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Astaxanthin Supplementation Improves the Subsequent Developmental Competence of Vitrified Porcine Zygotes
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Cryopreservation of embryos has been confirmed to cause oxidative stress as a factor responsible for impaired developmental competence. Currently, astaxanthin (Ax) raises considerable interest as a strong exogenous antioxidant and for its potential in reproductive biology. The present study aimed to investigate the beneficial effects of Ax supplementation during in vitro culture of vitrified porcine zygotes and the possible underlying mechanisms. First, the parthenogenetic zygotes were submitted to vitrification and then cultured in the medium added with various concentrations of Ax (0, 0.5, 1.5, and 2.5 μM). Supplementation of 1.5 μM Ax achieved the highest blastocyst yield and was considered as the optimal concentration. This concentration also improved the blastocyst formation rate of vitrified cloned zygotes. Moreover, the vitrified parthenogenetic zygotes cultured with Ax exhibited significantly increased mRNA expression of CDX2, SOD2, and GPX4 in their blastocysts. We further analyzed oxidative stress, mitochondrial and lysosomal function in the 4-cell embryos and blastocysts derived from parthenogenetic zygotes. For the 4-cell embryos, vitrification disturbed the levels of reactive oxygen species (ROS) and glutathione (GSH), and the activities of mitochondria, lysosome and cathepsin B, and Ax supplementation could fully or partially rescue these values. The blastocysts obtained from vitrified zygotes showed significantly reduced ATP content and elevated cathepsin B activity, which also was recovered by Ax supplementation. There were no significant differences in other parameters mentioned above for the resultant blastocysts. Furthermore, the addition of Ax significantly enhanced mitochondrial activity and reduced lysosomal activity in resultant blastocysts. In conclusion, these findings revealed that Ax supplementation during the culture period improved subsequent embryonic development and quality of porcine zygotes after vitrification and might be used to ameliorate the recovery culture condition for vitrified embryos.
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INTRODUCTION

Cryopreservation of gametes and embryos is an important technique for the long-term conservation and dissemination of genetic resources as well as animal breeding and human-assisted reproductive technologies (1, 2). Currently, vitrification is regarded as a most common and effective way to cryopreserve porcine embryos in different developmental stages (3, 4). It is well known that vitrification of embryos at the zygote stage is a convenient strategy for their effective utilization, such as implementing embryo transfer and obtaining embryonic stem cells without any time and space restrictions. In our previous studies, although porcine zygotes derived from parthenogenetic activation (PA) and somatic cell nuclear transfer (SCNT) have been successfully vitrified with high cryosurvival, their developmental competence has not yet been satisfactory (5, 6). Some sublethal damages induced by vitrification are likely to remain in the subsequent embryo development of porcine zygotes. So, it is necessary to reduce or eliminate these cryodamages during in vitro culture (IVC) of the vitrified zygotes, in order to improve yield and quality of blastocysts. A vast of studies have reported that cryopreservation causes an increase in oxidative stress by overproduction of reactive oxygen species (ROS) in oocytes and embryos, which may be responsible for their impaired quality and development (7). Because the excessive amounts of ROS eventually result in changes at the physiological, biochemical and molecular levels, including DNA fragmentation, spindle defect, metabolism abnormality, organelle dysfunction, apoptosis and so on (8, 9). Furthermore, various antioxidants can be more effective in inhibiting oxidative stress of oocytes and embryos during cryopreservation and/or subsequent culture in vitro. Commonly used antioxidants such as melatonin (10, 11), resveratrol (12, 13), glutathione (14, 15) have been shown to enhance the oocyte and embryo potential after cryopreservation.

