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It has been demonstrated that supplementing late-gestation cow diets with NCG (N-carbamoylglutamic acid) increases the serum protein level, boosts immunological function, and increases the birth weight of the calves. However, the underlying mechanism remains unclear. In this experiment, 30 late-gestation Angus heifers almost at same conditions were chosen for this experiment. They were randomly divided into two groups of 15 cows each. A basal diet was provided to the control group, and 30 g/(d-head) of NCG was added to the basal diet of the test group (NCG group). Blood samples were collected from the jugular vein after birth and before the end (when the calves were 90 days old) of the experiment for plasma metabolomics analysis. The metabolomics analysis identified 53 metabolites between the NCG group and control group, with 40 significantly up-regulated and 13 significantly down-regulated. Among them, 33 lipids and lipid-like molecules made up 57.89% of all the metabolites that were found. Thirty-three metabolic pathways enriched by metabolites showed p.adjust <0.05, among which glycerophospholipid and sphingolipid metabolism pathways were the most abundant. In conclusion, the addition of NCG in late-gestation cows appears to primarily affect calf growth and development through the regulation of phospholipid metabolism, which plays a role in nerve conduction, brain activity, and cell metabolism and function. This study provides valuable insights into how nutritional supplementation by late-gestation cows might improve the growth and development of newborn calves.
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1 Introduction

Arginine (Arg) plays key roles in animal reproduction and healthy. Prezotto et al. (1) showed that mothers can cope with feed deficiencies during pregnancy by modulating nutrient partitioning and altering the growth rate and function of major fetal organs. Some studies have reported that malnutrition in late gestation ewes can even lead to fetal liver fibrosis, dysfunction and antioxidant imbalance (2). Arginine (Arg) can be catalyzed by nitric oxide synthase (NOS) and ornithine decarboxylase to produce biologically active nitric oxide (NO) and polyamines. NO promotes the development of placental vasculature and its blood and nutrient supply to the embryo/fetus, it also supports the development of the placental vasculature and its blood and food supply to the embryo/fetus (3). Polyamines can act on the rate of fetal DNA and protein synthesis and regulate cell proliferation and differentiation (4). Liu et al. (5) found that the addition of 0.83% arginine to the diet of Huanjiang pig in early gestation increased the activity of NOS in the placenta and produced more NO. In addition, injection of arginine HCl in pregnant ewes not only reduced embryonic loss (6), but also increased lamb birth weight (7). By lowering the amount of dry matter, crude protein, and crude fat in the mother placenta, arginine supplementation improves the placenta’s material exchange function and facilitates the embryo’s or fetus’s effective transfer of nutrients, blood, and oxygen (3).

N-carbamylglutamate (NCG), as a precursor of Arg, promotes endogenous synthesis of Arg in animals, and even low doses of NCG are highly sensitive in increasing endogenous synthesis of Arg (8). Consequently, NCG plays a similar role in boosting animal immune system and reproductive efficiency (9, 10) and does not antagonize other amino acids (11). A previous study found that the addition of 30 g/(d-head) of NCG to the diet of late gestation heifers was able to significantly increase the calves newborn weight, increase the serum protein content of newborn calves, and improve the immune functions (12).

Metabolome refers to all small molecule compounds involved in biological processes such as metabolism and normal growth and development of an organism. Metabonomics is the systematic description of metabolite profile changes in organisms, comprehensively measuring amino acids, fatty acids and other metabolites by mass spectrometry and other assays, screening significant differences in metabolites by bioinformatics methods, and further exploring the phenotypic traits affected by these metabolites (13). Because metabolomics is the closest to phenotypic traits, it is widely used in life science research. Currently, the commonly used metabolomics studies can be divided into non-targeted metabolomics and targeted metabolomics. Non-targeted metabolomics mainly screens and annotates all the metabolites in the organism. Metabolomic measurements are usually performed on gas chromatography–mass spectrometry (GC–MS), liquid chromatography-mass spectrometry (LC–MS) and ultra performance liquid chromatography-mass spectrometry (UPLCMS) platforms (14). Metabolome has used to identified metabolites associated with color and oxidative stability of beef (15) and immune in dairy cattle (16).

