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Abstract

:

This study aimed to investigate the effects of N-carbamylglutamate (NCG) supplementation on the follicular development of yaks to identify potential mechanisms essential for fertility in yaks. Twelve multiparous anoestrous female yaks were randomly assigned to two groups—Control (fed with a basal diet, n = 6) and NCG (basal diet supplemented with 6.0 g day−1 NCG, n = 6). Yaks in the NCG group had higher numbers of large follicles (>5 mm in diameter) than those in the Control group. An RNA-sequencing analysis of yak ovaries revealed a total of 765 genes were differentially expressed between experimental groups, of which 181 genes were upregulated and 584 genes were downregulated following NCG supplementation. The results of a transcriptome functional analysis, qRT-PCR validation, and immunohistochemistry revealed that NCG supplementation increased angiogenesis and de novo synthesis of cholesterol in yak ovaries. NCG was also found to upregulate the gene expression of steroidogenic enzymes. Based on this, it was concluded that NCG supplementation promotes the follicular development of yaks mainly by affecting cholesterol metabolism to initiate steroidogenesis in ovaries. The results provide evidence for understanding the mechanisms responsible for NCG promoting follicular development of female yaks, which may contribute to the development and application of NCG in animal reproduction.
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1. Introduction


Yaks provide food (meat and dairy products), shelter (hair and hides), physical labour, and fuel (dung) for local herders living in high-altitude plateaus of China [1,2,3], making them an indispensable part of the pasture–livestock industry in these areas [4]. However, yak husbandry has been seriously restricted due to their low reproductive efficiencies caused by their seasonal breeding characteristics, restricted oestrus cycles, and conception that only occurs in the warm season (July–October) [3,5]. In addition, a large proportion of yak cows experience long postpartum anoestrus periods and begin their next oestrus cycles only two–three years after calving, rather than in the breeding season of the next year [3,6]. Thus, most yaks calve once every two years or twice in three years [5], with an average annual reproduction rate of 40–60% [3]. For domestic beef cows, complete uterine involution following a trouble-free calving only takes ~30 days; females are then ready for the next ovarian cycle [7]. The duration of postpartum anoestrus is mainly determined by the time required for the recruitment of new follicles and the establishment of follicle dominance [8]. Therefore, a straightforward strategy to shorten postpartum anoestrus periods and improve fertility in yaks might be to accelerate the resumption of postpartum follicular activity.



Ovarian follicles contain an oocyte surrounded by granulosa cells, which are in turn enclosed by layers of thecal cells [9]. Ovarian folliculogenesis is a complex physiological process controlled by a variety of endocrine, paracrine, and autocrine factors. In this process, several steroid hormones affect cell proliferation, apoptosis, and angiogenesis within the follicle to regulate follicular development [10]. The steroid hormones oestrogen and progesterone are mainly synthesized by cholesterol in follicular cells and the corpus lutea, respectively. Although cholesterol biosynthesis occurs in almost all tissues [11], the amounts of cholesterol synthesised in the ovarian tissues are inadequate for the amounts required in steroidogenesis [12]. Therefore, the ovaries require a steady supply of cholesterol from low-density lipoproteins (LDLs) and high-density lipoproteins (HDLs) in blood.



Since the ovaries are dependent on the blood vessels for nutrients (including cholesterol), oxygen, hormones, and cytokines to support follicular progression [13], ovarian follicular development is intimately associated with ovarian angiogenesis. The expression of vascular endothelial growth factor A (VEGFA) is used as a biomarker to gauge ovarian function and status [14]. Stimulation with VEGFA has been shown to promote maturation of primary follicles into secondary follicles in cows [15]. Other studies have also demonstrated that injection of vascular endothelial growth factor (VEGF) gene fragments into ovaries could stimulate follicular development in female rats [16,17], mice [18], and pigs [19], whereas, the inhibition of VEGFA stimulation had a negative effect on ovarian follicular growth and development in female rats [20] and mice [21]. In addition, compared to atretic follicles, healthy antral follicles had higher levels of VEGFA expression [22] and better vascular development [23].



