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Abstract

:

1α,25-Dihydroxyvitamin D3 (VitD3) is the active form of vitamin D, and it regulates gene expression and protein synthesis in mammalian follicle development. However, the function of VitD3 in the follicular development of layers remains unclear. This study investigated, through in vivo and in vitro experiments, the effects of VitD3 on follicle development and steroid hormone biosynthesis in young layers. In vivo, ninety 18-week-old Hy-Line Brown laying hens were randomly divided into three groups for different treatments of VitD3 (0, 10, and 100 μg/kg). VitD3 supplementation promoted follicle development, increasing the number of small yellow follicles (SYFs) and large yellow follicles (LYFs) and the thickness of the granulosa layer (GL) of SYFs. Transcriptome analysis revealed that VitD3 supplementation altered gene expression in the ovarian steroidogenesis, cholesterol metabolism, and glycerolipid metabolism signaling pathways. Steroid hormone-targeted metabolomics profiling identified 20 steroid hormones altered by VitD3 treatment, with 5 being significantly different among the groups. In vitro, it was found that VitD3 increased cell proliferation, promoted cell-cycle progression, regulated the expression of cell-cycle-related genes, and inhibited the apoptosis of granulosa cells from pre-hierarchical follicles (phGCs) and theca cells from prehierarchical follicles (phTCs). In addition, the steroid hormone biosynthesis-related genes, estradiol (E2) and progesterone (P4) concentrations, and vitamin D receptor (VDR) expression level was significantly altered by VitD3. Our findings identified that VitD3 altered the gene expression related to steroid metabolism and the production of testosterone, estradiol, and progesterone in the pre-hierarchical follicles (PHFs), resulting in positive effects on poultry follicular development.






Keywords:


young layer; 1α; 25-dihydroxy vitamin D3; vitamin D receptor; granulosa cells; theca cells; steroid hormones












1. Introduction


Vitamin D is an essential nutrient for the regulation of several physiological activities, involved in calcium and phosphate homeostasis and skeleton calcification, with vitamin D deficiency linked to decreased egg production and eggshell quality deterioration in poultry [1,2]. Animals can obtain 1α,25-dihydroxyvitamin D3 (VitD3) through dietary intake or through synthesis in the skin, with 25-hydroxylation in the liver forming 25-hydroxyvitamin D3 followed by 1α-hydroxylation in the kidneys to form the active form of VitD3 [3]. The effect of VitD3 on shell quality and bone strength has been reported in laying hens. Bar et al. [4] found that VitD3 supplementation in thin-shelled hens significantly increased eggshell thickness. In addition, VitD3 supplementation could increase the tibia-breaking strength in aged hens [5]. Recently, the role of VitD3 in regulating follicular development has been gradually verified, and it was found that VitD3 increased follicle survival and growth in in vitro cultured follicles [6,7].



Studies in mammals have demonstrated that VitD3 is indispensable for ovarian function [8]. Vitamin D deficiency in females was related to arrested follicular development and prolonged estrous cycles, with fewer oocytes, ovulation disorders, and even infertility [9]. Studies in polycystic ovary syndrome (PCOS) patients showed that VitD3 supplementation promoted follicle growth, dominant follicle formation, and increased pregnancy rate and maintained an average menstrual cycle [10]. In addition, in the macaque, VitD3 supplementation promoted oocyte growth and folliculogenesis in in vitro cultured follicles [7]. These findings suggested that VitD3 alters ovarian functions, and it might be mediated by endocrine and paracrine signaling mechanisms. The hen ovary serves as an important model for studying follicular development and recruitment in reproductive biology [11]. In this study, we chose young layers (18 weeks old) as our experimental animal, as their follicles are usually arranged in a strict follicular hierarchy, and the ovulation-related hormones are secreted irregularly during this time.



Although it was found that VitD3 regulated ovary function in mammals, whether VitD3 has effects on the chicken ovary and also the mechanisms of VitD3 in regulating follicle development are still unclear. Since there is a follicular ovulation hierarchy in hens, few follicles can be selected and develop to maturity, and most growing follicles undergo follicular atresia [12]. Follicle selection in hens is described as the process of selecting one follicle per day from a pool of small yellow follicles to enter the preovulatory hierarchy, and the follicle selection process has been widely considered to be the rate-limiting step in the reproductive performance of hens [13,14]. The follicular development and follicle selection determine the number of mature follicles, which are key factors affecting poultry reproductive performance, especially egg production rate. Hence, it is of significant importance to illustrate the molecular mechanisms of VitD3 on the regulation of follicular development and follicle selection in the hen ovary model. In this study, we explored the direct action of VitD3 on ovarian follicle development and steroid hormone biosynthesis in vitro and in vivo in young layers (18–22 weeks old). The intention of this research was to investigate the direct function that VitD3 exerts on the follicular development of young layers, as well as its molecular mechanism.




2. Materials and Methods


2.1. Experimental Animals, Housing, and Experimental Design


Ninety 18-week-old Hy-Line Brown laying hens, of similar body weight (BW, 1.49 ± 0.05 kg), were used. All of the layers were housed in a controlled environment with light intensity of 20 Lx (lights on from 06:00–20:00), and during the experimental period, these layers had free access to water and feed. The animal procedures were approved by the Animal Care and Use Committee of Huazhong Agricultural University (HZAUCH-2020-001; 10 June 2020). These young layers were randomly divided into three groups with 30 layers per group for different treatments of VitD3 (calcitriol): the control (CON, with 0 μg/kg BW), low dosage (LVD, with 10 μg/kg BW), and high dosage (HVD, with 100 μg/kg BW). Calcitriol (Med Chem Express, Monmouth, NJ, USA) was administered by oral gavage, five times a week for 4 weeks. Dimethyl-sulfoxide (DMSO, Sigma, St. Louis, MO, USA) in corn oil served as a vehicle. As for the cell culture, small yellow follicles (SYFs, 6–8 mm) were taken from at least four hens and were harvested 10 h after laying. The layers were sacrificed using direct cervical dislocation based on the approval of the Animal Care and Use Committee.




