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Transforming growth factor-beta (TGF-β) plays a critical role in regulating trophoblast invasion and proliferation. Growth differentiation factor-8 (GDF-8) is a member of the TGF-β superfamily and is categorized as a myostatin subtype. It is primarily a secreted protein synthesized in skeletal muscle cells. It is expressed in the placenta, reproductive tissues, and cells. In this study, we investigated the role of GDF-8 in the development and hatching rate of bovine embryos. We noted a notable elevation (p < 0.05) in the development and hatching rates compared to the control embryos. Furthermore, the GDF-8 group showed a significantly improved total cell number (p < 0.05) and an increase in trophectoderm ratio inner cell mass (trophectoderm: inner cell mass) cells (p < 0.001) compared to the control group. Additionally, blastocysts treated with GDF-8 exhibited significantly higher mRNA levels of caudal-type homeobox 2 (CDX2) (p < 0.05). The trophoblast invasion area was significantly larger in the GDF-8 group than in the control group (p < 0.01). Furthermore, qRT-PCR analysis revealed significantly higher mRNA levels (p < 0.05) of matrix metalloproteinases 9 (MMP9) and follistatin-like 3(FSTL3), both of which are associated with the ALK5-SMAD2/3 signaling pathway, in the GDF-8 group than those in the control group. The mRNA expression levels of genes related to tight junctions (TJ) and adherent junctions were higher in the GDF-8 group than those in the control group (p < 0.05). After 24 h of thawing, blastocysts were analyzed using 4-kDa FITC-dextran, which revealed a higher TJ integrity in the GDF-8 group (p < 0.01). Thus, GDF-8 plays a crucial role in bovine embryonic development, in vitro implantation, and cryotolerance.
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1 INTRODUCTION
Embryo transfer and in vitro embryo production (IVP) represent indispensable assisted reproductive technologies in the commercial cattle industry for high-capacity cattle and serve as vital tools for controlling gene expression in blastocysts. Assisted reproductive technology has undergone significant advancements, particularly cryopreservation, which is unhindered by spatial and temporal constraints (Thibier, 2005). Nevertheless, the disparities between in vitro and in vivo embryo culture conditions within the female reproductive tract subject embryos to diverse physical and chemical stimuli, ultimately resulting in limitations regarding their developmental rate and quality (King et al., 1988; Underhill et al., 1991).
Despite extensive efforts to mitigate these differences, disparities persist between developing embryos cultured in vivo and those cultured in vitro. These disparities include morphological and molecular factors compromising IVP effectiveness (D. Lechniak et al., 1997; Thompson, 1997; Peter Holm, 1998; Khurana and Niemann, 2000; Corcoran et al., 2006; Camargo et al., 2018). Due to its inability to faithfully replicate in vivo culture conditions, IVP technology exhibits inherent developmental rate and quality differences. Consequently, the development rate of in vitro cultured bovine embryos remains limited to a 20%–30% range (Thompson, 1997; Camargo et al., 2006). Moreover, in vitro cultured embryos display a slower cell cycle division rate than in vivo cultured embryos, resulting in negative effects (Thompson, 1997). Furthermore, when embryos undergo cryopreservation, they are subjected to significant damage in their morphology and function. The extent of damage varies depending on membrane permeability, shape, and cell size (Marsico et al., 2019). Subsequently, the viability and quality of cryopreserved embryos depend on their cellular competence, which affects their ability to survive cryopreservation, potential for successful in vitro implantation, and preservation of structural integrity during in vitro culture (Thibier, 2005; Moussa et al., 2014). During the thawing process following cryopreservation, the trophectoderm (TE) cells of bovine blastocysts are susceptible to damage due to cryo-shrinkage, resulting in detrimental effects on their re-expansion capability (Kaidi et al., 2001; Camargo et al., 2011). Recent studies have emphasized the significant contribution of TE cells to early embryonic development and uterine implantation (Gauster et al., 2022). These cells undergo differentiation as part of the embryonic developmental process, controlling the movement of small molecules and H2O, which are crucial for forming of the blastocoel cavity. Consequently, if these cells experience damage to their intercellular junctions due to cryo-shrinkage, they cannot maintain pressure within the blastocoel cavity (Choi et al., 2012; Marikawa and Alarcon, 2012). Moreover, previous research has indicated that TE cells are more sensitive to cryopreservation and exhibit a more pronounced response to thawing than inner cell mass (ICM) cells (Kaidi et al., 2001). The preservation of the epithelial integrity of TE cells requires specific conditions.
Transforming growth factor-beta (TGF-β) is also critical in regulating trophoblast invasion and proliferation (Adu-Gyamfi et al., 2020). Additionally, in vitro porcine embryo systems enhance blastocyst formation rates during early embryonic development and influence in vitro implantation (Massuto et al., 2010). Multiple studies have indicated that the proliferative activity of TE cells substantially affects the developmental ability of embryos. These findings underscore the significance of TGF-β as a key regulatory factor in embryo development and in vitro implantation, particularly through its effect on TE cell proliferation. Understanding the specific mechanisms by which TGF-β affects embryo development and in vitro implantation can potentially lead to advancements in IVP technology and enhance developmental outcomes.