N-carbamoyl glutamic acid (NCG), a structural analogue of N-acetylglutamate, is low in rumen degradation [24] and available from chemical synthesis with low costs [25], which is potentially a relatively cheap source of feed additive. NCG is known to enhance the synthesis of endogenous arginine by activating carbamoyl phosphate synthase-1 and pyrroline-5 carboxylate synthase [25]. Subsequently, this arginine is converted to nitric oxide (NO) by nitric oxide synthase (NOS), which in turn mediates VEGFA-induced proangiogenic functions. NCG has been shown to increase plasma levels of NO in pigs [26] and lambs [27], upregulate gene expression of VEGFA in pigs [28], and increase epithelial NOS (eNOS) levels in lambs [27]. NCG supplementation has also been shown to promote follicular development by promoting ovarian angiogenesis in chickens [13]. Therefore, it is highly likely that NCG, by promoting ovarian angiogenesis, improves the supply of cholesterol to the ovaries and contributes to ovarian follicular development. NCG is also known to be involved in the regulation of cholesterol biosynthesis. Dietary supplementation with NCG suppressed the AMP-activated protein kinase (AMPK) signalling pathway in the intestinal mucosa of suckling lambs [29]. The inhibition of AMPK promotes the nuclear transfer of the sterol regulatory element binding protein 2 (SREBP2; which is a master transcription factor for enzymes involved in cholesterol biosynthesis) and the expression of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR; the enzyme that catalyses the rate-limiting in cholesterol biosynthesis) [30]. Due to its positive effects on angiogenesis and cholesterol biosynthesis, we hypothesized that NCG supplementation could enhance ovarian follicular development in yaks. To test this hypothesis, RNA-Seq was used to analyse the transcript profiles of two groups of yaks—a control group (not supplemented with NCG) and a group that received feed supplemented with NCG. In this study, we investigate the effects of NCG on ovarian follicular development in yaks, as well as the role of ovarian cholesterol metabolism in this process.




2. Materials and Methods


All experimental protocols used in this study were performed in accordance with the rules in the ‘Guide for the Care and Use of Laboratory Animals’ constituted by the Institutional Animal Care and Research Committee of Sichuan Agricultural University.



2.1. Animals and Experimental Design


The experiment was conducted at the Dujiangyan Oujiapo Cattle Farm (Chengdu, China; latitude 30.59° and longitude 103.37°) from August to October 2020. Fourteen multiparous non-pregnant female yaks (parities = 1.21 ± 0.43; body weight (BW) = 167.8 ± 20.81 kg; age = 4.43 ± 0.85 years; mean ± SD) were selected and divided into 7 blocks based on BW, parity, and age, and randomly allocated into two groups—the Control group (fed with basal ration) and NCG group (fed with basal ration + NCG (6 g/day per yak, 97% purity; from the National Feed Engineering Technology Research Center, Beijing, China)). After two weeks of adaptation, all yaks were fed daily with a total mixed ration diet in two meals (one at 0700 h and the other at 1700 h). The diet was formulated according to the Chinese Beef Cattle Raising Standard 2004 (NY/T 815–2004) to meet 100% of the estimated nutrient requirements for maintaining yaks. The ingredients and nutrient composition of the diet are provided in Supplementary Table S1. Diets were offered to individual yaks in tie-stalls, and the supplementary NCG was added by top-dress feeding onto the total mixed ration. The dose of NCG (6 g/day per yak) fed was based on previous studies in ewes [31], dairy cows [32], pigs [26], and chickens [13]. Water was ad libitum to the yaks ad libitum throughout the experimental period.



The protocol for oestrus synchronization was carried out as described previously [33,34,35] with minor modifications. In brief, all yaks were pre-synchronized by intravaginal device of a pessary (containing 1.38 g of progesterone; Ningbo Sansheng Biological Technology Co., Ltd., Ningbo, China) at the beginning of the experiment (day 0). On day 12, pessaries were removed and the yaks were given intramuscular injections of a prostaglandin F2α analogue (PG, Estrumate, equivalent to 0.4 mg cloprostenol; Ningbo Sansheng Biological Technology Co., Ltd. Ningbo, China) to induce luteolysis, oestrus, and ovulation of the first-wave dominant follicle. Onset of oestrus was detected using a castrated yak bull (between days 14 and 16). One yak which did not exhibit oestrus during the monitoring period in the Control group, and one yak with abnormal feed intake in the NCG group were removed from this study. Finally, a total of twelve yaks in both groups (Control group, n = 6 and NCG group, n = 6) were slaughtered on day 32, equivalent to the luteal phase of the next oestrous cycle, and at the predicted time of selection of the third-wave dominant follicle [36].