2.2. Tissue Collection


The abdominal cavity of each hen was opened, and the functional ovary was carefully removed. Blood was collected at the same time. The entire ovary was immersed in PBS several times, and then the follicles were classified by size. Counting of the follicles was carried out according to previous reports [15,16], including small yellow follicles (SYFs, 6–8 mm), large yellow follicles (LYFs, 9–12 mm), and the preovulatory follicles (POFs, F1–F6). Then, the SYFs were collected for histological, RNA-seq, targeted metabonomics, and molecular analyses.




2.3. Measurement of Metabolite Contents in Serum and Cell Culture Media


Blood samples (5 mL) were taken from the wing vein of hens using centrifugal tubes for 2 h at room temperature and then centrifuged at 3000× g for 15 min to discard the blood cells. The serum was stored at −80 °C. The concentrations of follicle-stimulating hormone (FSH), luteinizing hormone (LH), estradiol (E2), progesterone (P4), androstenedione (ASD), anti-Müllerian hormone (AMH), triglycerides (TGs), and total cholesterol (TCHO) in serum were measured by ELISA kits. In the cell experiments, the cultured medium was harvested after the treatment of phGCs and phTCs with VitD3 for 48 h, and E2 and P4 concentrations were measured by ELISA kits. These measurements all followed the ELISA kit manufacturer’s instructions (Shanghai FANKEL Industrial Co., Ltd., Shanghai, China). Absorption at 450 nm was measured by using an Enspire Microplate Reader (PerkinElmer, EnSpire, Singapore). The sample concentrations were calculated according to the mean absorbance.




2.4. RNA Isolation, RT-qPCR, and RNA-Seq


TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) was used for total RNA extraction, and then the total RNA was reversed to cDNA by the cDNA Reverse Transcription Kit (Vazyme, Nanjing, China). Real-time quantitative polymerase chain reaction (RT-qPCR) was conducted using the SYBR Green PCR kit (Bio-Rad, Hercules, CA, USA) for PCR amplification conditions as follows: first, denaturing at 95 °C for 5 min, followed by 35 cycles at 95 °C for 30 s, 60 °C for 1 min, 72 °C for 30 s, and finally 72 °C for 10 min. We used the 2−ΔΔCT method for the calculation of relative gene expression levels and selected the housekeeping gene GAPDH as the internal control. The quantitative primers according to the mRNA sequences on NCBI and the details of the primer sequences are shown in Supplementary Table S1.



As for RNA-seq, we prepared RNA-Seq libraries with three biological replicates on an Illumina HiSeq 2500 platform by Gene Denovo Biotchnology Co. (Guangzhou, China) according to the manufacturer’s protocol [17,18]. The library generation includes enriching eukaryotic mRNA using Oligo (dT), adding fragmentation buffer to break the mRNA. These random hexamers were used for the first cDNA strand synthesis. After that, DNA polymerase I, dNTPs, RNase H, and buffer were added to synthesize the second cDNA strand. The resulting double-stranded cDNA was purified using AMPure XP beads, followed by end-repair, A-tailing, and ligation of sequencing adapters. Fragment size selection was executed with AMPure XP beads, and PCR amplification was used to enrich the cDNA library. Subsequently, the Illumina HiSeq 2500 platform (Illumina, San Diego, CA, USA) was employed to sequence the libraries according to Illumina’s RNA-seq instructions, generating 150 bp paired-end reads, which were further analyzed.



The low-quality reads and adapter reads were removed by fastp software [19]. We removed reads that contained adapters, those with over 10% of unknown nucleotides (Ns), and low-quality reads with more than 50% of bases (Q-value ≤ 20). The high-quality reads were aligned to the chicken reference genome (GRCg6a) by HISAT2 [20], gene count was generated by HTSeq [21], and the FPKM approach was utilized to evaluate the expression levels of genes. Then, differentially expressed genes were detected by DESeq2 (1.16.1, Illumina, San Diego, CA, USA) [22], whose cutoff was p-value < 0.05 and fold change > 1.5. We used clusterProfile to detect significant pathways based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [23], and the pathways with p-value < 0.05 were considered as the significant pathways.




2.5. Analysis of Steroidogenesis-Targeted Metabolomics


The steroid hormones in the SYF fluid were measured using UPLC-QQQ-MS. The samples were analyzed on an AB SCIEX 5500 QQQ-MS system (AB SCIEX, Framingham, MA, USA) equipped with a Waters Acquity UPLC (Waters Corporation, Milford, USA) device. Six biological replicates were carried out for targeted metabolomics. For the quantification of steroid hormones, 200 μL SYF fluid was mixed with 50 μL standards, and then 500 μL methanol (Sigma, USA) and 500 μL acetonitrile (Sigma, USA) were added. Following this, the samples were vortexed and centrifuged at 8000× g for 5 min, with the supernatant then collected for use. The samples were charged onto a Waters ACQUITY UPLC HSS T3 C18 column (Waters, USA) at 40 °C with 0.4 mL/min. We used the mobile phases of acidified water phase A (0.04% acetic acid) and acidified acetonitrile phase B (0.04% acetic acid). The analysis of the effluent was carried out using an ESI-triple quadrupole-linear ion trap, and the linear ion trap and triple quadrupole scans were acquired from the AB Sciex QTRAP6500 System.