Growth differentiation factor-8 (GDF-8) is a member of the TGF-β superfamily and is a myostatin subtype, primarily a secreted protein synthesized in skeletal muscle cells (McPherron et al., 1997). It is also expressed in the placenta, reproductive tissues, and cells (McPherron et al., 1997; Wong et al., 2009; Peiris and Mitchell, 2012; Peiris et al., 2014; Xie et al., 2020). Myostatin is a widely recognized inhibitor of muscle development that impedes cell proliferation and differentiation. However, it has been observed that both cell proliferation and migration are increased. Additionally, the elevated presence of myostatin in placental tissues during early pregnancy implies its potential involvement in early pregnancy, possibly contributing to the formation and development of the human placenta (Peiris et al., 2014). GDF-8 is expressed in extra villous trophoblasts and promotes the migration of trophoblasts (Peiris et al., 2014). Trophoblasts essential in regulating embryo development, in vitro implantation, and sustaining healthy pregnancies. In hamsters, GDF-8 induces proliferation exclusively in TE cells, stimulating the proliferation of extraembryonic trophoblast cells in preimplantation embryos and facilitating hatching (Wong et al., 2009), which underscores the significance of GDF-8 in regulating various aspects of embryonic development and in vitro implantation.
The GDF-8-related pathway involves the ALK5-SMAD2/3 signaling pathway. GDF-8 binds to a specific receptor, ALK5, in the trophoblast membrane. Upon binding of GDF-8 to its receptor, the receptor is activated, resulting in phosphorylation of SMAD2/3. Following phosphorylation, SMAD2/3 forms complexes with SMAD4 and relocates to the nucleus, where it conjugates to target genes, ultimately stimulating the expression of invasion-related genes (Peiris and Mitchell, 2012). The SMAD complex induces the transcription and expression of genes, such as follistatin-like 3 (FSTL3), matrix metalloproteinases 9 (MMP9), caudal-type homeobox 2 (CDX2), and SRY-box transcription factor 2, which increases TE cell proliferation, thereby enhancing their invasive capabilities (Yoon et al., 2019; Xie et al., 2020) (Supplementary Figure S1).
Cell invasion involves two primary processes: control of cell adhesion and migration, degradation of the extracellular matrix (ECM), and remodeling (Fang et al., 2021). Matrix metalloproteinases (MMPs) are also associated with ECM degradation. Matrix metalloproteinases 2 (MMP2)-mediated ECM degradation in humans enhances trophoblast cell invasion (Nagase and Woessner, 1999; Cohen et al., 2006). Furthermore, the expression of MMP2 and MMP9 is intricately linked to in vitro implantation capability, as it affects the capacity of embryos to degrade uterine epithelial ECM (Zhang et al., 2020). FSTL3 binds to GDF-8, and its deficiency inhibits trophoblast invasion (Schneyer et al., 2004). It is also highly expressed in the human placenta (Xie et al., 2020). GDF-8 has been shown to modulate FSTL3 expression in human trophoblasts by triggering FSTL3 expression via the SMAD2/3 signaling pathway SMAD2/3 in human trophoblasts plays a role in upregulating GDF-8-induced FSTL3 expression (Xie et al., 2020). Under hypoxic conditions, trophoblasts exhibit increased FSTL3 expression, and the absence of FSTL3 impedes trophoblast invasion (Xie et al., 2020). Upregulated FSTL3 expression in trophoblasts under low-oxygen culture conditions is associated with regulating trophoblast functions, including apoptosis, invasion, lipid storage, and migration (Xie et al., 2020).
Tight junctions (TJ) and adherent junctions (AJ) determine the maintenance of TE cell integrity. Sustaining blastocoels is challenging when these structures undergo deformation or damage, and it becomes difficult to maintain the blastocoel (Sidrat et al., 2022). Additionally, the Na+/K+-ATPase pump involving the ATPase Na+/K+ Transporting Subunit Alpha 1 (ATP1a1) located at the basal membrane of the TE facilitates the movement of Na+ into the blastocoel through the TE, creating an osmotic pressure gradient that leads to fluid accumulation and blastocoel formation (Kidder, 2002; Barcroft et al., 2003; Barcroft et al., 2004). Furthermore, aquaporins (AQPs), membrane transporters, play a significant role in water transport (Edashige et al., 2007; Ribeiro et al., 2022). Previous studies have demonstrated that inhibition of AQPs suppresses blastocoel expansion, indicating their role in transporting water across the TE (Barcroft et al., 2003). Moreover, TJ, which seals the TE cells, is crucial for blastocyst formation. Incomplete sealing can result in fluid leakage around cells, reducing blastocoel size (Moriwaki et al., 2007). TJ seal spaces between adjacent cells (Tsukita et al., 2001; Schneyer et al., 2004). TJ comprises proteins, such as occludin and claudin, pivotal for structural integrity and barrier functionality (Wilcox et al., 2001; Ikenouchi et al., 2005; Moriwaki et al., 2007) (Supplementary Figure S2).
GDF-8 supplementation stimulates ALK5-SMAD2/3 signaling pathway activation, resulting in the upregulation of genes linked to implantation and TE cells. Activating this pathway augments the number of TE cells, enhancing in vitro implantation competence and functionality. This study investigated the enhancement of TE cell number and functionality through the ALK5-SMAD2/3 signaling pathway and its activation by supplementation with GDF-8, which led to improve in vitro implantation and developmental rates. The primary objective of this study was to confirm that the improved function of TE cells achieved through supplementation with GDF-8 enhances the functionality of AJ and TJ, thereby ensuring the preservation of post-thawing embryo survival and hatching rates.
In conclusion, adding GDF-8 to the culture medium could influence the quality of in vitro embryos, ultimately contributing to an improved in vitro implantation rate and TE cell function.
1.1 Experimental design
1.1.1 Experiment 1
To confirm the effect of GDF-8 supplementation on IVP, one control group and four experimental groups (treated with 0.2, 2, 10, or 20 ng/mL GDF-8) were used to evaluate the optimal concentration in bovine embryos. After 8 d, the developmental and hatching rates in the control and experimental groups were evaluated.
1.1.2 Experiment 2
To investigate whether GDF-8 supplementation affected TE cell proliferation, differential staining was performed using day 8 blastocysts, and variations in the mRNA levels of TE-related genes were analyzed in the control and GDF-8 groups.