2.2. Sample Collection


Blood samples (5 mL) were collected in plain evacuated serum tubes from the yaks’ jugular veins on days 28, 30, and 32 before the morning feeding. Blood samples were centrifuged at 3000 rpm for 10 min at 4 °C to obtain serum, which was stored at −20 °C for further analysis. The ovaries collected from each yak were weighed and placed in culture dishes with cold Dulbecco’s phosphate-buffered saline (D-PBS; Gibco, Grand Island, NY, USA). A total of 24 ovaries from 12 yaks were collected. Each ovary exhibited an obvious corpus luteum, confirming that all yaks were in the luteal phase of the oestrous cycle as expected. All visible follicles (diameter > 1 mm) in the left-side ovary of each yak were carefully dissected from the stroma with surgical scissors and dissecting forceps. Then, a graph paper grid (accuracy = 1 mm) was placed under the dish to count the numbers of follicles of different diameters. We classified the follicles into four grades based on diameter (as is customary for yaks) [37]—1–5 mm, >5 mm, 5–10 mm, and >10 mm—and calculated the average number of follicles in each category. The average number of follicles in each category between the two groups was statistical analysed. The remainder of the left-side ovary was rapidly frozen in liquid nitrogen and transferred to a −80 °C refrigerator until it was used for RNA extraction. The right-side ovary was fixed in 4% paraformaldehyde for morphological and biochemical analysis.




2.3. Serum Biochemistry and Hormone Assays


The serum concentrations of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), non-esterified fatty acids (NEFA), and triglycerides (TG) were determined using appropriate kits (Beijing Strong Biotechnologies, Beijing, China) and a Hitachi 3100 automatic biochemical analyser (Hitachi High Technologies Co., Ltd., Tokyo, Japan). Serum oestradiol, progesterone, follicle stimulating hormone (FSH), and luteinizing hormone (LH) levels were measured with commercial ELISA kits (MEIMIAN, Yancheng, China) according to the manufacturer’s instructions.




2.4. Ovary Histology


Ovaries were fixed in 4% paraformaldehyde, dehydrated with graded ethanol, and embedded in paraffin. Subsequently, paraffin-embedded ovaries were sectioned into 5 μm thick sections for immunohistochemistry (IHC) and immunofluorescence (IF) procedures. The IHC and IF procedures were performed as previously described [13,38]. Briefly, sections were placed in 3% hydrogen peroxide and incubated at room temperature in darkness for 25 min to remove endogenous peroxidase activity and then blocked with 3% bovine serum albumin. Following this, the sections were incubated overnight at 4 °C with rabbit anti-VEGF (1:600, Wuhan Servicebio Technology Co., Ltd., Wuhan, China) and rabbit anti-CD31 (1:50, Abcam, Cambridge, MA, USA) antibodies. Next day, the sections were washed and incubated at room temperature for 50 min with anti-goat HRP-labelled secondary antibody (Sigma-Aldrich, St. Louis, MO, USA). Finally, the sections for IF staining were incubated with 4′,6-diamidino-2-phenylindole (DAPI) solution at room temperature for 10 min in a dark place; the sections for IHC staining were incubated with freshly prepared 3,3′-diaminobenzidine tetrahydrochloride (DAB) colour developing solution at room temperature for 15 min in a dark place. Images were obtained using a Nikon Eclipse Ci-L microscope (Nikon Instruments, Tokyo, Japan) and quantification of IHC staining was performed using Image-Pro Plus 6.0 (Media Cybernetics, Maryland, MD, USA) as described previously [39].