The targeted metabolomic analyses were performed using previously published standard operating procedures [24]. The concentration and peak area of the standards were utilized to create a standard curve in which the sample concentrations were calculated. The steroid hormones were quantitated by comparison with the peaks areas of the external standards [25], then MultiQuant software version 2.1 (AB SCIEX, Framingham, MA, USA) was used for chromatogram review and peak area integration. For screening of the differential metabolites, we used the T-test as a univariate analysis. Those with a T-test p-value < 0.05 were regarded as differential steroid hormones.




2.6. Culture and Treatment of phGCs and phTCs


Granulosa cells from prehierarchical follicles (phGCs, from SYFs) were harvested following the previously described methods [26,27]. The phGCs were cultured at 37 °C, 5% CO2 with Medium 199 (Gibco, Grand Island, NY, USA), 5% fetal bovine serum (FBS, Gibco, USA), and 1% penicillin/streptomycin (Gibco, USA). Theca cells from pre-hierarchical follicles (phTCs, from SYFs) were collected according to previous reports [26,28,29]. The phTCs were cultured with DMEM/F12 (Gibco, USA) and supplemented with 10% FBS and 1% penicillin/streptomycin. A trypan blue stain was used to determine the cell viability, and then an automated cell counter (Countstar IC1000, Shanghai, China) was used to test the cell viability. After cell adhesion, the phGCs and phTCs were cultured with 1% DMSO (0 nM) or two concentrations of calcitriol (Med Chem Express, Monmouth, NJ, USA) (10 or 100 nM).




2.7. Cell Proliferation, Apoptosis, and Cell Cycle


The cell proliferation was assessed by using Cell Counting Kit8 (CCK-8, GLPBIO, Montclair, CA, USA) as per the manufacturer’s instructions. The cells were seeded in 100 μL of fresh medium at a density of 5000 cells/well in 96-well plates treated with 1% DMSO (0 nM) or two concentrations of VitD3 (10, or 100 nM). At the culture time of 12, 24, 36, and 48 h, each well was added to 10 μL of CCK8 reagent and incubated in a humidified atmosphere of 5% CO2 at 37 ℃ for 2 h. Absorption at 450 nm was measured using an Enspire Microplate Reader (PerkinElmer, Singapore).



The cell apoptosis was analyzed with the AnnexinV-FITC/PI apoptosis detection kit (KeyGen BioTech, Nanjing, China), following the manufacturer’s instructions. Cells were seeded at 50,000 cells/well in 6-well plates, and after 24 h of VitD3 treatment (0, 10, or 100 nM), the harvested cells were fixed with 500 μL binding buffer. Then, cells were treated with 5 μL annexin V-FITC and 5 μL propidium iodide in darkness for 15 min and analyzed for apoptosis using flow cytometry (Beckman Coulter FC500, Brea, CA, USA).



The cell cycle was detected by flow cytometry using the Cell Cycle Detection Kit (KeyGen BioTech, Nanjing, China). After various concentrations of VitD3 (0, 10, and 100 nM) were applied for 24 h, the cells were harvested, centrifuged, and re-suspended in PBS. The harvested cells were then stained with propidium iodide (PI) solution (50 µg/mL PI and 100 µg/mL RNase A with PBS) and cell cycle assayed by flow cytometry (Beckman Coulter FC500). A minimum of 10,000 cells were analyzed for each sample. Cell apoptosis and the cell cycle were analyzed using Flowjo_10.




2.8. Immunohistochemistry and Immunofluorescence Detection of VDR


The immunohistochemistry was performed according to a previously described method [30,31]. VDR rabbit pAb (A2194; ABclonal, Wuhan, China) was used as a primary antibody, and HRP goat antirabbit IgG (ab150182; Abcam, Cambridge, UK) was used as a secondary antibody. As for the immunofluorescence, cells were seeded onto coverslips in 12-well plates and VitD3-treated for 24 h. Then, the cells were fixed with 4% paraformaldehyde at room temperature for 20 min and immersed 3 times in cold PBS. The cells were then incubated with blocking buffer and then incubated with VDR rabbit pAb (A2194; ABclonal) that was diluted 1:100 as the primary antibody at 4 °C overnight. HRP goat antirabbit IgG was used as a secondary antibody (ab150182; Abcam). The nuclei were stained with DAPI (Sigma, USA) for 5 min. The images were obtained using fluorescence microscopy (Olympus BX53, Tokyo, Japan), and the intensity of the VDR was calculated using Image J software version 153.




2.9. Statistical Analysis


Our data were expressed as means ± standard error (SEM). After the homogeneity test of variance (Levene’s test), with VitD3 treatment as the main effect, the results were analyzed by one-way analysis of variance (ANOVA) followed by post hoc multiple comparisons (Duncan test), and p-value < 0.05 was considered as significant among groups. SPSS19.0 software (SPSS Inc., Chicago, IL, USA) was used to perform statistical analyses, and GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA) was also used for drawing figures.





3. Results


3.1. Effects of VitD3 on Follicle Number and SYF Structure of Layers


The effects of VitD3 on the development of ovarian follicles in young layers, including preovulatory follicles (POFs), LYFs, and SYFs, are presented in Table 1. Although there were no differences observed in the number of POFs among treatments, low-dosage VitD3 (LVD) had a higher total number of LYFs, and high-dosage VitD3 (HVD) had a higher total number of SYFs compared to the control (CON) (p < 0.05). HE staining of the SYFs showed that the granulosa layers (GL) of LVD and HVD were significantly thicker than the control (CON) (p < 0.05), with the highest GL thickness in LVD, and a non-significant difference was found in the thickness of the theca layers (TLs). This demonstrated that the follicles exhibited an integral structure with clear boundaries between GL and TL and closely arranged GCs, and the TL structure of HVD became sparse (Figure 1A,B). These results hinted that a low dose of VitD3 might promote GC proliferation and increase the number of SYFs, both of which could influence follicle selection dynamics in laying hens.