1.1.3 Experiment 3
Genes associated with cell invasion are crucial to regulating TE cell invasion. Hence, this study aimed to assess the impact of GDF-8 on invasion by stimulating the ALK5-SMAD2/3 signaling pathway, thereby upregulating the genes involved in cell invasion.
1.1.4 Experiment 4
Experiments were conducted to evaluate the relative expression of TJ mRNA, AJ-related genes, and TJ permeability following GDF-8 supplementation. TJ assembly (claudin family, occludin, and actinγ2) was analyzed using day 8 blastocyst, and TJ permeability was investigated using a 4-kDa FITC-dextran assay after thawing blastocysts.
1.1.5 Experiment 5
To determine the effect of GDF-8 supplementation during cryopreservation, blastocysts from the control and GDF-8 groups were recovered and cryopreserved on day 7. The survival rates were assessed at 24 and 48 h. The survival rate was evaluated based on the presence or absence of blastocoels in the cultured post-thaw blastocysts. The hatching rate was estimated at 24 h and 48 h. Furthermore, qRT-PCR was conducted to assess the relative expression of genes involved in the osmotic pressure gradient.
2 MATERIALS AND METHODS
All experiments were approved by the Animal Care Facility of the Gyeongsang National University Institute of Animal Care Committee (GNU-130902-A0059). No animals were used directly in this study, and all bovine ovaries for experiments were collected from local slaughterhouse. Recombinant human GDF-8, obtained from a mouse myeloma cell line (88-G8/CF), was purchased from R&D Systems (Minneapolis, MN, United States). Unless otherwise stated, all chemicals and reagents were purchased from Merck (Sigma–Aldrich, St. Louis, MO, United States).
2.1 Cumulus–oocyte complex (COC) recovery
Ovaries were collected from a slaughterhouse in Gimhae, immersed in a 0.9% NaCl solution at 37.5°C, and transferred to the laboratory within 1 h. After washing the ovaries with saline, COCs were retrieved from the follicles (2–8 mm in diameter) using an 18-gauge needle connected to a 10-mL disposable syringe. Aspirated follicle fluid was discharged into the 50-mL tube containing Tyrode lactate-HEPES [TL-HEPES, calcium chloride 2 mM (C-7902), HEPES 10 mM (H-6147), 100 IU/mL penicillin, phenol red 1 μL/mL (P-0290), potassium chloride 3.2 mM (P-5405), sodium bicarbonate 2 mM (S-5761), sodium biphosphate 0.34 mM (S-5011), sodium chloride 114 mM (S-5886), sodium lactate 10 mM (L-4263), and 0.1 mg/mL streptomycin] solution at 38.5°C and oocytes were recovered using a stereomicroscope. After washing with TL-HEPES, COCs with three layers of densely compacted cumulus cells were selected.
2.2 In vitro maturation (IVM)
The COCs were washed six times with IVM medium [Tissue Culture Medium-199 (TCM199, 11,150-059) with cysteine 0.6 mM, epidermal growth factor 10 ng/mL (EGF, E-4127), 10% (v/v) fetal bovine serum (16,000-044), follicle-stimulating hormone 10 μg/mL (HOR-285), 1 μg/mL estradiol-17β, and sodium pyruvate 0.2 mM (P-5280)] and the COCs, typically ranging from 30 to 35 in each well, were contained in 500 µL of IVM medium and then incubated at 38.5°C under a controlled humidified atmosphere of 5% CO2 for 22 h.
2.3 In vitro fertilization (IVF) and in vitro culture (IVC)
After IVM, the semen was thawed, washed with sperm Dulbecco’s phosphate-buffered saline, and then centrifuged at 750 × g for 5 min at 25°C. The sperm pellet was diluted with 500 µL of heparin (20 μg/mL) and incubated for 15 min at 38.5°C in humid conditions of 5% CO2. Subsequently, it was diluted with IVF medium (Tyrode lactate solution supplemented with 6 mg/mL BSA, 22 μg/mL sodium pyruvate, 100 IU/M penicillin, and 0.1 mg/mL streptomycin) to form 5 mL (final concentration of 1 × 106 sperm/mL) and then matured COCs were transferred to a four-well dish containing sperm for 20 h in IVF medium. After IVF, the presumed zygotes from which the cumulus cells were removed were cultured in four-well dishes filled with 500 µL of synthetic oviductal fluid (SOF) medium (5 ng/mL ITS (insulin, transferrin, sodium selenite, 11074547001), 100 ng/mL EGF, and 4 mg/mL BSA) for 8 d (day 0 = day of IVF).
2.4 Supplementation of GDF-8
The solubility of GDF-8 is 4 mM HCl, and a 100 μg/mL GDF-8 stock solution was prepared by diluting 10 µg of GDF-8 in 100 µL of 4 mM HCl. Subsequently, SOF medium containing 10 ng/mL of GDF-8 used in the experiment was prepared by adding 0.5 µL of GDF-8 stock solution to 5 mL of SOF medium. The degree of development at each embryonic culture stage was compared between the control and GDF-8 groups.
2.5 Differential staining of blastocysts
Day 8 blastocysts were differentially stained to count ICM and TE cells. Blastocysts were permeabilized by a 20-s incubation in 0.2% Triton X-100 in PBS containing 2 mg/mL BSA, followed by two immediate washes in PBS-BSA solution (n = 5 per group). The ICM cells were stained by incubation in the dark at 37.5°C for 5 min with a PBS-BSA solution containing propidium iodide 30 μg/mL (PI, P-4864) and then washed twice in PBS-BSA solution. TE cells were stained by incubation in the dark for 30 min at 25°C with 4% paraformaldehyde fixation solution containing 10 μg/mL Hoechst 33,342 and washed twice in PBS-BSA solution. The stained samples were imaged using an Olympus IX71 microscope and analyzed using the ImageJ software (National Institutes of Health, Bethesda, MD, United States; https://imagej.nih.gov/ij).
2.6 Invasion assay
Day 8 hatched blastocysts were cultured in an invasion chamber insert (6.4 mm; Corning Inc. Life Sciences) to analyze the invasion area. The insert was coated with Matrigel (356,234) and incubated at 37.5°C for 2 h. The blastocysts were transferred to the chamber (three blastocysts per insert) and incubated at 37.5°C for 72 h, and the SOF medium was changed after 48 h. After 10 d of culture, the insert was washed thrice in PBS, fixed with 4% paraformaldehyde fixation solution at 4°C for 30 min, stained with 4’,6-diamidino-2-phenylindole (DAPI) for 5 min, and washed thrice with PBS. Images of the invasion area were captured using an Olympus IX71 microscope and analyzed using the ImageJ software.