2.5. RNA Extraction, cDNA Library Construction, and Sequencing


Total RNA was extracted from the ovarian tissue using the Trizol reagent kit (Invitrogen, Carlsbad, CA, USA) as per the manufacturer’s instructions. The purities and concentrations of total RNA extracts were evaluated with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). In addition, an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and RNase-free agarose gel electrophoresis assays were also used to assess and check RNA quality. Only samples with RNA integrity numbers >7.0 were used in further procedures. Oligo(dT)-enriched mRNA was treated with fragmentation buffer, and cDNA of the RNA fragments were obtained through reverse transcription using random primers. The cDNA fragments were purified using the QiaQuick PCR Extraction Kit (QIAGEN, Venlo, The Netherlands), end repaired, and had poly(A) tails added to them before they were ligated to Illumina sequencing adapters. The TruSeq Stranded mRNA LTSample Prep kit (Illumina, San Diego, CA, USA) was used to construct the cDNA library as per the manufacturer’s instructions. A total of 6 RNA-Seq libraries (3 for the Control group and 3 for the NCG group) from yak ovarian tissues were constructed on an Illumina HiSeq2500 platform (Gene Denovo Biotechnology Co., Ltd., Guangzhou, China). The raw sequence data obtained were deposited at NIH’s Sequence Read Archive (SRA) under the accession numbers SRR14847984, SRR14847985, SRR14847986, SRR14847987, SRR14847988, and SRR14847989 (https://dataview.ncbi.nlm.nih.gov/object/PRJNA738716, [accessed on 8 August 2021]).




2.6. Quality Control and Mapping


To obtain high quality and clean reads, the raw reads containing adapters, undetermined bases, or low-quality bases were further filtered using the FastQC version 0.11.8 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc, [accessed on 1 March 2021]) [40] and checked with Trimmomatic version 0.36 (http://www.usadellab.org/cms/index.php?page=trimmomatic, [accessed on 2 March 2021]). Low-quality reads and those containing poly-N sequences were removed [41]. The Phred scores of the clean reads from downstream reprocessing and analysis exceeded 30 and were equivalent to the benchmark accuracy of >99.9%. The paired-end clean reads were mapped to the yak genome (Bos mutus) with Hisat2 version 2.1.0 (http://www.ccb.jhu.edu/software/hisat/index.shtml, [accessed on 2 March 2021]) [42].




2.7. RNA-Seq Data Analysis


The mapped reads of each sample were assembled with StringTie version 1.3.1 (http://ccb.jhu.edu/software/stringtie/gff.shtml, [accessed on 4 March 2021]) [43,44] through a reference-based approach. For each transcription region, StringTie software was used to calculate an FPKM (fragments per kb per million reads) value to quantify its expression levels and variation. Differentially expressed genes (DEGs) in ovaries from Control and NCG groups were identified using the DESeq2 software (http://www.bioconductor.org/packages/release/bioc/html/DESeq2.html, [accessed on 4 March 2021]) [45]. The genes with corrected p-values < 0.05 and absolute fold change (FC) values ≥1.5 were considered to be DEGs. All DEGs were mapped to gene ontology (GO) terms in the Gene Ontology database (http://www.geneontology.org/, [accessed on 5 March 2021]) and annotated by GO functional enrichment to identify their main biological functions. Gene ontology and pathway terms with corrected p-values < 0.05 were selected for further analyses.




2.8. RT-PCR Analysis


Candidate DEGs were selected for functional validation using RT-PCR analysis. Satisfactory RNA extracts from ovaries were reverse transcribed into cDNA with PrimeScript™ RT reagent Kit (Takara, Kyoto, Japan). Quantitative Real-Time PCR (qRT-PCR) was carried out with a SYBR Premix Ex TaqTM (Vazyme Biotech Co., Ltd., Nanjing, China) on the QuantStudio™ 6 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) as per the manufacturer’s instructions. Relative gene expression levels of the NCG group were expressed as fold changes relative to the average mRNA abundances of the genes in the Control group; these were analysed using the comparative cycle threshold (2−∆∆Ct) method [46] with β-actin and glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH) as internal reference genes. The primer sequences used in these procedures are listed in Supplementary Table S2.