Astaxanthin (Ax) is an oxidized derivative of carotenoids that exists everywhere in nature including several marine animals (e.g., crab, salmon, and shrimp), plants, microbes, and microalgae (16). Its antioxidant activity has been proved to be much higher than that of α-tocopherol, β-carotene, lutein, vitamin C, and lycopene (17, 18). Based on the excellent antioxidant property, Ax has been recognized as a potential nutraceutical owing to its anti-cancer, anti-diabetic, anti-inflammatory and anti-obesity (19, 20). Several studies have demonstrated the beneficial effects of Ax in the reproductive biology of mammalian species. For instance, Ax supplementation can improve the bovine oocyte maturation and embryo development during in vitro maturation (IVM) and IVC (21), and enhance the quality of bovine oocytes during in vitro growth (22). Moreover, treatment with Ax is found to protect against the developmental impairment of oocytes and embryos induced by deleterious factors including heat stress and oxidative stress (23–26). Our previous studies have also pointed out that Ax improves the maturation quality of porcine immature oocytes after vitrification, and inhibits the porcine oocyte aging in vitro (27, 28). However, whether Ax may protect the vitrified zygotes through its antioxidant capacity remains unclear. Therefore, the aim of the present study was to confirm the cytoprotective effects of Ax supplementation during the IVC process on vitrified porcine zygotes and explore the possible mechanisms.



MATERIALS AND METHODS

All chemicals and reagents used in this study were purchased from Sigma-Aldrich Chemical Company (Shanghai, China), except for those specifically mentioned. Tissue culture medium-199 (TCM-199), Dulbecco's phosphate buffered saline (DPBS), Dulbecco's modified Eagle's medium (DMEM), knockout serum replacement, CM-H2DCFDA, ThiolTracker™ Violet, MitoTracker™ Red CMXRos, BODIPY FL ATP, LysoTracker™ Red were obtained from ThermoFisher Scientific (Shanghai, China).


Oocyte Collection and Maturation in vitro

Porcine ovaries from prepubertal gilts were obtained at a local slaughterhouse, stored in physiological saline maintained at 35–37°C, and transported to the laboratory within 2 h. Follicular fluids were aspirated from 3–8 mm antral follicles using a 20-mL disposable syringe with an 18-gauge needle, and then injected into a 15 mL conical tube for precipitating the cumulus-oocyte complexes (COCs). Thereafter, the sediments were washed two times with Tyrode's lactate-HEPES-polyvinyl alcohol (TLH-PVA) medium (29). The COCs were picked up under a stereomicroscope (Olympus, Tokyo, Japan). Only COCs with uniform cytoplasm and surrounding cumulus cells were selected for IVM. After washing three times with IVM medium, ~50–70 COCs were transferred to 500 μL of the medium in each well of a 24-well plate (Costar, Corning, NY) and then cultured for 42–44 h at 39°C in a humidified atmosphere of 5% CO2. The IVM medium was TCM-199 supplemented with 10% (v/v) porcine follicular fluid, 3.05 mM D-glucose, 0.57 mM cysteine, 0.91 mM sodium pyruvate, 10 ng/mL epidermal growth factor, 0.5 μg/mL each follicle-stimulating hormone and luteinizing hormone. After IVM, cumulus cells of COCs were removed by repeated pipetting in TLH-PVA medium containing 0.1% (w/v) hyaluronidase. The oocytes were selected for the following experiments only if they had a first polar body and evenly dark cytoplasm.



PA, SCNT, and Embryo Culture in vitro

All procedures for PA and SCNT were performed as previously reported (30). For PA, oocytes were equilibrated for about 15 s in activation medium (0.28 M mannitol, 0.1 mM MgSO4, 0.05 mM CaCl2, and 0.5 mM HEPES), then placed between two wires of a microslide 0.5 mm fusion chamber. Subsequently, they were stimulated with a direct current (DC) pulse of 130 V/mm for 80 μs using a BLS CF-150/B cell fusion machine (BLS, Budapest, Hungary), and cultured in porcine zygote medium-3 (PZM-3) (31) supplemented with 5 μg/mL cytochalasin B for 4 h at 39°C in a humidified atmosphere of 5% CO2.

For SCNT, the ear tissues were obtained from Diannan miniature pigs. Cells from a single batch were cultured in DMEM supplemented with 10% fetal bovine serum (Ausbian, Sydney, Australia) at 38.5°C in a humidified atmosphere of 5% CO2 until the cells formed a monolayer. Then, donor cells were harvested with trypsin for SCNT when they were synchronized at the G0/G1 phase after four to eight passages.