2.7 Long term culture
To recovery the TE cells, Day 8 Hatched blastocysts were cultured in four-well dish. Four well dish was coated 2% gelatin and dried at least 2 h. The blastocysts were transferred to the well (Three blastocysts per well) and incubated at 37.5°C for 72 h in SOF medium and changed after 48 h. After blastocysts attached on plate beyond Day 8 and use the scrapper for gathering the attached cells.
2.8 Extraction of mRNA and complementary DNA (cDNA) synthesis
The manufacturer protocol was used to extract mRNA using the Arcturus PicoPure RNA Isolation Kit (Cat. No. 12204-01; Arcturus, Foster, United States). Day 8 blastocysts and TE cells were washed four times with nuclease-free water, placed in a 1.5 mL tube containing 30 µL nuclease-free water, frozen in liquid nitrogen, and stored at −80°C. The isolated mRNA samples were reverse-transcribed into single-stranded cDNA.
2.9 Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis of target genes
The expression of the ALK5-SMAD2/3 signaling pathway, TJ, and AJ-related genes was investigated using qRT-PCR. The expression levels of these genes were normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primers designed based on the mRNA sequences of the genes were purchased from Macrogen (Seoul, Korea). qRT-PCR was performed using CFX98 devices (Bio-Rad Laboratories) with 1x iQ SYBR Green Supermix (iQ™SYBR®327Green 328 Supermix kit, Bio-Rad Laboratories) and 3 µL of diluted DNA. All cDNA samples were subjected to qRT-PCR to detect variations in the expression of other genes using GAPDH primers. After confirming that GAPDH expression was not significantly different between samples, all transcripts were quantified using qRT-PCR. The cycling conditions were as follows. 95°C for 3 min, 95°C for 15 s, 62°C for 20 s, 72°C for 30 s, and final extension for 5 min. Quantitative analysis was performed using the ΔΔCt method. The results are reported as values relative to the mean value of the endogenous control, GAPDH, compared with the calibrator after normalization. The intra- and inter-assay variance coefficients were calculated using qRT-PCR for all genes. The primers sequences are mentioned in Table 1.
TABLE 1 | List of qRT-PCR primers.
[image: Table 1]2.10 Cryopreservation and thawing procedure
An ethylene glycol-based freezing protocol and a conventional gold-standard freezing procedure were used for cryopreservation. Day 7 expanded blastocysts were immediately washed with a 0.5% (w/v) BSA solution prepared in PBS. After washing, the blastocysts were incubated with 0.1 M sucrose and 0.5% BSA solutions in an ethylene glycol cryoprotectant medium for 10 min. The blastocysts were then loaded into a 0.25-mL plastic straw. Embryos were slowly frozen using a controlled freezing system (CL-8800i; Cryo-Logic, Blackburn, Victoria, Australia). The straw was carefully transferred, immersed in liquid N2, and stored until further use. The thawing of frozen straw was exposed to air for 10 s and soaked in water at 37.5°C for 20 s. The thawed embryos were washed with SOF medium to remove the cryoprotectant medium and then cultured in a humidified atmosphere of 5% CO2 at 38.5°C for 48 h.
2.11 Assessment of embryo survival
After thawing, the survival rate was assessed by examining the presence or absence of blastocoels in the surviving blastocysts at 24 and 48 h. Additionally, the hatching rate of each group was evaluated 24 and 48 h after thawing.
2.12 Tight junction permeability assay
Post-thaw blastocysts were cultured in SOF medium for 24 h. The re-expanded blastocysts were stained with 1 mg/mL 4-kDa FITC-dextran (CAT# 60842-46-8, Sigma-Aldrich) in SOF medium at 25°C under dark conditions for 10 min and then washed with SOF medium. The fluorescence intensity that detected TJ permeability was measured using an Olympus IX71 microscope. The fluorescence intensity was analyzed using ImageJ software.
2.13 Immunofluorescence stain
Day 8 blastocysts were fixed using 4% paraformaldehyde fixation solution at 25°C for 30 min. Blastocysts were washed 3 times with 2% PBS-PVA and proteinase K-treated fixed blastocysts for 5 min to increase permeability. The blastocysts were washed 3 times and incubated with the blocking solution (5% BSA in PBS-PVA) at 25°C for 90 min. Then, the blastocysts were stained overnight with primary antibodies at 4°C. The blastocysts were washed 3 times with PBS-PVA and then incubated with TRITC secondary antibodies (Santa Cruz Biotechnology, Dallas, Texas, United States) at 25°C for 90 min. The nucleus was stained with DAPI at 25°C for 10 min. After washing, all blastocysts were mounted on slide glass. A laser scanning confocal microscope (Fluoview FV 1000; Olympus, Tokyo, Japan) was used for confocal imaging. Fluorescence intensities were measured using ImageJ software (National Institutes of Health, Bethesda, MD, United States; https://imagej.nih.gov/ij).
2.14 Statistical analysis
Statistical analysis was performed using one-way analysis of variance (ANOVA) with GraphPad Prism software (GraphPad Software, Franklin Street, Boston, MA; www.graphpad.com) and analyzed by multiple pairwise companies (Tukey’s test) for comparisons between groups. One-way ANOVA was used to compare embryonic development (blastocyst and hatching rates). Differential staining, invasion assays, and qRT-PCR were performed using randomly selected blastocysts from each group (five embryos per replicate). Triplicate sets of experiments were performed to analyze the data. Data concerning blastocyst quality (ICM, TE, TE:ICM ratio) and expression levels of various genes between the control and GDF-8 groups were compared using t-tests. The mean fluorescence intensities from all imaging data were quantified per blastocyst (n = 15–20) in each group. The ImageJ software (version: ij154) (National Institutes of Health, Bethesda, MD, United States) generated all histogram values. Data are expressed as the mean ± standard deviation (mean ± SE). *p < 0.05; **p < 0.01; ***p < 0.001 indicate a significant difference.
3 RESULTS
3.1 Setting the concentration of GDF-8 and cleavage and developmental rates