In order to further study the mechanism of NCG functioning on newborn calves through pregnant cow, this experiment collected plasma from calves delivered by pregnant cows under the two conditions of adding NCG or not and to check differences in metabolites using metabolomics methods. All in all, this study provides a reference for the use of NCG as a feed additive in animal husbandry.



2 Materials and methods


2.1 Animals and study design

The experiment was conducted in Angus calves at Benwang Beef Cattle Breeding farm (Yinchuan, China). Thirty late-gestation Angus cows, nearing the anticipated date of parturition, weighing 625 ± 25 kg, and with parity 3 ~ 4 were chosen for this experiment. Previous showed that the body weight of calves was significantly higher than control with addition of 30 g/(d-head) of NCG to cows’ diet (12). Therefore, the cows in the control group were fed a basal diet, while the test group (NCG group) was designed to add 30 g/(d-head) of NCG (purchased from Linzhou Asia-Pacific Xingmu Science and Technology Co., Ltd., NCG content ≥90.0%) to the basal diet. The experiment lasts for 120 days, with a 10-day pre-feeding. Beginning four weeks before delivery, the experiment continues until the calves were 90 days old.



2.2 Experimental diets and feeding management

On the farm, the chosen cows were kept in separate pens with exercise yards. Following the aforementioned experimental design, each group received the diet as total mixed ration (TMR) twice a day with unrestricted access to food and water. Prior to feeding, NCG was pre-mixed with concentrates. The diet plans were developed in accordance with NRC (2016) (17) standards for beef cattle feeding, and the proportions of the basal diet composition and nutrient levels are shown in Table 1.



TABLE 1 Proportionate composition and nutrient levels of basal diets for cattle (dry matter basis, %).
[image: Table1]

Following birth, care was taken to make sure the calves have enough and on time colostrum. From 5 to 90 days of age, they were also fed ad libitum full-price compound pellet feed and alfalfa hay. The guaranteed values of the composition of compound feed for calves are shown in Table 2.



TABLE 2 Guaranteed values for compositional analysis of calf compound feed products.
[image: Table2]



2.3 Sample collection

In experiment, blood was collected from the jugular vein twice after calf birth and before the end (calves aged 90 days) of the experiment. The blood was centrifuged at 3,000 r/min for 15 min in a procoagulant tube soon, and then 1.5 mL of the upper serum layer was extracted by pipette and packed into freezing tubes, and stored in a freezer at −80°C. Six of each of the control group and the test group were selected for the metabolomics analysis of the blood plasma.



2.4 Metabolomics analysis


2.4.1 Sample preparation and determination

The 100 μL of supernatant was thoroughly mixed with 400 μL of cold methanol-acetonitrile (v/v, 1:1) by vortexing. The mixture was first sonicated in an ice bath for 1 h, then incubated at −20°C for 1 h. Finally, after centrifugation at 14,000 g for 20 min at 4°C, the supernatant was collected and dried under vacuum LC–MS analysis.

The dried samples were subjected to metabolomics using a UPLC-ESI-Q-Orbitrap-MS system (UHPLC, Shimadzu Nexera X2 LC-30 AD, Shimadsu, Japan) and Q-Exactive Plus (Thermo Scientific, San Jose, United States) for metabolomics analyses. Electrospray ionization (ESI) was used for mass spectrometry data acquisition in positive and negative modes, respectively. The power conditions were set as follows: spray voltage: 3.8 kv (positive) and 3.2 kv (negative) capillary temperature: 320°C; sheath gas (nitrogen) flow rate: 30 arb (arbitrary units); auxiliary gas flow rate: 5 arb; probe heater temperature: 350°C; and S-lens RF level: 50.