3.2. VitD3 Promotes Expression of Genes Related to Steroidogenesis in SYFs


To screen the differentially expressed genes (DEGs) due to VitD3 treatment, RNA-seq was utilized for the SYFs among the CON, LVD, and HVD. We visualized significant changes in the mRNA expression of the VitD3-treated groups using a volcano plot and Venn diagram (Figure 2A,B). In the CON vs. LVD sequencing, 1198 DEGs were detected, including 127 upregulated genes and 1071 downregulated genes. In the CON vs. HVD sequencing, 628 DEGs were detected, including 230 upregulated genes and 398 downregulated genes. In the LVD vs. HVD sequencing, 448 DEGs were detected, including 185 upregulated genes and 263 downregulated genes. The KEGG pathway enrichment analysis of the DEGs revealed that they were notably enriched in functional pathways that are critical in follicle development, such as ovarian steroidogenesis, cholesterol metabolism, glycerolipid metabolism, ECM–receptor interaction, and the MAPK pathway and PI3K–AKT–signaling pathways (Figure 2C). In addition, compared with the CON, CYP19A1 was significantly upregulated, and BMP15, ZP4, and PTGS2 were significantly downregulated in LVD; CYP27A1, CD36, and VLDLR were significantly upregulated, and ZP4 and LHX9 were significantly downregulated in HVD (Supplementary Table S2). To verify the transcriptomic data, 20 genes in ovarian steroidogenesis and cholesterol metabolism were selected for RT-qPCR, which showed that the regulation trend of the relative mRNA expression was consistent with the results obtained from the transcriptomic analysis (Figure 2D).




3.3. Steroid Hormone Content in SYF Fluid and Serum Changed after VitD3 Treatment


To further verify the effects of VitD3 on steroid hormones in SYF, steroid-hormone-targeted metabolomics was performed and identified 20 steroid hormones (Supplementary Figure S1). Among these, 11 steroid hormones exhibited increased levels in LVD and decreased levels in HVD, 5 of which were significantly different in SYF fluid after VitD3 treatment (p < 0.05), namely testosterone, pregnenolone, 17-hydroxyprogesterone (17-OHP), cortisol, and progesterone (Figure 3A–C). Pregnenolone was significantly upregulated in both LVD and HVD, whereas four steroid hormones were significantly decreased in HVD.



In serum, there was also a significant difference in estradiol (E2), progesterone (P4), and total cholesterol (TCHO) among the different treatments (Figure 3D). Compared with the CON, the E2 and P4 concentration was significantly increased in LVD (p < 0.05), and the HVD did not show a difference. In addition, the serum TCHO content from LVD and HVD was lower than the CON (p < 0.05). These results showed that, in serum, VitD3 treatment significantly increased E2 and P4, whereas it decreased the TCHO content (p < 0.05).




3.4. VitD3 Promoted the Proliferation and Cell Cycle of Granulosa Cells from Pre-Hierarchical Follicles (phGCs) and Theca Cells from Pre-Hierarchical Follicles (phTCs) and Inhibited Their Apoptosis


To further verify the function of VitD3 in follicular development, phGCs and phTCs were isolated to investigate the effect of VitD3 on cell proliferation, cell-cycle progression, and apoptosis, and the cultured phGCs and phTCs are presented in Figure 4B. VitD3 increased phGC cell proliferation (p < 0.05; Figure 4A). To further confirm the effect of VitD3 on cell proliferation, we examined the cell cycle using flow cytometric analysis and the mRNA expression of cell-cycle-related genes after VitD3 treatment. It was shown that for phGCs, VitD3 (100 nM) treatment significantly increased cells in the S-phase, accompanied by a reduction in the G1-phase compared with 0 nM. Consistently, the mRNA expression levels of the cell-cycle-related genes CDK2, CCNE1, CCND1, ATM, and CDKN1A in phGCs were elevated by VitD3 (100 nM) (p < 0.05; Supplementary Figure S2A and Figure 4C,D). As shown in Figure S2B and Figure 4E,F, VitD3 (10–100 nM) treatment could significantly inhibit apoptosis rates in phGCs. RT-qPCR showed that the mRNA levels of CASP3 and CASP9 in the phGCs was significantly decreased by VitD3 (10–100 nM) treatment, and the BCL2 was significantly increased (p < 0.05).



Furthermore, the proliferation of phTCs increased in response to VitD3 at 100 nM within 24 h, and the VitD3 at 10 nM at 48 h showed a higher absorbance (p < 0.05; Figure 4A). However, our results showed that VitD3 had no significant effect on the cell-cycle progression of phTCs, but it increased the mRNA expression of all six cell-cycle-related genes at VitD3 (10 nM) (p < 0.05; Supplementary Figure S2A and Figure 4C,D). Similarly, 10 nM VitD3 treatment was able to significantly inhibit the apoptosis rates in phTCs, and the mRNA levels of CASP3 and CASP9 significantly decreased (p < 0.05; Supplementary Figure S2B and Figure 4E,F). Generally, our results showed that 10–100 nM VitD3 had a clear effect on promoting the cell proliferation and positively promoted the synthesis of DNA, inhibiting apoptosis, especially in phGCs.