We conducted experiments using a range of concentrations to determine the most optimal GDF-8 supplementation concentration. GDF-8 treatment groups were established using GDF-8 concentrations of 0.2, 2, 10, and 20 ng/mL. We observed a notable increase in both development and hatching rates (p < 0.05) when the GDF-8 group was set at 10 ng/mL (Control vs Treatment; 31.00 ± 1.82 vs 47.77 ± 3.52) (Control vs Treat; 7.04 ± 2.68 vs 28.04 ± 6.11; Table 2). GDF-8 supplementation to the SOF medium improved the development and hatching rates. Therefore, the GDF-8 treatment group was selected at a 10 ng/mL concentration, and the experimental process was performed accordingly.
TABLE 2 | Effect of GDF-8 supplementation during in vitro culture on embryonic development of in vitro fertilization.
[image: Table 2]3.2 Effect of GDF-8 supplementation on the competence-related gene of trophectoderm cells
The GDF-8 treatment group showed significantly improved total cell numbers (p < 0.05) compared to the control group. Moreover, the control group exhibited more TE cells than did GDF-8 group, leading to a significant difference (p < 0.01) in the ratio of ICM cells to TE cell numbers between the control and GDF-8 groups (Figure 1A). Furthermore, blastocysts and TE cells treated with GDF-8 had significantly higher (Control, Treat; p < 0.05, p < 0.001) mRNA levels of CDX2 (Figure 1B). These findings suggest that the addition of GDF-8 to the SOF medium stimulates TE cell proliferation by enhancing the expression of genes associated with TE cells.
[image: Figure 1]FIGURE 1 | Number of ICM and TE cells in the control group and GDF-8 treatment group treated with Hoechst 33,342 and propidium iodide. (A) Differential stain of day 8 blastocysts showing propidium iodide localization in TE cells. Total cells were stained blue with Hoechst 33,342. TE cells were stained red with propidium iodide. Images were obtained using an epifluorescence microscope. Total cell number and TE: ICM cell ratio. Day 8 blastocysts were quantified after differential staining. Original magnification: ×200. Values represent the mean ± SE (n = 20, *p < 0.05, ***p < 0.001). (B) Relative mRNA expression levels of CDX2 related to trophectoderm cell proliferation in the control and GDF-8 groups of blastocysts and TE cells. Three replicates were performed. Values represent the mean ± SE (*p < 0.05, ***p < 0.001). BF, bright field; GDF-8, 10 ng/mL GDF-8; ICM, inner cell mass; TE, trophectoderm.
3.3 GDF-8 supplementation improved in vitro implantation ability and related genes
The area of trophoblast invasion, assessed using ImageJ software, was significantly increased (p < 0.01) in the GDF-8 group compared to that in the control group (Figure 2A). Furthermore, we investigated the expression of genes associated with the ALK5-SMAD2/3 signaling pathway. The low in vitro implantation ability of IVC blastocysts has been attributed to a decrease in the ability and/or function of the TE cells. qRT-PCR analysis demonstrated significant upregulation (p < 0.05, p < 0.01) in the mRNA expression of ALK5, SMAD2, and SMAD3 in the GDF-8 group compared to that in the control group (Figure 2B). Moreover, the mRNA expression of ALK5, SMAD2, and SMAD3 were significantly higher (p < 0.01) in the GDF-8 treated TE cells compared to that in the control group (Figure 2B). Therefore, GDF-8 supplementation stimulated activation of the ALK5-SMAD2/3 signaling pathway. Moreover, the mRNA expression of MMP9 and FSTL3, both linked to the ALK5-SMAD2/3 signaling pathway, was significantly upregulated (p < 0.05) in the GDF-8 group compared with that in the control group. These genes’ increased relative mRNA levels suggest that supplementation with GDF-8 stimulates the ALK5-SMAD2/3 signaling pathway, thereby improving in vitro implantation ability. However, MMP2 levels were not significantly different (Figure 2B). The mRNA expression of MMP2, MMP9, and FSTL3 related to invasion ability, were significantly increased (p < 0.05, p < 0.01) in the GDF-8 treated TE cells compared to that in the control group (Figure 2B). These findings indicate that supplementation of GDF-8 to SOF medium stimulates the ALK5-SMAD2/3 signaling pathway and enhances in vitro implantation gene expression.
[image: Figure 2]FIGURE 2 | Invasion ability of trophoblast. (A) Bright-field and DAPI image showing the invasion area in the control and GDF-8 groups. Original magnification: ×40. Mean invasion area analyzed using ImageJ. n = 3 blastocysts per group were used in triplicates. (B) Relative mRNA expression level of ALK5, SMAD2 and SMAD3 related with ALK5-SMAD2/3 signaling pathway, MMP2, MMP9 and FSTL3 related to implantation in control and GDF-8 groups of blastocysts and TE cells. Three replicates were performed. Values represent the mean ± SE. (ns = not significant, *p < 0.05, **p < 0.01). BF, bright field; DAPI, 4′,6-diamidino-2-phenylindole; GDF-8, 10 ng/mL GDF-8.
3.4 GDF-8 supplementation improved TJ complexes and AJ in blastocysts
Maintenance of AJ and TJ integrity within the inner layer of TE epithelium is paramount in developing expanded blastocysts. Following a 24 h culture post-thawing, blastocysts were assessed via 4-kDa FITC-dextran analysis, and a significant reduction in fluorescence was observed within the GDF-8 group relative to the control group. (p < 0.01). This decrease indicates a significant reduction in the permeability of TJ in the blastocysts after GDF-8 treatment (p < 0.01) (Figure 3A). Moreover, qRT-PCR analysis offered further confirmation, showing that the mRNA expression of genes regulated by TJ (actinγ2, CLDN2, CLDN4, and OCLN) was significantly elevated in the GDF-8 group relative to that in the control group (p < 0.05) (Figure 3B). Moreover, the mRNA expression of the gene related to TJ (actinγ2, CLDN2, CLDN4, and OCLN) was significantly improved (p < 0.01, p < 0.001) in the GDF-8 treated TE cells compared to that in the control group (Figure 3B). Furthermore, the mRNA expression levels of genes related to AJ (CD44 and CDH1) were significantly higher in the GDF-8 group than those in the control group (p < 0.05) (Figure 3B; Figure 4A). In addition, the mRNA expression level of gene related to AJ (CD44 and CDH1) was higher (p < 0.001) in the GDF-8 treated TE cells compared to that in the control group (Figure 4B). The CD44 protein level was higher in the GDF-8 group than those in the control group (p < 0.01) (Figure 4B). These results imply that including GDF-8 in the SOF medium positively influences gene expression associated with AJ and TJ, contributing to the observed alterations in trophoblast cell morphology and function.