2.4.2 Quality control of mass spectrometry data

Peak area extraction, retention time correction, and peak comparison were performed on raw MS data using MS-DIAL. Accurate mass (mass tolerance <10 ppm) and MS/MS data (mass tolerance <0.02 Da) were used to identify the metabolites. These data sets were then compared to publicly available databases including HMDB, massbank, and independently constructed metabolite standard libraries. Only variables with more than 50% non-zero measurements in at least one group were retained in the extracted ion signature.



2.4.3 Screening metabolites

The model was verified using Orthogonal Partial Least Squares Discrimination Analysis (OPLS-DA) with a threshold of p < 0.05 and a Variable Importance for the Projection (VIP) of >1.0. When the model was failed, the significance of metabolite changes between the two groups of samples was identified by univariate Fold Change Analysis (FC Analysis), t-test, and the threshold of FC ≥ 1.5 or FC ≤ 1/1.5, and p < 0.05. This allowed for the identification of the significance of metabolite changes between the NCG group and the control group.



2.4.4 KEGG enrichment analysis

KEGG pathway analysis was performed on the identified metabolites using the KEGG database.1 The overall pathway importance was calculated based on the sum of the importance index (ImpactODC) of each matched metabolite divided by the sum of the importance measures of all metabolites in each pathway. The closer the ImpactODC is to 1, the more pronounced the identified metabolite effect is. We therefore define the significant KEGG pathway as p < 0.05 or ImpactODC >0.



2.4.5 Statistical analysis

Since we were divided into different experimental and treatment groups, one-way ANOVA was more suitable for analyzing our data and detecting the differences between the different groups. Therefore, the data were statistically analyzed by one-way ANOVA using R (version:4.0.3), with p < 0.05 indicating a statistically significant difference.





3 Results


3.1 Partial least squares discriminant analysis

The Partial Least Squares Discrimination Analysis (PLS-DA) model was established for the NCG group compared with the control group, and the evaluation parameters of the model can be seen from Table 3. R2Y > 0.99 and R2X > 0.59 indicate that the model is stable and reliable, and Q2 > 0.6 indicates that the model’s predictive ability is good. As can be seen from Figure 1, there were intergroup differences between the NCG group and the control group in the first principal component of principal components analysis.



TABLE 3 Parameters of PLS-DA model evaluation between NCG group vs. control group.
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FIGURE 1
 Plot of PLS-DA scores (A) and PLS-DA 3d scores (B) for the test group and control group.




3.2 Orthogonal partial least squares discriminant analysis

The results of OPLS-DA from Supplementary Table S1 show that R2X and Q2 are less than 0.5, while R2Y is nearly equal to 1. The model is stable and reliable on the Y-axis, but relatively unstable on the X-axis, and the model predictive ability is poor, the modeling fails. Therefore, FC ≥ 1.5 or FC ≤1/1.5 with p < 0.05 were used to identify differential metabolites.



3.3 Screening differential metabolites

Using both positive and negative ion modes, a total of 1,262 metabolites were identified in the plasma of the NCG group vs. control group. A total of 53 metabolites were screened using FC ≥ 1.5 or FC ≤ 1/1.5 with p value <0.05, and the NCG group was significantly up-regulated by 40 metabolites and significantly down-regulated by 13 metabolites compared to the control group. Nine differential metabolites were identified, with five showing significant up-regulation and four showing significant down-regulation in the NCG group compared to the control group, provided the p-value was less than 0.01.



3.4 Expression analysis of the identified metabolites

Under the condition of p < 0.05, we identified 53 metabolites (Figure 2), including one metabolite belonging to alkaloids and derivatives, one belonging to benzenoids, one belonging to lignans, one belonging to neolignans and related compounds, 33 belonging to lipids and lipid-like molecules, one belonging to nucleosides, nucleotides, and analogs, eight belonging to organic acids and derivatives, four belonging to organic nitrogen compounds, three belonging to organic oxygen compounds, five belonging to organic heterocyclic compounds. The largest percentage of detected metabolites (57.89%) were lipids and lipid-like compounds, which were followed in abundance by organic acids and their derivatives. Other types of differentiated metabolites were comparatively less abundant.