2.9. Statistical Analysis


Data for the numbers of follicles and weights of ovaries, serum biochemistry and hormones, percentage of area positive for VEGF, and relative expression of genes were analysed using the independent two-sample t-test using the SPSS 17.0 software (SPSS Inc., Chicago, IL, USA) and reported as mean ± SEM. Volcano plot, column of the DEGs and GO enrichment analysis was carried out with OmicShare tools, which is a free online platform for data analysis (www.omicshare.com/tools, [accessed on 12 April 2021]). Each individual yak was regarded as an independent experimental unit. Following the 2−ΔΔCt method, the mean value of ovarian gene expression of yaks in the Control group was set to 1.00. Statistical significance was set at p < 0.05.





3. Results


3.1. Follicular Development


The numbers of follicles and weights of ovaries in the Control and NCG groups are presented in Table 1. NCG did not seem to affect the numbers of follicles in the >10 mm size class or the weights of the ovaries. As compared to the Control group, the mean numbers of follicles in the NCG group were significantly lower (p = 0.051). However, the NCG group ovaries had significantly larger numbers of follicles in the 5–10 mm and >5 mm size classes (p < 0.05).




3.2. Serum Biochemistry and Hormones


Effects of NCG on the concentrations of different serum components, including hormones, are shown in Figure 1. The serum concentrations of oestradiol were significantly higher on days 28 and 32 (p < 0.05 and p < 0.01, respectively) in the NCG group as compared to those in the Control group. In addition, yaks in the NCG group also had significantly higher levels of serum FSH on day 32 (p < 0.05) as compared to those in the Control group. Yaks in the NCG group did not have significantly different levels of serum TC, LDL-C, HDL-C, NEFA, or TG as compared to those in the Control group.




3.3. Transcriptome and Functional Analyses of Ovarian Tissues


A transcriptome analysis of the ovarian tissues from Control and NCG groups led to the identification of 765 DEGs (FDR ≤ 0.05) (Figure 2A). Relative to the Control group, 584 genes were downregulated and 181 genes were upregulated in the NCG group (Figure 2B). Functional classifications (including biological processes, molecular functions, and cellular components) of these DEGs identified 1053 enriched GO terms (p < 0.05). The top twenty enriched GO terms are presented in Supplementary Figure S1 and the top ten terms in each functional classification are presented in Figure 3. Within the GO domain for biological processes (Supplementary Figure S2A), most DEGs were assigned to a positive regulation of biological processes (GO: 0048518; 212 genes), developmental processes (GO: 0032502; 211 genes), and anatomical structure development (GO: 0048856; 200 genes). Within the GO domain for molecular functions (Supplementary Figure S2B), most DEGs were assigned to binding (GO: 0005488; 499 genes), protein binding (GO: 0005515; 335 genes), and ion binding (GO: 0044464; 188 genes) functions. Within the GO domain for cellular components (Supplementary Figure S2C), most DEGs were assigned to cell parts (GO: 00043167; 444 genes), cell (GO: 0005623; 444 genes), and cytosol (GO: 0005829; 117 genes).



To further investigate the metabolic pathways through which NCG could be regulating follicular development, we screened the results of the GO analysis for enriched clusters related to steroid hormone synthesis and angiogenesis (Figure 3). We also investigated the expression profiles of the top-ranked genes in these clusters and additional genes involved in cholesterol biosynthesis, and conducted hierarchical Euclidean distance analyses (Figure 4). In the NCG group, a large proportion of genes related to cholesterol and steroid hormone synthesis, as well as angiogenesis, were upregulated, indicating that NCG affected these processes in yak ovaries and was likely to have affected follicular development.




3.4. Ovarian Angiogenesis


To verify the effects of NCG on ovarian angiogenesis, we examined the expression of genes related to angiogenesis in the ovarian tissues of Control and NCG groups using RT-PCR. Vascular development within the ovaries was also investigated using IHC and IF staining. Compared to the Control group, the expression of the VEGFA gene was upregulated in the NCG group, though this was not statistically significant (p = 0.097); however, expression levels of the NOS2 gene were significantly higher in the NCG group (p = 0.015) as compared to those in the Control group (Figure 5D). Vascular development in the ovarian tissues of yaks was significantly higher in the NCG group than in those of the Control group as indicated by the higher levels of VEGF and CD31 detected using IHC and IF staining (Figure 5A,C).