[image: Figure 3]FIGURE 3 | Tight junction sealing assay in post-thawing blastocyst cultures in control and GDF-8 groups. (A) Representative images of post-thawed blastocysts cultured for 24 h in the control and GDF-8 groups and then subjected to a dextran assay to assess tight junction sealing. Original magnification: ×100. Fluorescent signal in blastocysts cultured in the control and GDF-8 groups and then treated with dextran for 24 h n = 3 blastocysts per group were used in triplicates. (B) Relative mRNA levels of Actinγ2, CLDN2, CLDN4, and OCLN in the control and GDF-8 groups of blastocysts and TE cells. Three replicates were performed. Values represent the mean ± SE (*p < 0.05; **p < 0.01). Dexran, 4 kDa FITC-labelled dextran; GDF-8, 10 ng/mL GDF-8.
[image: Figure 4]FIGURE 4 | Expression of Adherent junction protein in control and GDF-8 groups. (A) Relative mRNA level of CD44, and CDH1 in control and GDF-8 groups of blastocysts and TE cells. Three replicates were performed. Values represent the mean ± SE (*p < 0.05; **p < 0.01). (B) Confocal images of immunofluorescence CD44 in control and GDF-8 groups. Original magnification: ×200. The quantification of signal intensities of CD44 expression. n = 3 blastocysts per group were used in triplicates. DAPI, 4′,6-diamidino-2-phenylindole; GDF-8, 10 ng/mL GDF-8.
3.5 Effect of GDF-8 supplementation on post-thaw blastocysts
When assessing the blastocoel re-expansion rate at 12 h post-thawing, it was observed that the GDF-8-treated group exhibited blastocysts with over 70% re-expanded blastocoel cavities compared to the control group (Figures 5A,B). Blastocysts treated with GDF-8 exhibited significantly higher blastocoel expansion 24 and 48 h post-thawing, indicating improved survival rates (Figure 5A). Furthermore, the hatching rate was significantly higher (p < 0.05) 48 h post-thawing in the GDF-8 group than that in the control group (Figure 5B). While upregulating AQP3, ATP1a1 protein level in GDF-8 group those in the control group (p < 0.01) (Figures 6A,B). Additionally, in blastocysts that survived post-thawing, mRNA expression of genes related to AQP3, AQP8, AQP9, and ATP1a1 was significantly upregulated in blastocysts treated with GDF-8 (Figure 6C). This suggests that GDF-8 supplementation promotes the upregulation of genes associated with AQPs, leading to increased fluid accumulation, thus implicating GDF-8 in influencing the post-thaw re-expansion and hatching rates.
[image: Figure 5]FIGURE 5 | Survival and hatching in post-thawed bovine blastocysts cultured in the control and GDF-8 groups. (A) Representative images of surviving blastocysts cultured in the control and GDF-8 groups after 24 and 48 h of thawing. Original magnification: ×64. After thawing, investigate the survival rate. Three replicates were performed. Values represent the mean ± SE (ns = not significant, *p < 0.05; ***p < 0.001). (B) Representative images of hatching blastocysts cultured in the control and GDF-8 groups after 24 and 48 h of thawing. After thawing, investigate the hatching rate. Three replicates were performed. Values represent the mean ± SE (ns = not significant, *p < 0.05; ***p < 0.001). Original magnification: ×64. GDF-8, 10 ng/mL GDF-8.
[image: Figure 6]FIGURE 6 | Expression of blastocoel expansion protein in control and GDF-8 groups. (A) Confocal images of immunofluorescence AQP3 in control and GDF-8 groups. Original magnification ×200. The quantification of signal intensities of AQP3 and expression. (n = 8). (B) Confocal images of immunofluorescence ATP1a1 in control and GDF-8 groups. Original magnification ×200. The quantification of signal intensities of ATP1a1 expression. (n = 8). (C) Relative mRNA expression levels of AQP3, AQP8, AQP9, and ATP1a1 related to re-expansion in the control and GDF-8 groups. Three replicates were performed. Values represent the mean ± SE (**p < 0.01). DAPI, 4′,6-diamidino-2-phenylindole; GDF-8, 10 ng/mL GDF-8.
4 DISCUSSION
IVP is a critically assisted reproductive technology that is commercially employed to induce genetic improvement (Thibier, 2005). Over the years, concerted research efforts have been dedicated to overcoming several inherent constraints of IVP. Nevertheless, these limitations persist and substantially influence embryonic development and implantation rates (Thibier, 2005; Moussa et al., 2014). Consequently, this study was designed to investigate the impact of GDF-8 supplementation on the activation of the ALK5-SMAD2/3 signaling pathway in bovine in vitro embryo production and embryonic quality. This study examined the proliferation and functionality of TE cells, particularly their effects on implantation and cryopreservation in vitro.
GDF-8, classified as a member of the TGF-β superfamily, has been acknowledged as an activator of the ALK5-SMAD2/3 signaling pathway (Fang et al., 2021). Additionally, it has been demonstrated that activating this signaling pathway stimulates the expression of MMP2, thereby mediating the upregulation of invasive capabilities in human extra villous trophoblast cells (Fang et al., 2021). Moreover, it facilitates trophoblast mobility, regulates invasion, and promotes the expression of FSTL3, thereby influencing invasive capabilities (Xie et al., 2020; Fang et al., 2021; Chen et al., 2023). According to previous studies, GDF-8 binds to the receptor ALK5, activating the SMAD2/3 complex. Subsequently, the SMAD complex is transferred to the nucleus to activate implantation-related genes (Zheng et al., 2022). Our research involved the administration of GDF-8, resulting in the activation of the ALK5-SMAD2/3 signaling pathway, and an assessment of the mRNA expression of genes related to cellular invasion, specifically ALK5, SMAD2, SMDA3, MMP2, MMP9, and FSTL3. Notably, we demonstrated that GDF-8 supplementation stimulated the ALK5-SMAD2/3 signaling pathway. Moreover, we detected a significant increase in the mRNA expression levels of MMP9 and FSTL3 in the GDF-8-treated group. Furthermore, invasion assays confirmed that the in vitro implantation ability of GDF-8-treated embryos was significantly enhanced.