[image: Figure 2]

FIGURE 2
 Classification ring diagram of differential metabolites between the NCG group vs. control group (HMDB Super Class).




3.5 Functional analysis of identified metabolites

We conducted association analysis using metabolites with weight reported in our previous work (12), and results suggested that 16 metabolites were associated with weight of days 0 and 90 (Supplementary Figure S1). The result highlights the important roles of metabolites in calves’ growth. The screened metabolites (Figure 3) were enriched in 33 metabolic pathways, of which 21 had p < 0.05, including glycerophospholipid metabolism, regulation of the actin cytoskeleton, cholinergic synapses, sphingomyelin signaling pathway, neuroactive ligand-receptor interaction, apoptosis, bile secretion, and phospholipase D signaling pathway. As shown in Table 4, glycerophospholipid metabolism and sphingolipid metabolism pathways have p.adjust < 0.05. The results of pathway enrichment showed that the effect of identified metabolites in glycerophospholipid metabolism and sphingolipid metabolism pathways was most significant in the NCG group vs. the control group.

[image: Figure 3]

FIGURE 3
 The identified top 25 metabolites in NCG group vs. control group.




TABLE 4 The identified metabolite-enriched metabolic pathways in NCG group vs. control group.
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A mulberry diagram was created using the top 15 metabolic pathways where there were significant differences between the NCG and control groups (Figure 4). It suggested that the down-regulation of phosphatidylcholine (16:0/P-16:0) is involved in glycerophospholipid metabolism and cholinergic metabolism in cancer. In addition, sphingomyelin, sphingomyelin [d18:0/16:1(9Z)], lysophosphatidic acid (18:1), acetylcholine, and choline has an impact on glycerophospholipid metabolism, cholinergic synapses, the sphingomyelin signaling pathway, cholinergic synapses, sphingolipid metabolism, neutrally active ligand-receptor interactions were all up-regulated.

[image: Figure 4]

FIGURE 4
 Sankey diagram of metabolic pathways enriched for identified metabolites between NCG group and control group. Pathways enriched for significance top15 in relation to differential metabolites, from left to right are differential metabolites (red indicates up-regulation, blue indicates down-regulation), significantly enriched (p < 0.05) metabolic pathways, KEGG pathway categories, and the top KEGG pathway categories.





4 Discussion

Phospholipids are composed of 3-phosphoglycerol, and there are two main types of phospholipids, glycerophospholipids (Glycerol phospholipid, GPC) and sphingomyelin (sphingomyelin, SM) (18). Phospholipids are an essential part of cell membranes and can be used as a significant source of accessible carbon in the body for processes like Mycoplasma parasitism. They also play important roles in improving memory, boosting fat metabolism, and promoting nerve conduction and brain function (19). In this study, 33 metabolites of lipid and lipid-like molecules were found in the NCG group vs. the control group, accounting for 57.89% of the totally different metabolites. The metabolic pathways with the highest significance index and statistically significant differences were glycerophospholipid metabolism and sphingolipid metabolism. This suggests that controlling the metabolism of phospholipids is the primary mechanism by which administering NCG to cows during the late gestational stage affects the growth and development of the calf. The phospholipids, as an important constituent of cell membranes, has a fundamental role in cell metabolism and function, and even more so in the activation of signaling pathways.