3.5. Expression of Genes Related to Cholesterol Metabolism


The gene expression profiles of scavenger receptor class B member 1 (SCARB1), scavenger receptor class B member 2 (SCARB2), sterol regulatory element binding transcription factor 2 (SREBP2), and lanosterol synthase (LSS) (p < 0.01), as well as oestrogen receptor 2 (ESR2) and squalene monooxygenase (SQLE) (p < 0.05), were significantly higher in the NCG group as compared to those in the Control group (Figure 6). Additionally, the gene expression steroidogenic acute regulatory protein (STAR, p = 0.072) and hydroxysteroid 17-beta dehydrogenase 1 (HSD17B1, p = 0.089) showed an increasing trend in the NCG group.





4. Discussion


In cattle, the synchronous growth of dozens of small ovarian follicles occurs two or three times during a single oestrous cycle [36]. The growth periods of these follicles are known as ‘follicular waves’ [47]. In most cases, only one dominant (the largest) follicle continues to grow in the last (third) follicular wave (which occurs on days 15–16 of the oestrus cycle) and becomes the mature ovulatory follicle (12–20 mm in diameter), while the remaining follicles in the original cohort undergo atresia [48,49]. Based on this progression, ovarian tissues were collected from experimental animals (yaks) on the 16th day of the oestrous cycle in this study.



The size of the follicle that an oocyte originates from is frequently used to study and evaluate the development of oocytes [50] as there is a direct correlation between oocyte development and follicle size in cattle. Most mammalian oocytes are lost in the physiological process of atresia, and only those oocytes from dominant follicles proceed to ovulation [51]. The development of bovine oocytes in follicles <3 mm in size was halted before the 16-cell stage, while oocytes in larger follicles continued to grow [52]. Therefore, we consider follicle size to be a convenient marker for oocyte development.



In the NCG group, the numbers of follicles in the 1–5 mm size class were lower, while those in the 5–10 mm class were higher as compared to those in the Control group. Since whole follicles disappear during follicular atresia, we suggest that NCG supplementation either accelerated the development of follicles in the 1–5 mm size class, or delayed atresia in follicles >5 mm; it is also possible that more follicles in the >5 mm class in the Control group underwent atresia without NCG supplementation. Numerous studies have reported that concentrations of oestradiol and the ratios of oestrogen to progesterone in healthy follicles are much higher than those in follicles fated to undergo atresia [53,54]. If the dominant ovarian follicle undergoes atresia, plasma oestrogen levels drop [55]. Additionally, antral follicles must be exposed to sufficiently high levels of FSH for them to escape the onset of atresia [56,57]. In our study, we found that the serum levels of oestradiol and FSH were higher in the NCG group than in the Control group; however, serum levels of progesterone remained unaffected by NCG supplementation. This strongly suggests that NCG likely regulates follicular development by inhibiting follicular atresia.



Increases in follicle sizes are dependent on the replication of granulosa cells, and the formation and expansion of follicular antra [58]. Oestrogen is essential for normal follicular development as it facilitates the differentiation of granulosa cells [59] and improves follicular survival, growth, and antrum formation. Therefore, it is likely that NCG supplementation stimulates the synthesis of oestrogen in ovaries and aids in follicular development.