Previous studies have reported that GDF-8 treatment of hamster blastocysts promotes TE cell proliferation (Wong et al., 2009). Additionally, previous studies have established that the ratio of ICM to total cell number is reduced in vitro blastocysts cultured in vitro compared to those cultured in vivo (Koo et al., 2002). In our study, we conducted a differential staining analysis of control and GDF-8-treated blastocysts. In GDF-8 treated blastocysts, we observed enhanced proliferation of TE cells, and the ICM:total cell number ratio was approximately 20%, similar to that observed in blastocysts cultured in vivo. One previous study stated that Wnt signaling activator can increase the TE:ICM ratio (Denicol et al., 2014). Few other studies also claimed variation in TE:ICM ratio, using various conditions (Sakatani et al., 2008; Wooldridge and Ealy, 2019), but mostly the number is between 2.9 and 3.5. In vivo produced bovine embryos is the standard example and several researches claimed that difference is present between in vivo and in vitro produced bovine embryos in TE:ICM ratio (Iwasaki et al., 1990). CDX2 initiates the differentiation of early TE cells and plays a crucial role in TE function and maintenance (Wu et al., 2010). Furthermore, previous studies have indicated that CDX2 is essential for the integrity of the AJ and TJ in the TE epithelium surrounding the blastocoel of expanded mouse blastocysts (Strumpf et al., 2005; Qu et al., 2017). We observed a significant increase in the mRNA expression level of CDX2 in GDF-8-treated blastocysts. Therefore, the upregulation of CDX2 expression was facilitated by GDF-8 supplementation, which enhanced the proliferation and functionality of TE cells.
Previous studies have discovered that TJ and AJ play a crucial role in maintaining the integrity of TJ during cryo-shrinkage (Sidrat et al., 2022). TJ functions as a gate for the transport of ions and small molecules, whereas AJ provides structural support (Eckert and Fleming, 2008; Marikawa and Alarcon, 2012). When these components are compromised during cryo-shrinkage, TJ integrity is not maintained, resulting in ineffective sealing of TJ post-thawing (Sidrat et al., 2022). This difficulty in sealing prevents fluid accumulation within the blastocoel, making re-expansion difficult. Therefore, the development of the TE epithelium plays a pivotal role in blastocoel formation, and effective sealing of TJ regulates the balance between osmotic pressure gradients and fluid accumulation within the blastocoel (Chan et al., 2019). In the event of damage during cryo-shrinkage, TJ integrity is disrupted, leading to inadequate sealing (Miller et al., 2003). Therefore, fluid accumulation within the blastocoel after thawing becomes problematic and hinders re-expansion.
Therefore, we assess their permeability by conducting a 4-kDa FITC-dextran assay on control and GDF-8-treated blastocysts. We observed significant maintenance of TJ integrity in GDF-8-treated blastocysts at 24 h post-thawing. Additionally, AJ in TE cells is associated with TE integrity and is substantially affected by cryo-shrinkage. Genes related to AJ, such as CDH1 and CD44, were upregulated in GDF-8-treated blastocysts. CD44 is also expressed in the embryo (Wheatley et al., 1993; Haegel et al., 1994; Campbell et al., 1995) and associated with embryonic attachment during the early stages of implantation (Berneau et al., 2019). To confirm that the expression of CD44 is related to AJ, immunofluorescence staining was performed, and the CD44 protein level in GDF-8-treated blastocyst was upregulated. Therefore, GDF-8 supplementation has the potential to sustain accumulated fluid pressure during blastocoel re-expansion after thawing (Kirschner et al., 2011; Reardon et al., 2012). Furthermore, mRNA expression levels in GDF-8-treated blastocysts of genes associated with TJ and blastocoel re-expansion, including CLDN2, CLDN4, OCLN, and actinγ2, were upregulated (Eckert and Fleming, 2008). Thus, supplementation of GDF-8 induces increased AJ- and TJ-related gene expression within blastocysts, reducing cellular sealing defects.
One of the factors promoting blastocoel formation is the osmotic pressure gradient facilitated by AQPs and ATP1a1, which regulate the osmotic pressure and water transport pathways (Robinson and Benos, 1991; Frank et al., 2019; Kosyl and Ajduk, 2023). Therefore, we examined the expression of AQP3, AQP8, AQP9, and ATP1a1 to assess the blastocyst blastocoel formation ability. A substantial increase in gene expression was observed in the GDF-8-treated blastocysts. AQP3 is an H2O transport channel located on the basolateral membrane of the TE (Johnston et al., 2000; Bell and Watson, 2013). This channel facilitates water transfer into the blastocyst cavity, establishing an osmotic gradient accumulating fluid (Barcroft et al., 2003). Additionally, ATP1a1 elevates the intracellular osmotic pressure, contributing to fluid accumulation in the blastocoel (Barcroft et al., 2003; Bell and Watson, 2013). We conducted immunofluorescence experiments to determine the expression of the genes related to blastocyst formation, AQP3, and ATP1a1. AQP3 and ATP1a1 protein levels in GDF-8-treated blastocyst were upregulated. In addition, post-thaw GDF-8-treated blastocysts exhibited significantly higher survival and hatching rates. The post-thaw survival and hatching rates of blastocysts also increased with increasing expression levels of AQPs and ATP1a1. The supplementation of GDF-8 to the IVC culture medium positively impacted the development and hatching rates of bovine IVP embryos, which significantly enhanced cryo-tolerance and in vitro implantation by stimulating TE cell function and proliferation.
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Gene name Primer sequences Accession number