Lysophosphatidic acid (LPA) is a single-chain fatty acylphospholipid derivative produced by hydrolysis or enzymatic hydrolysis of the ester bond at the 1- or 2-position of phospholipids. It can be produced either during the biosynthesis of cytosolic phospholipids or by activated platelets, leukocytes, endothelial cells, neuronal cells and tumor cells, etc. (20). In a preliminary research of T cells, Van Kempen et al. (21) verified the driving action of LPA on lymphocytes, as well as its capacity to promote the proliferation of Jurkat T cells and elevate the secretion of interleukin 2 (IL-2). Furthermore, LPA inhibited apoptosis caused by anti-Fas, CD2, CD3, and CD28 antibodies in CD4+ 8+ 3 low T lymphoblastoid cells of the Tsup-1 lineage when it was present as a survival factor in blood-borne mouse macrophages (22, 23). The down-regulation of the apoptosis-promoting protein, Bax, induced by LPA, may be responsible for the anti-apoptotic effect. In addition, LPA increased the migration of macrophages that resembled histiocytes and shown increased cell proliferation in in vivo (24), and is an important growth factor in the healing process. SM, PC, and LPC all contain choline, and acetylcholine is synthesized from choline and acetyl-coenzyme A catalyzed by choline acetyltransferase. T-cell-derived acetylcholine (ACh) has often been extensively studied as a neurotransmitter but has also been found to play an important role in the regulation of immunity. When mice were infected with the lymphocytic choroidal meningitis virus, Cox et al. (25) found that choline acetyltransferase (ChAT) was significantly elevated in an IL-21-dependent way in CD4+ and CD8+ T cells. This, in turn, stimulated the formation of ACh. Nonetheless, when Chat was missing from the T-cell compartment, both the synthesis of ACh and the antiviral T cell’s migration to the infected tissues affected, indicating that ACh and immunomodulation are positively correlated. In this experiment, lysophosphatidic acid, choline, and acetylcholine in the glycerophospholipid metabolic pathway were significantly up-regulated between NCG group vs. control group, and sn-Glycero-3-phosphocholine was significantly down-regulated. Oxidation products of 2-arachidonic-1-palmitoyl-sn-glycero-3-phosphocholine are involved in chronic inflammation and vascular diseases (26). The significant difference of metabolites in the glycerophospholipid metabolic pathway indicates that calves in the NCG group had higher immunocompetence and a reduced incidence of illness. This result supports the significant elevation of serum IgA, IgG, and IgM levels in newborn calves found in the previous period when NCG was added to the diets of late gestation heifers at 30 g/(d-head) (12). It was demonstrated that calves in the NCG group secreted more metabolites that have the capacity to modulate the immune system, such as choline, acetylcholine, and lysophosphatidic acid, through synthesis, and these metabolites have a role in boosting the organism’s immunity and increasing the survival rate. Similarly, sphingolipids are important components of cell membranes, mainly including ceramides, sphingomyelins, and 1-phospho-sphingosine. Sphingolipids function as intracellular messengers in a variety of biological processes, including cell development, death, proliferation, and invasion. They can also control protein activity and activate signaling pathways (27). The changes in levels of different types of sphingolipids can lead to important changes in overall cellular function. Among them, sphingolipids exert pleiotropic effects on protein kinases and other targets, and play important roles in the regulation of the actin cytoskeleton, cytophagy, cell cycle and apoptosis (28). In addition, LPA, as a lipid small molecule with growth factor-like properties (29), can influence the function of target cells through a variety of signaling, promoting cell proliferation or apoptosis, platelet aggregation, etc. (30). Moreover, in the early postnatal heart, LPA3-mediated LPA signaling is essential for cardiomyocyte proliferation (31). In the absence of significant difference between upstream and downstream metabolites, our analysis revealed that sphingomyelin and sphingosine in the sphingolipid metabolic pathway were significantly up-regulated between NCG group vs. control group. The results were consistent with the significant elevation of birth weight, body weight, weight, and average daily gain of calves at 90 days of age as well as the serum TP, ALB, and NO content in the previous study (12). Consequently, the addition of 30 g/(d-head) of NCG to the diets of the late gestation cows can have a positive effect on the overall cellular and functions. The body is therefore more robust than the control group due to more active cellular growth, better regulation of protein activity, and activation of signaling pathways.



5 Conclusion

The metabolomics analysis in this study demonstrated that the effect of NCG supplementation to cows in late gestation on calf growth and development was mainly based on the regulation of phospholipid metabolism. The metabolites of lysophosphatidic acid, choline, and acetylcholine were upregulated and enriched in glycerophospholipid metabolism pathway. It has the ability to regulate immunological function, contributing to the body’s increased immunity and increased viability rate. This study provides a guide how to improve calf survival rate from nutrition level.
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