Since cholesterol is the main precursor molecule required for oestrogen synthesis, we focused on investigating how NCG affected cholesterol metabolism in the ovary. The synthesis of oestrogen in the ovary depends on cholesterol availability and occurs as a collaborative process between thecal cells and granulosa cells. Thecal cells surrounding the follicle convert blood-derived cholesterol into androgens (androstenedione and testosterone) which are passively transported into granulosa cells to be converted into oestrogen (Figure 7). In this process, the amounts of oestrogen synthesised by these ovarian cells are determined by rates of cholesterol uptake and efficiencies of steroidogenic enzymes. Thecal cells obtain cholesterol from LDL-C and HDL-C in the blood; the cholesterol is transported into thecal cells via membrane receptors [60]. In bovine ovaries, the degree of vascularization increases continuously with follicle development [61] to ensure an adequate flow of nutrients, oxygen, and hormonal support from stromal blood vessels [62]. Many endogenous and exogenous factors such as VEGF, angiopoietin, and fibroblast growth factors (FGF) are involved in the regulation of follicular angiogenesis. In our study, we found that NCG supplementation enhanced the xCD31 signal intensity and vascular area percentage in ovaries and upregulated the gene expression of NOS2 and VEGFA, indicating that NCG further promoted angiogenesis in yak ovaries. Furthermore, NCG also increased the gene expression of SCARB1 and SCARB2, although it did not affect serum levels of TC, LDL-C, HDL-C, or gene expression levels of low-density lipoprotein receptor (LDLR). The SCARB1 and SCARB2 genes encode scavenger receptor class B type I (SR-BI) and scavenger receptor class B type II (SR-BII), which are considered to be the primary receptors for the uptake of HDL-C molecules [63]. HDLs are the main lipoproteins present in follicular fluid, though smaller amounts of LDL and very low-density lipoproteins (VLDLs) are also present [64,65]; this indicates that HDL is probably absorbed more easily by ovarian cells for steroid synthesis. Our results indicated that NCG supplementation promoted angiogenesis and the uptake of cholesterol in yak ovaries.



Similar to most mammalian cells, ovarian cells are able to synthesize cholesterol de novo from acetyl-CoA (partly through the beta-oxidation of NEFAs). Cholesterol biosynthesis is a highly regulated process involving more than 20 enzymes, including two enzymes catalysing rate-limiting steps, namely, HMGCR and SQLE [66]. The process is also transcriptionally regulated by the sterol-regulatory element binding protein (SREBP) family of transcription factors [67]. Our analyses of RNA-Seq and RT-PCR data indicated that the gene expression profiles of SREBP2, LSS (which encodes lanosterol synthase, a key enzyme in the cholesterol biosynthetic pathway [68]), and SQLE were upregulated in the NCG group. These results show that NCG promotes the biosynthesis of cholesterol in yak ovaries.



The first step, as well as the rate-limiting step in oestrogen synthesis, is the transport of cholesterol from the outer to the inner mitochondrial membrane [69]. This step is slow and needs to be accelerated by the action of STAR [70], which facilitates cholesterol transfer for the use of cytochrome P450 (CYP) family 17 subfamily A member 1 (CYP11A1) [71]. CYP11A1 cleaves the cholesterol side-chain in the inner mitochondrial membrane to produce pregnenolone [34]. Subsequently, this pregnenolone is converted into androgens (androstenedione and testosterone) by steroid-generating enzymes in thecal cells. These androgens are passively transported into granulosa cells to be converted into oestrogen by (CYP) family 19 subfamily A member 1 (CYP19A1) [72]. The schematic representation of oestrogen synthesis is illustrated in Figure 7. Oestrogen is converted into the more active oestradiol by the protein encoded by the HSD17B1 gene [73]. Results from our study revealed that NCG supplementation promotes the synthesis of oestrogen in yak ovaries by upregulating the gene expression patterns of all these genes.



In this study, we demonstrated that NCG affects oestrogen synthesis by regulating cholesterol metabolism (Figure 7). Our findings suggest that NCG supplementation could upregulate the expression of NOS2 and VEGFA to promote angiogenesis in yak ovaries, which aid in cholesterol uptake by ovarian cells. Furthermore, NCG also promoted cholesterol biosynthesis and the subsequent oestrogen production. The synthesis of cholesterol and oestrogen are dependent on a series of enzymes which are directly regulated by the mTOR (mechanistic target of rapamycin) signalling pathway. As a precursor of arginine, NCG has been shown to activate the mTOR signalling pathway in numerous studies [74,75,76]; it is possible that NCG affects cholesterol and oestrogen synthesis through this pathway as well. Overall, we found that NCG supplementation increases the numbers of large follicles (>5 mm in diameter), angiogenesis, and cholesterol metabolism (including cholesterol biosynthesis and its conversion into oestrogen) in yak ovaries.



The limitation of our study was that we only demonstrated the improvement of NCG on the development of yak ovarian follicles with a small number of yak samples. The effects of NCG on the reproduction and productive efficiency (such as conception rate and calving rate) of yak herds need to be further studied. Previous studies reported that supplementation with concentrates or barley straw was helpful for the growth performance [77] and reproduction [5] of grazing yaks. In combination with NCG, these supplements may further improve the reproductive potential of yaks.




