameliorate chronic ulcerative colitis: an integrated microbiome-metabolomics study. Am J Chin Med. (2023) 51:2195–220. doi: 10.1142/s0192415x23500945 

 15. Zhou, S, Wang, Z, Hao, Y, An, P, Luo, J, and Luo, Y. Dandelion polysaccharides ameliorate high-fat-diet-induced atherosclerosis in mice through antioxidant and anti-inflammatory capabilities. Nutrients. (2023) 15:4120. doi: 10.3390/nu15194120 

 16. Jiang, M, Zhao, S, Yang, S, Lin, X, He, X, Wei, X , et al. An "essential herbal medicine"-licorice: A review of phytochemicals and its effects in combination preparations. J Ethnopharmacol. (2020) 249:112439. doi: 10.1016/j.jep.2019.112439 

 17. Jing, Y, Han, S, Chen, J, Lai, Y, Cheng, J, Li, F , et al. Gut microbiota and urine Metabonomics alterations in constitution after Chinese medicine and lifestyle intervention. Am J Chin Med. (2021) 49:1165–93. doi: 10.1142/s0192415x21500567 

 18. Dan, W, Liu, J, Guo, X, Zhang, B, Qu, Y, and He, Q. Study on medication rules of traditional Chinese medicine against antineoplastic drug-induced cardiotoxicity based on network pharmacology and data mining. Evid Based Complement Alternat Med. (2020) 2020:7498525. doi: 10.1155/2020/7498525 

 19. Daina, A, Michielin, O, and Zoete, V. SwissTargetPrediction: updated data and new features for efficient prediction of protein targets of small molecules. Nucleic Acids Res. (2019) 47:W357–w364. doi: 10.1093/nar/gkz382 

 20. Kanehisa, M, Furumichi, M, Sato, Y, Kawashima, M, and Ishiguro-Watanabe, M. KEGG for taxonomy-based analysis of pathways and genomes. Nucleic Acids Res. (2023) 51:D587–d592. doi: 10.1093/nar/gkac963 

 21. Szklarczyk, D, Kirsch, R, Koutrouli, M, Nastou, K, Mehryary, F, Hachilif, R , et al. The STRING database in 2023: protein-protein association networks and functional enrichment analyses for any sequenced genome of interest. Nucleic Acids Res. (2023) 51:D638–d646. doi: 10.1093/nar/gkac1000 

 22. Sherman, BT, Hao, M, Qiu, J, Jiao, X, Baseler, MW, Lane, HC , et al. DAVID: a web server for functional enrichment analysis and functional annotation of gene lists (2021 update). Nucleic Acids Res. (2022) 50:W216–w221. doi: 10.1093/nar/gkac194 

 23. Dunn, WB, Broadhurst, D, Begley, P, Zelena, E, Francis-Mcintyre, S, Anderson, N , et al. Procedures for large-scale metabolic profiling of serum and plasma using gas chromatography and liquid chromatography coupled to mass spectrometry. Nat Protoc. (2011) 6:1060–83. doi: 10.1038/nprot.2011.335 

 24. Liu, C, Wu, H, Liu, S, Chai, S, Meng, Q, and Zhou, Z. Dynamic alterations in yak rumen Bacteria community and metabolome characteristics in response to feed type. Front Microbiol. (2019) 10:1116. doi: 10.3389/fmicb.2019.01116 

 25. Want, EJ, Masson, P, Michopoulos, F, Wilson, ID, Theodoridis, G, Plumb, RS , et al. Global metabolic profiling of animal and human tissues via UPLC-MS. Nat Protoc. (2013) 8:17–32. doi: 10.1038/nprot.2012.135 

 26. Deda, O, Gika, HG, and Theodoridis, GA. Rat fecal metabolomics-based analysis. Methods Mol Biol. (2018) 1738:149–57. doi: 10.1007/978-1-4939-7643-0_10 

 27. Dai, W, Xie, D, Lu, M, Li, P, Lv, H, Yang, C , et al. Characterization of white tea metabolome: comparison against green and black tea by a nontargeted metabolomics approach. Food Res Int. (2017) 96:40–5. doi: 10.1016/j.foodres.2017.03.028 