3.5. VitD3 Enhances Steroid Hormone Biosynthesis in phGCs and phTCs


To examine the direct actions of VitD3 in regulating steroid hormone biosynthesis, the mRNA levels of the genes related to steroid hormone biosynthesis were tested. The levels of mRNA for FSHR, CYP11A1, and HSD17B1 were upregulated in 10 nM VitD3 when compared to the control, while 100 nM VitD3 downregulated the HSD3B1 in phGCs (p < 0.05; Figure 5A). Moreover, the treatment of phTCs with 10 nM VitD3 upregulated the expression of most of the genes tested compared with the control (Figure 5B). To further confirm these results, the contents of P4 and E2 in the culture media were tested. After exposure for 24 h, the P4 levels in phGCs and phTCs treated with 10 nM VitD3 were significantly higher than those in the control, and 100 nM VitD3 significantly increased E2 in phTC medium in a dose-dependent manner (p < 0.05), with no significant effect on E2 content in phGC (Figure 5C,D). Consistent with the results of the steroid hormone-biosynthesis enzyme mRNA expression, VitD3 increased the production of steroid hormones biosynthesis in cell-cultured medium compared with the control.




3.6. VitD3 Promotes VDR Expression in phGCs and phTCs


The localization of VDR is shown by immunohistochemistry in SYFs, and VDR was present in GL and TL (Figure 6A). When phGCs were treated with 10 nM VitD3, the mRNA expression of VDR was significantly higher than for 0 nM. In addition, 100 nM VitD3 significantly upregulated phTCs’ VDR mRNA expression and exhibited dose dependence (p < 0.05; Figure 6B). A similar trend was observed in the immunofluorescence assay, where VitD3 significantly activated the relative labeling index of VDR in both phGCs and phTCs (Figure 6C,D).





4. Discussion


4.1. VitD3 Regulates the Development of PHFs in Young Layers


VitD3 participates in many biological processes, including cell growth and differentiation, immune function, regulation of cardiovascular function, and hormone metabolism and has pivotal roles in maintaining calcium and phosphorus homeostasis [32]. The functions of VitD3 are not confined to the maintenance of bone health and mineral metabolism; it also plays an important role in follicle development in mammals [6,7,33,34]. Nevertheless, the mechanism of VitD3 in regulating follicle development remains unknown. Thus, these in vitro studies were carried out in the absence of direct evidence for the roles played by VitD3′. Our study revealed the effect of VitD3 on the follicle development of young layers in vivo and in vitro; we found that the number of PHFs in VitD3-treated hens was significantly higher than those in the control, and treatment with VitD3 promoted steroid biosynthesis and cell proliferation.



It is widely known that regular granulosa cell proliferation and apoptosis support the development of follicles in mammals [35,36]. Previous studies showed that VitD3 can indirectly affect follicle development in goat luteinized granulosa cells and chicken follicle GCs in vitro [34,37]. Research in macaques found that VitD3 is associated with higher pregnancy rates by significantly enhancing the cell proliferation and differentiation of GCs [7]. Various studies also indicated an alteration in cell apoptosis in mammals. In our study, VitD3 supplementation significantly increased the number of PHFs and GL thickness in hens, promoted cell proliferation, and inhibited apoptosis in in vitro cultured follicle cells. Therefore, these results provide a possible mechanism for the follicle selection that VitD3 supplementation contributes to PHF development by promoting cell proliferation and inhibiting apoptosis. However, studies also showed that VitD3 supplementation had an inhibitory effect on cancer cell proliferation and a likely benefit in colon and breast cancer [38,39]. Consequently, the effect of VitD3 on cellular responses might depend on the different cell types.




4.2. VitD3 Promotes Steroid Hormone Synthesis in the Follicles of Layers


Follicular development is a complex process regulated by multiple genes and steroid hormones. Steroid syntheses play an essential role in follicular development, and these concentrations and activities in the animal body are tightly regulated by the steroid biosynthesis pathway [40]. In addition, CYP11A1, CYP17A1, CYP19A1, HSD3B1, and HSD17B1 are key members involved in steroid biosynthetic processes. CYP11A1 is the first step of steroidogenesis and catalyzes the conversion of cholesterol to pregnenolone, and the gene controls the rate of synthesis of all steroid hormones. CYP17A1, a steroidogenic enzyme, acts as the enzymatic gateway to glucocorticoid and androgen synthesis [41]. Aromatase is encoded by CYP19A1, a critical enzyme catalyzing estrogen biosynthesis [42]. In this study, the KEGG results showed that ovarian steroidogenesis, cholesterol metabolism, glycerolipid metabolism, ECM–receptor interaction, the MAPK pathway, and PI3K-AKT-signaling pathways, which are involved in follicle development and oocyte maturation [14,43], were significantly enriched after VitD3 treatment. Several important pathways were enriched in the low-dose VitD3 compared with CON, including ovarian steroidogenesis, ECM–receptor interaction, the MAPK pathway, and PI3K–AKT signaling, and the high-dose VitD3 enriched the cholesterol metabolism, ECM–receptor interaction, and vascular smooth muscle contraction. This is particularly interesting in light of the fact that the different doses of VitD3 affected the pathways in different ways; the LVD vs. HVD enriched the glycerolipid metabolism, cytokine–cytokine receptor, nitrogen metabolism, and vascular smooth muscle contraction, which may be related to the negative feedback regulation of hormones or different doses of VitD3 mediating cell functions through genomic and non-genomic mechanisms [44,45]. Meanwhile, the significantly upregulated expression of steroid hormone biosynthesis-related genes (CYP19A1, HSD3B1, and HSD17B1) was found both in vivo and in vitro after VitD3 treatment. Collectively, these findings indicated that VitD3 stimulates steroid hormone synthesis at the transcriptional level.