5. Conclusions


In summary, our study demonstrated that NCG supplementation promotes ovarian follicular development, which can be confirmed by the increased numbers of large follicles (>5 mm in diameter) formed in yaks fed with NCG. These observations may result from the increased gene expression of angiogenesis factors and enzymes regulating cholesterol metabolism caused by NCG, which has been shown to be a strong promoter of ovarian follicular growth. Therefore, NCG supplementation in concentrate or total mixed ration could be a new reproductive strategy for yaks to improve follicular development and shorten postpartum anoestrus periods.
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Figure 1. Effects of NCG N-carbamylglutamate on serum components, including hormones. Serum levels of (A) oestradiol, (B) progesterone, (C) follicle stimulating hormone (FSH), and (D) luteinizing hormone (LH) on days 28, 30, and 32. (E) Serum levels of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), non-esterified fatty acid (NEFA), and triglyceride (TG) on day 32. Data are represented as mean ± SEM, n = 6. * p < 0.05, ** p < 0.01. 
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Figure 2. Volcano plot (A) and column (B) of the differentially expressed genes (DEGs) in ovarian tissues of Control and NCG group yaks. Blue, red, and grey dots denote downregulated ((FDR ≤ 0.05), upregulated (FDR ≤ 0.05), and non-differentially expressed (FDR > 0.05) genes in ovarian tissue from yaks in the NCG group (n = 3) as compared to those in the Control group (n = 3). 
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Figure 3. Gene ontology (GO) terms related to steroid hormone synthesis and angiogenes. 
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Figure 4. The expression profiles of genes related to steroid hormone metabolism, cholesterol synthesis, and angiogenesis as measured by RNA-Seq and represented in a heat map. The differences in gene expression levels are expressed in different colours, as illustrated in the legend. 
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Figure 5. Effects of NCG on angiogenesis in yak ovaries. (A) Immunohistochemistry (IHC) to detect vascular endothelial growth factor (VEGF) in the ovaries. Scale bar: 50 μm. (B) Percentage of area positive for VEGF in the ovaries was calculated using Image-Pro Plus software. (C) Immunofluorescence (IF) staining to detect CD31. White arrowheads indicate blood vessels. Scale bar: 50 μm. (D) Relative gene expression levels of VEGFA and NOS2. Data are represented as mean ± SEM, n = 6. * p < 0.05. 
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Figure 6. Effects of NCG on the relative expression profiles of genes related to cholesterol metabolism in yak ovaries. (A) Genes related to cholesterol biosynthesis. (B) Genes related to steroid hormone biosynthesis. Data are represented as mean ± SEM, n = 6. * p < 0.05, ** p < 0.05. 
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Figure 7. Our proposed model of how N-carbamylglutamate (NCG) regulates cholesterol metabolism, which includes processes related to cholesterol acquisition and steroidogenesis in yak preovulatory ovarian follicles. The red arrows represent processes that NCG affects positively (upregulates) and green arrows represent processes that directly affect cholesterol metabolism. 
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Table 1. The mean numbers of follicles in different size classes and weights of ovaries between the two groups.
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	Items
	Control
	NCG
	p-Value





	No. of visible follicles (diameter, n)
	
	
	



	1–5 mm
	17.00 ± 4.41
	6.67 ± 1.50
	0.051



	5–10 mm
	1.33 ± 0.42
	3.00 ± 0.45
	0.022



	>5 mm
	1.50 ± 0.50
	3.33 ± 0.42
	0.019



	>10 mm
	0.17 ± 0.17
	0.33 ± 0.21
	0.549



	Ovarian weight (g)
	
	
	



	Left-side ovaries
	1.59 ± 0.27
	1.30 ± 0.13
	0.347



	Right-side ovaries
	1.52 ± 0.20
	1.35 ± 0.24
	0.582



	Total weight
	3.11 ± 0.46
	2.65 ± 0.35
	0.435







Control: yaks fed with basal ration; NCG: yaks fed with basal ration + NCG (6 g/day per yak); No.: number. Data are represented as mean ± SEM, n = 6. p < 0.05 was considered statistically significant.
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