 28. Zheng, HC, Wang, YA, Liu, ZR, Li, YL, Kong, JW, Ge, DY , et al. Consumption of lamb meat or Basa fish shapes the gut microbiota and aggravates pulmonary inflammation in asthmatic mice. J Asthma Allergy. (2020) 13:509–20. doi: 10.2147/JAA.S266584 

 29. Yu, G, Zhang, Y, Ren, W, Dong, L, Li, J, Geng, Y , et al. Network pharmacology-based identification of key pharmacological pathways of yin-Huang-Qing-Fei capsule acting on chronic bronchitis. Int J Chron Obstruct Pulmon Dis. (2017) 12:85–94. doi: 10.2147/COPD.S121079 

 30. Holmes, D. PI3K pathway inhibitors approach junction. Nat Rev Drug Discov. (2011) 10:563–4. doi: 10.1038/nrd3527 

 31. Roskoski, R. Src protein-tyrosine kinase structure, mechanism, and small molecule inhibitors. Pharmacol Res. (2015) 94:9–25. doi: 10.1016/j.phrs.2015.01.003 

 32. Szelag, M, Czerwoniec, A, Wesoly, J, and Bluyssen, HA. Identification of STAT1 and STAT3 specific inhibitors using comparative virtual screening and docking validation. PLoS One. (2015) 10:e0116688. doi: 10.1371/journal.pone.0116688 

 33. Zhang, J, Tu, M, Liu, Z, and Zhang, G. Soluble epoxide hydrolase as a therapeutic target for obesity-induced disorders: roles of gut barrier function involved. Prostaglandins Leukot Essent Fat Acids. (2020) 162:102180. doi: 10.1016/j.plefa.2020.102180 

 34. Chen, Y, Jian, X, Zhu, L, Yu, P, Yi, X, Cao, Q , et al. PTGS2: A potential immune regulator and therapeutic target for chronic spontaneous urticaria. Life Sci. (2024) 344:122582. doi: 10.1016/j.lfs.2024.122582 

 35. Endo, S, Matsunaga, T, and Nishinaka, T. The role of AKR1B10 in physiology and pathophysiology. Meta. (2021) 11:332. doi: 10.3390/metabo11060332 

 36. Bilbrough, T, Piemontese, E, and Seitz, O. Dissecting the role of protein phosphorylation: a chemical biology toolbox. Chem Soc Rev. (2022) 51:5691–730. doi: 10.1039/D1CS00991E 

 37. Singh, V, Ram, M, Kumar, R, Prasad, R, Roy, BK, and Singh, KK. Phosphorylation: implications in Cancer. Protein J. (2017) 36:1–6. doi: 10.1007/s10930-017-9696-z 

 38. Zhang, T, Hu, W, and Chen, W. Plasma membrane integrates biophysical and biochemical regulation to trigger immune receptor functions. Front Immunol. (2021) 12:613185. doi: 10.3389/fimmu.2021.613185 

 39. Partik, G, Hochegger, K, Schörkhuber, M, and Marian, B. Inhibition of epidermal-growth-factor-receptor-dependent signalling by tyrphostins A25 and AG1478 blocks growth and induces apoptosis in colorectal tumor cells in vitro. J Cancer Res Clin Oncol. (1999) 125:379–88. doi: 10.1007/s004320050290 

 40. Karim, M, Boikess, RS, Schwartz, RA, and Cohen, PJ. Dimethyl sulfoxide (DMSO): a solvent that may solve selected cutaneous clinical challenges. Arch Dermatol Res. (2023) 315:1465–72. doi: 10.1007/s00403-022-02494-1 

 41. Pielesz, A, Gawłowski, A, Biniaś, D, Bobiński, R, Kawecki, M, Klama-Baryła, A , et al. The role of dimethyl sulfoxide (DMSO) in ex-vivo examination of human skin burn injury treatment. Spectrochim Acta A Mol Biomol Spectrosc. (2018) 196:344–52. doi: 10.1016/j.saa.2018.02.035 