Hormones synthesized from steroidogenesis include testosterone, progesterone, and estrogen [46]. Testosterone, progesterone, and estrogen play critical functions in follicle development, and progesterone is used to synthesize testosterone and estrogen. Through targeted metabolomics profiling, our research found that five hormones, testosterone, pregnenolone, 17–OHP, cortisol, and progesterone, significantly differed in layers’ follicle fluid, and pregnenolone was significantly upregulated in both VitD3 doses. The other four hormones were significantly lower at higher doses. Pregnenolone is a steroid hormone involved in the steroidogenesis of progesterone, androgens, and estrogens and is synthesized from cholesterol in the mitochondrion [47]. In previous studies, testosterone has been proved to stimulate follicle aggregation, growth, and development and may enhance oxygen supply to GCs and energy metabolism of ovarian follicles [48,49]. The enzyme HSD17B1 can further convert progesterone to testosterone [50]. In our study, VitD3 was shown to fuel testosterone production at low doses and inhibit it at high doses in follicle fluid, and the expressional tendency of HSD17B1 mRNA demonstrated a similar trend in SYFs. We conclude that VitD3 may directly modulate pregnenolone and testosterone metabolism.



There is increasing evidence of the benefits of VitD3 in mammal steroid hormone biosynthesis in vitro cultured cells. Studies on human skin fibroblasts showed that incubation with VitD3 increased the expression of CYP19A1 and promoted the synthesis of E2 [51,52]. VitD3 treatment led to an increase in E2 production in in vitro cultured human ovarian GCs and in porcine ovarian GCs [33]. CYP19A1 was expressed in the GL and TL of the mammal follicles, whereas it was only expressed in the chicken TL. The estrogen in chicken follicles is mainly derived from TCs, while GCs are the source of P4 [53]. Therefore, the regulation of VitD3 on GCs and TCs was further examined in our in vitro study, finding that the mRNA expression of steroid hormone biosynthesis-related genes was upregulated in the VitD3–treated samples. Furthermore, the levels of E2 and P4 in serum and in cell-cultured medium changed with VitD3 treatment, indicating that VitD3 regulates the synthesis of E2 and P4, as in mammals. Cholesterol is an essential precursor of steroidogenesis; the steroidogenic cells derive cholesterol through de novo synthesis and through the uptake of plasma-derived cholesterol [54]. In this study, a significant decrease in serum TCHO occurred after VitD3 intervention, suggesting that the consumption of TCHO for hormone synthesis might be accelerated. These results supported our hypothesis that VitD3 regulates steroid hormone biosynthesis by directly enhancing cholesterol transport converted into pregnenolone and indirectly increasing estrogen synthesis in the chicken follicles.




4.3. VitD3 Triggers VDR Expression In Vitro Cultured Follicle Cells


VitD3 exerts its functions through VDR, which is present in various animal tissues [55]. Other studies demonstrated the presence of VDR in the placenta, uterus, ovaries, and granulosa cells of humans and rodents and in the male testes, epididymis, and sperm cells, and it is also expressed in chicken GCs [37,56,57,58,59,60]. In this research, we found, for the first time, that VDR was present both in the TL and GL in SYFs, and the VDR present in TL has not been reported in hens. Furthermore, the treatment of low-dose VitD3 markedly increased the thickness of the GL, and the expression of steroid hormone-biosynthesis related genes was significantly increased in SYFs. These data indicate that VitD3 stimulates the proliferation of phGCs and phTCs in SYFs to increase the thickness of GL and fails to increase the thickness of TL, which may be related to the location and number of VDR. The VDR expression in follicles suggests its importance in follicle development [61] and is essential for the growth of GCs and TCs of PHFs in hens.



In the invariant natural killer T (INKT) cells, it was found that when VDR was knocked out, the cells could not proliferate and mature normally [62]. When the VDR was knocked down, a significant inhibiting effect on tube formation was observed [63]. Additionally, VDR knockout mice were infertile and had decreased folliculogenesis and CYP19A1 expression, whereas after supplementing with E2, the uterine weight increased [64,65]. Therefore, VDR might be involved in follicle development and may play a role in cell proliferation. Our results showed that VitD3 could promote phGC and phTC proliferation by increasing cell cycling and suppressing cell apoptosis by increasing BCL2 expression and decreasing CASP3 and CASP9 expression. Two types of follicle cell showed differences in the sensitivity to VitD3, leading to diverse cellular responses, including cell proliferation, cell cycling, and apoptosis at 10–100 nM VitD3 levels. Taken together, these results suggest that VitD3 increased cell proliferation, inhibited cell apoptosis, and induced the expression of VDR in SYFs, which may have similar functions in mammals. Thus, further studies are warranted to investigate the mechanism by which VitD3 mediates cellular effects and to delve more deeply into its autocrine function using in vitro follicle culture.