MMP2 F: CCATTGAGACCATGCGGAAG NM_1747452
R: ACATCGCTCCAGACTTGGAA
MMP9 F: CACGCACGACATCTTTCAGT NM_174744.2

R: TTCAGGAGGTCGAAGGTCAC

FSTL3 F: GATGTACCGTGGTCGCTGC NM_0010757102
R: GTAGGTGACGTTGTTGTTGCC

CDX2 F: TGAGGAGCATGGACTCTGCTA NM_001206299.1
R: GGGCTAGGTCAGCTGGTAAAC

CLDN2 F: AGCTACAGCCAGCAGACAAG NM_2057812
R: TGCTGGCACCAACATAGGAG

CLDN4 F: TGTCCTGGACGGCTAACAAC NM_001014391.2
R: TTAGCGGAGTAGGGCTTGTC

OCLN F: AATCACTACACACCAAGCAATGAC NM_001082433.2
R: AAGCATAGACAGGATCCGAATTAC

ACTINy2 F: CCACCATGTACCCTGGCATT BT021005.1
R: ACTCTGGCTTGCTGATCCAC

CD44 F: CCGGAACATAGGGTTTGAGA NM_1740133
R: GGTATAACGGGTGCCATCAC

CDHI1 F: CCGTGAGAGTTTTCCCACAT NM_001002763.1
R: CATTGGTGACTGGGTCTGTG

AQP3 F: AGAAGGAGCTGGTGAACCG NM_001079794.1
R: ACAGAGCCACAGCCAAACAT

AQP8 F: CACTGGATCTACTGGCTGGG NM_001206607.3

R: CAGGGGAAGCGTATCAGTCA

AQPY F: CTGTTGTCATTGGCTTCCTG NM_001205833.3
R: AACCAAAGGTCCCACTACAG

ATPlal F: AATGCCGAAGTGCTGGAATC NM_001076798.1
R: GTCCTGGCGAACACAATCTC

ALK5 F: GGCAGTAAGGCATGATTCGG NM_174621.2

R: ATCGTCGAGCTACTTCCCAG

SMAD2 F: AGAGACCTTCCATGCCTCAC NM_001046218.1
R: CACTTAGGCACTCGGCAAAA

SMAD3 F: AACCATGTCGTCCATCCTG NM_001205805.1
R: CAGTAGATGACGTGGGGGAG

GAPDH F: CCCAGAATATCATCCCTGCT NM_001034034.2

R: CTGCTTCACCACCTTCTTGA





OPS/images/fcell-12-1345669-t002.jpg
Treatments  No. of No. of presumed  No. of embryos No. of blastocysts No. of hatched

oocytes? zygotes cleaved (% + SE)° (% + SE)® blastocysts (% + SE)°
Control 240 29 201 (87.77 + 2.34) 71 (3100 + 182)° 5(7.04 £ 2.68)°
‘ 02 ng/mL GDF-8 | 240 27 187 (86.18 + 2.43) 83 (3825 + 2.69) 13 (1566 + 436
‘ 2 ng/mL GDE-§ 0 210 180 (8571 + 3.34) 93 (4429 = 2.82)° 21 (2258 3725
l 10 ng/mL GDF-8 | 240 24 190 (84.82 + 2.60) 107 (47.77 + 352)" 30 (28.04 £ 6.11)°
20 ng/mL GDF-8 240 232 193 (83.19 = 1.53) 66 (2845 = 128)° 16 (2424 + 3.96)"

'Six replicates were performed.
"Rates are relative to the number of presumed zygotes.

p < 0.05 with different superscripts indicates the significant difference.
dp < 0.05 with different superscripts indicates the significant difference.
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