 42. Young, VL, Boswell, CB, Centeno, RF, and Watson, ME. DMSO: applications in plastic surgery. Aesthet Surg J. (2005) 25:201–9. doi: 10.1016/j.asj.2005.01.015 

 43. Huang, S-H, Wu, C-H, Chen, S-J, Sytwu, H-K, and Lin, G-J. Immunomodulatory effects and potential clinical applications of dimethyl sulfoxide. Immunobiology. (2020) 225:151906. doi: 10.1016/j.imbio.2020.151906 

 44. Badimon, L, Vilahur, G, Rocca, B, and Patrono, C. The key contribution of platelet and vascular arachidonic acid metabolism to the pathophysiology of atherothrombosis. Cardiovasc Res. (2021) 117:2001–15. doi: 10.1093/cvr/cvab003 

 45. Wu, H, Lei, Z, Gao, S, Dai, L, Han, Y, Gao, H , et al. YiqiHuoxue decoction and its ethanol precipitation show anti-platelet and antithrombotic effects by suppressing thromboxane B2 formation. Acta Cardiol Sin. (2019) 35:524–33. doi: 10.6515/ACS.201909_35(5).20190210A 

 46. Patrono, C, and Rocca, B. Less thromboxane, longer life. J Am Coll Cardiol. (2022) 80:251–5. doi: 10.1016/j.jacc.2022.04.053 

 47. Demmig-Adams, B, López-Pozo, M, Stewart, JJ, and Adams, WW 3rd. Zeaxanthin and lutein: Photoprotectors, anti-Inflammatories, and brain food. Molecules. (2020) 25:3607. doi: 10.3390/molecules25163607 

 48. El-Akabawy, G, and El-Sherif, NM. Zeaxanthin exerts protective effects on acetic acid-induced colitis in rats via modulation of pro-inflammatory cytokines and oxidative stress. Biomed Pharmacother. (2019) 111:841–51. doi: 10.1016/j.biopha.2019.01.001 

 49. Ueland, PM, Mccann, A, Midttun, Ø, and Ulvik, A. Inflammation, vitamin B6 and related pathways. Mol Asp Med. (2017) 53:10–27. doi: 10.1016/j.mam.2016.08.001 

 50. Quin, MB, Flynn, CM, and Schmidt-Dannert, C. Traversing the fungal terpenome. Nat Prod Rep. (2014) 31:1449–73. doi: 10.1039/C4NP00075G 

 51. Chen, C, Xie, T, Zhang, Y, Wang, Y, Yu, F, Lin, L , et al. Erythrocyte ENT1-AMPD3 Axis is an Essential Purinergic Hypoxia Sensor and Energy Regulator Combating CKD in a Mouse Model. J Am Soc Nephrol. (2023) 34:1647–71. doi: 10.1681/ASN.0000000000000195

 52. Chen, X, Saeed, NM, Ding, J, Dong, H, Kulyar, MFEA, Bhutta, ZA , et al. Molecular epidemiological investigation of Cryptosporidium sp., Giardia duodenalis, Enterocytozoon bieneusi and Blastocystis sp. infection in free-ranged yaks and tibetan pigs on the plateau. Pak Vet J. (2022) 42:533–9. doi: 10.29261/pakvetj/2022.060

 53. Meriwether, D, Jones, AE, Ashby, JW, Solorzano-Vargas, RS, Dorreh, N, Noori, S , et al. Macrophage COX2 Mediates Efferocytosis, Resolution Reprogramming, and Intestinal Epithelial Repair. Cell Mol Gastroenterol Hepatol. (2022) 13:1095–1120. doi: 10.1016/j.jcmgh.2022.01.002

 54. Wen, B, Mei, Z, Zeng, C, and Liu, S. metaX: a flexible and comprehensive software for processing metabolomics data. BMC Bioinformatics. (2017) 18:183. doi: 10.1186/s12859-017-1579-y


Copyright
 © 2025 Lu, Zhu, Zhang, Cidan, Basang and Li. 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



		Joint exploration of network pharmacology and metabolomics on the effects of traditional Chinese medicine compounds in weaned yaks