5. Conclusions


In conclusion, our results indicated that VDR is expressed in young layers’ GCs and TCs, and VitD3 regulated steroidogenesis (CYP19A1, CYP17A1 and HSD3B1) and the production of testosterone, estradiol, and progesterone in chicken PHFs. Furthermore, VitD3 increased the GL thickness and participated in follicle cell function by upregulating proliferation, enhancing cell-cycle progression, and inhibiting apoptosis. These results suggest that VitD3 might affect follicle development by promoting follicle cell function and steroid hormone biosynthesis. Additionally, VitD3 treatment showed a direct action on the PHFs and is likely to participate in the follicle selection process, which may provide a better environment for follicular development in young layers (Figure 7). This research is of benefit as it helps to clarify the mechanism of VitD3 on PHF development and steroid hormones biosynthesis in the young layer model.
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Figure 1. Effect of VitD3 on follicle development of young layers. (A) Follicular morphology in SYFs of VitD3-treated young layers. H&E staining was used to evaluate the morphology of SYFs. Yellow arrows indicate granulosa layers (GL), and blue arrows indicate theca layers (TLs). Scale bars: 100 (20×) and 50 μm (40×). (B) Summary of GL and TL thickness in SYFs. Values were the mean ± SEM (n = 4); bars with no common lowercase letters (a–c) differ significantly (p < 0.05). CON: with calcitriol 0 μg/kg BW; LVD: with calcitriol 10 μg/kg BW; HVD: with calcitriol 100 μg/kg BW; VitD3: 1α,25-dihydroxyvitamin D3. 
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Figure 2. Small yellow follicle (SYF) transcriptome analyses reveal mRNA expression changes. (A) Volcano plot of differentially expressed genes (DEGs) between VitD3-treated and control in SYFs. Red spots and yellow spots represent significantly upregulated and downregulated genes, respectively (p-value < 0.05 and fold change > 1.5). Blue spots: no difference in gene expression. (B) Venn diagram of DEGs among groups. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of DEGs between CON and LVD, CON and HVD, and LVD and HVD. The significantly enriched KEGG pathways of the three groups are shown; p-value < 0.05 was used as the threshold of significant enrichment for KEGG. (D) Relative mRNA expression and RNA-seq data of the 20 selected DEGs. The mRNA expression values shown are means ± SEM (n = 5); bars with no common lowercase letters (a, b) differ significantly (p < 0.05). CON: with calcitriol 0 μg/kg BW; LVD: with calcitriol 10 μg/kg BW; HVD: with calcitriol 100 μg/kg BW; VitD3: 1α,25-dihydroxyvitamin D3. 
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Figure 3. VitD3 altered steroid hormone contents in young layers’ SYF fluid and serum. (A) The fold change distribution of 20 steroid hormones among the three groups. (fold change distribution of 20 steroid hormones in CON vs. LVD; fold change distribution of 20 steroid hormones in LVD vs. HVD; fold change distribution of 20 steroid hormones in CON vs. HVD; n = 6). (B) Heat map of 20 differential steroid hormones quantified in SYFs fluid across the three groups. The X-axis represents different groups, and the Y-axis represents the steroid hormones. (C) VitD3 significantly alters five steroid hormones in chicken SYF fluid. Boxplot of five differential steroid hormones including testosterone, pregnenolone, 17-hydroxyprogesterone (17-OHP), cortisol, and progesterone in chicken SYF fluid. Steroid-hormone-targeted metabolomics profiling examined in chicken SYFs fluid (n = 6, * p < 0.05, ** p < 0.01, ns not significant). (D) Effect of VitD3 treatment on steroid hormone content and cholesterol metabolism index in young layers’ serum. ELISA assay of serum steroid hormones follicle-stimulating hormone (FSH), luteinizing hormone (LH), estradiol (E2), progesterone (P4), androstenedione (ASD), antimullerian hormone (AMH), and cholesterol metabolism index triglycerides (TGs), and total cholesterol (TCHO). Values are expressed as means ± SEM (n = 8), and bars with no common lowercase letters (a, b) differed significantly (p < 0.05). CON: with calcitriol 0 μg/kg BW; LVD: with calcitriol 10 μg/kg BW; HVD: with calcitriol 100 μg/kg BW; VitD3: 1α,25-dihydroxyvitamin D3. 






Figure 3. VitD3 altered steroid hormone contents in young layers’ SYF fluid and serum. (A) The fold change distribution of 20 steroid hormones among the three groups. (fold change distribution of 20 steroid hormones in CON vs. LVD; fold change distribution of 20 steroid hormones in LVD vs. HVD; fold change distribution of 20 steroid hormones in CON vs. HVD; n = 6). (B) Heat map of 20 differential steroid hormones quantified in SYFs fluid across the three groups. The X-axis represents different groups, and the Y-axis represents the steroid hormones. (C) VitD3 significantly alters five steroid hormones in chicken SYF fluid. Boxplot of five differential steroid hormones including testosterone, pregnenolone, 17-hydroxyprogesterone (17-OHP), cortisol, and progesterone in chicken SYF fluid. Steroid-hormone-targeted metabolomics profiling examined in chicken SYFs fluid (n = 6, * p < 0.05, ** p < 0.01, ns not significant). (D) Effect of VitD3 treatment on steroid hormone content and cholesterol metabolism index in young layers’ serum. ELISA assay of serum steroid hormones follicle-stimulating hormone (FSH), luteinizing hormone (LH), estradiol (E2), progesterone (P4), androstenedione (ASD), antimullerian hormone (AMH), and cholesterol metabolism index triglycerides (TGs), and total cholesterol (TCHO). Values are expressed as means ± SEM (n = 8), and bars with no common lowercase letters (a, b) differed significantly (p < 0.05). CON: with calcitriol 0 μg/kg BW; LVD: with calcitriol 10 μg/kg BW; HVD: with calcitriol 100 μg/kg BW; VitD3: 1α,25-dihydroxyvitamin D3.



[image: Cimb 45 00256 g003]







[image: Cimb 45 00256 g004 550] 





Figure 4. Effect of VitD3 on phGCs, phTCs proliferation, cell-cycle progression, and apoptosis. (A) Effect of VitD3 on phGC and phTC proliferation (n = 6, # p < 0.05). Cell proliferation was detected by an CCK8 assay cultured at 12, 24, 36, and 48 h. (B) Pictures of cultured phGCs and phTCs. Scale bars: 200 μm. (C) Flow cytometric analysis of cell cycle in phGCs and phTCs after VitD3 treatment. Percentage of phGCs and phTCs in different phases of the cell cycle (G1, G2, S). Quantization of phGCs and phTCs at different stages (n = 3). Cultured phGCs and phTCs were treated with VitD3 at 0, 10, and 100 nM for 24 h. (D) VitD3 altered the mRNA expression of cell-cycle-related genes. RT-qPCR was performed to examine changes in mRNA levels of genes involved in cell cycle (CDK2, CCNE1, CCND1, ATM, CDKN1A, and CDKN1B) in phGCs and phTCs (n = 4). (E) Apoptosis was assessed in phGCs and phTCs by flow cytometry after treatment with VitD3 and the quantification of apoptotic cells (n = 3). (F) mRNA levels of genes related to apoptosis (BCL2, CASP3, and CASP9), obtained by RT-qPCR of exposure to VitD3 (n = 4). Values are the mean ± SEM; bars with no common lowercase letters (a, b) differ significantly (p < 0.05). phGCs: granulosa cells from prehierarchical follicles; phTCs: theca cells from prehierarchical follicles; VitD3: 1α,25-dihydroxyvitamin D3. 
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Figure 5. VitD3 alters steroid hormone biosynthesis in granulosa cells from prehierarchical follicles (phGCs) and theca cells from prehierarchical follicles (phTCs). (A) mRNA expression of steroid hormone-biosynthesis genes in phGCs (FSHR, CYP11A1, CYP17A1, HSD3B1, HSD17B1; n = 4). (B) mRNA expression of steroid hormone-biosynthesis genes in phTCs (CYP11A1, CYP17A1, HSD3B1, CYP19A1, HSD17B1, ESR1, ESR2; n = 4). mRNA expression levels of these genes were analyzed by real-time PCR. (C) Effect of VitD3 on progesterone (P4), and estradiol (E2) production in phGCs (n = 5). (D) Effect of VitD3 on P4 and E2 production in phTCs (n = 5). P4 and E2 concentrations in cell medium were analyzed by ELISA assay. Values are the mean ± SEM. Bars with no common lowercase letters (a, b) differ significantly (p < 0.05). phGCs: granulosa cells from prehierarchical follicles; phTCs: theca cells from prehierarchical follicles; VitD3: 1α,25-dihydroxyvitamin D3. 
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Figure 6. VitD3 stimulated chicken phGCs and phTCs VDR expression. (A) Immunohistochemical staining of VDR in the chicken small yellow follicle (SYF). Scale bar: 100 μm (B) VDR mRNA expression after treatment with VitD3 in phGCs and phTCs (n = 4). (C) Immunofluorescence assay for VDR in phGCs after 48 h culture and the relative VDR index in different treatment (n = 3). (D) Immunofluorescence assay for VDR in phTC and the relative VDR index in different treatment (n = 3). Values are the mean ± SEM; bars with no common lowercase letters (a, b) differ significantly (p < 0.05). Granulosa layers (GL), theca layers (TL); phGCs: granulosa cells from prehierarchical follicles; phTCs: theca cells from prehierarchical follicles; VitD3: 1α,25-dihydroxyvitamin D3; VDR: vitamin D receptor. 






Figure 6. VitD3 stimulated chicken phGCs and phTCs VDR expression. (A) Immunohistochemical staining of VDR in the chicken small yellow follicle (SYF). Scale bar: 100 μm (B) VDR mRNA expression after treatment with VitD3 in phGCs and phTCs (n = 4). (C) Immunofluorescence assay for VDR in phGCs after 48 h culture and the relative VDR index in different treatment (n = 3). (D) Immunofluorescence assay for VDR in phTC and the relative VDR index in different treatment (n = 3). Values are the mean ± SEM; bars with no common lowercase letters (a, b) differ significantly (p < 0.05). Granulosa layers (GL), theca layers (TL); phGCs: granulosa cells from prehierarchical follicles; phTCs: theca cells from prehierarchical follicles; VitD3: 1α,25-dihydroxyvitamin D3; VDR: vitamin D receptor.



[image: Cimb 45 00256 g006]







[image: Cimb 45 00256 g007 550] 





Figure 7. The regulatory pattern of VitD3 on follicular development in young layers’ PHFs. The solid red arrows represent promotion, whereas the dashed red arrows represent inhibition. The red genes and steroid hormones represent significant regulation by VitD3. 
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Table 1. Effect of VitD3 treatment on follicle number of POFs, LYFs, and SYFs in young layers.
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Items

	
Groups

	
SEM

	
p-Value




	
CON

	
LVD

	
HVD






	
Number of POFs

	
5.15

	
5.20

	
5.35

	
0.09

	
0.637




	
Number of LYFs

	
4.95 b

	
6.45 a

	
4.00 b

	
0.32

	
0.006




	
Number of SYFs

	
5.15 b

	
5.90 ab

	
6.65 a

	
0.25

	
0.046








Preovulatory follicles (POFs, F1–F6), large yellow follicles (LYFs, 9–10 mm), small yellow follicles (SYFs, 6–8 mm). CON: with calcitriol l 0 μg/kg BW, LVD: with calcitriol 10 μg/kg BW, HVD: with calcitriol 100 μg/kg BW. VitD3: 1α,25-dihydroxyvitamin D3. a,b Values with no common lowercase letters differ significantly (p < 0.05; n = 20).
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