		Introduction



		Materials and methods



		Experimental design and sample collection



		Network pharmacology analysis



		Untargeted metabolomics processing



		Data processing and identification of metabolites



		Bioinformatics and statistical analysis









		Results



		Network pharmacology analysis



		The effect of adding traditional Chinese medicine compounds on the intestinal metabolites of weaned yaks



		Adding traditional Chinese herbal medicine compounds to the diet caused significant changes in metabolites in weaned yaks



		The impact of adding traditional Chinese herbal medicine compounds to the diet on the KEGG metabolic pathways









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		Footnotes



		References



















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

Joint exploration of network
pharmacology and metabolomics on the
effects of traditional Chinese medicine
compounds in weaned yaks












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







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






OPS/images/fvets-11-1511311-g005.jpg
LI

pieran)
Ly

&P

-
k3
scores it
o
b
kg

e

Peis19%)

0

o
<0008 0210)

Rav-ases

<0008 200
- pom 2y
Femoe

e
p<000s 0200
Rev.1
<0005 0200

« pampay
Pomez





OPS/images/fvets-11-1511311-g006.jpg
G

ogtotmalue)

H

v

dogiopuaue)

jsiming

edssdscad,

ing2Fachane

100
105

115

®w

vip
s 100
® 105
* 110

37
[ R——

© 115§ —— e

DEM

® doun
®w

[rertomy

-
® 115
o
D e TR
-
IogaFoldchange
. o -
= =
w2
= =2
- =
¥ 10 o [
Hios B
HE# s [
e 112 £ 007111 ey 2 g, -
® 116 2 b | -
-
B o

ow

100
105
110
115

DEM

® down
®w

vip
s 100
* 105
® 110
® s

DEM

® donn
®w





OPS/images/fvets-11-1511311-g003.jpg
]’/////‘I/I [/I/l//lll Jany

/ / 1.*/////4 i il //- T
/

i/l,' / /
/

N g . g
ill////// i // j1iff i, i, ///
Ji / / / / ,!/l,’ / /{.////7, ’l'//,l






OPS/images/fvets-11-1511311-g004.jpg
it






OPS/images/fvets-11-1511311-g007.jpg
$12:5((1,2-Dinydro-3 methy L xobenzolFluinaz.
Quinoline-4 -0
e —
NAB5(3.aminopropyilL 3 propanediamine:
eaoLou-Gly Al
Ag-Ginag-
603.4inyarony-4-1-0x0-1H-sochromen-3 butox.
3etnyiadpic aca
3113-(Dmetnylaminolpropyl - methoxy- It indol
>.maiimidoprpienyiocytin

(35.55,85.95.10R13517R) 1725 3R AR 5514

B Prr—

tic ametnyarginine
Semiepisinosid 8-
HisThesersp
Cpupne
beta.Carboine
By beta.D Arabinopyrancside-
74(IR.28 3855135 Dityorony-2(1E 3RS hycrony.
+0utetradecanac acié
40.8:5'5" Denyarteerulc ace
L-Pentadecanoyi 2-actadecanoyiglycero-3 phosphaserine
(R)Dimethy1 2 hysronysuccinate
(52115 0cadien01

(25)2.amino-3:(2R-2-Sutanoylony-3propanoyiony.

group
W xa
W e
e

r— H
I —... |
1 —— ]
I — H
I— H
. H
P H
. —— H
S ———— H
1 — i
I — i
— i
(S i
e
) T T 3
Quantitavtive vaiue(iog10)

P H
e
S ———— H
. H

i

———— H
| i

—_— !
—_—
. §
e — i

Quantiaviive value(iogd0)

group
o oz
W oz
W





OPS/images/fvets-11-1511311-g008.jpg
€ veamin 86 mesapotsm






OPS/images/fvets-11-1511311-g001.jpg
DN2

S ofeach st
umberof oloments: specic (1) or shared by 2.3, . lss
B ™ Mesbalsn el gens

Sizoofeach st

Mumbor ofsement:specte (1) or shared by 2.3, . s Number ofsement:speic (1) o shared by 2., . st Mambor ofolomens:speic (1) o shred by 2,3, st
T [ —— A —— T
XA XB b o





OPS/images/fvets-11-1511311-g002.jpg