Furthermore, oocytes were incubated in PZM-3 containing 0.1 μg/mL demecolcine and 0.05 M sucrose for 0.5–1 h. Next, the oocytes were enucleated by gentle aspirating the first polar body and chromosomes using a beveled pipette, and a donor cell was inserted into the perivitelline space. The reconstructed cell-oocyte couplets were placed in fusion medium (0.28 M mannitol, 0.1 mM MgSO4, and 0.5 mM HEPES) for fusing by a DC pulse of 200 V/mm for 20 μs using an Electro Cell Fusion Generator (LF201, NEPA GENE Co., Ltd., Japan). Subsequently, they were incubating in PZM-3 for 0.5–1 h and activated in activation medium with a DC pulse of 150 V/mm for 100 μs, and then cultured in PZM-3 containing 5 μg/mL cytochalasin B for 2–4 h at 39°C in a humidified atmosphere of 5% CO2.

After washing in PZM-3, the presumptive PA and SCNT embryos were cultured in this medium under conditions described above. The cleavage and blastocyst formation rates were examined on 48 and 144 h, respectively. To determine total cell member, the resultant blastocysts were stained for10 min with 10 μg/mL Hoechst 33342 in DPBS containing 0.3% (w/v) polyvinyl alcohol (DPBS-PVA), and observed using an inverted fluorescence microscope (Nikon, Tokyo, Japan) with ultraviolet light.



Vitrification and Warming

After chemical activation, the presumptive zygotes were used to vitrification and warming according to a previous report (6), in a laboratory maintained at 25 ± 1°C. Basic medium (BM) was prepared using DPBS supplemented with 20% (v/v) knockout serum replacement, which was used to make up the equilibration solution, vitrification solution and warming solution. After washing in BM for 3 min, the zygotes were first equilibrated with equilibration solution containing 5% (v/v) ethylene glycol (EG) for 3 min, then transferred into vitrification solution [0.6 M sucrose, 50 mg/mL polyvinylpyrrolidone and 35% (v/v) EG] for 20–30 s at 25°C. Approximately10 zygotes each group were loaded onto tip of a Cryotop carrier (Kitazato Biopharma, Shizuoka, Japan) with the minimum volume of vitrification solution. The Cryotop was quickly plunged into liquid nitrogen (LN2) and covered with a plastic cap. For warming, the zygotes located on Cryotop were rapidly transferred from LN2 into 42°C warming solution containing 1.0 M sucrose, and kept for 1 min on a 42°C hot plate. Next, they were transferred stepwise into dilution warming solution containing 0.5 and 0.25 M sucrose at 39°C for 2.5 min, respectively. After keeping in BM for 5 min, these vitrified zygotes were transferred to PZM-3 with or without Ax, and continued to complete 144 h of embryo culture. After 2 h of warming, the survival rate of vitrified zygotes was assessed under a stereomicroscope based on their morphological alterations.



Fluorescent Staining

After two washes in DPBS-PVA, the 4-cell embryos and blastocysts were incubated for 30 min at 39°C with 10 μM CM-H2DCFDA for ROS imaging, with 10 μM ThiolTracker™ Violet for glutathione (GSH) imaging, with 200 nM MitoTracker™ Red CMXRos for mitochondria imaging, with 50 nM for lysosome imaging, or with 1:250 MR-RR2 (Enzo Life Sciences, Farmingdale, NY, USA) for cathepsin B imaging. Subsequently, the stained oocytes were washed three times in DPBS-PVA and then imaged under a confocal laser-scanning microscope (Nikon A1, Tokyo, Japan). To assess the ATP content, embryos were fixed with 4% paraformaldehyde for 2 h and then incubated in DPBS-PVA supplemented with 500 nM BODIPY FL ATP for 1 h at room temperature. The detection method was the same as those described above. For each fluorescent probe, the fluorescence intensity was measured with the same scan settings and analyzed using NIS-Elements software (Nikon, Tokyo, Japan). Fluorescence intensity in the fresh control group was set arbitrarily at 1, and fluorescence intensity in each treatment group was expressed as relative values to the fresh control group.



Quantitative Real-Time PCR (qRT-PCR)

Total RNA was reverse transcribed into cDNA from the blastocysts (5 per group) using a TransScript®-Uni Cell to cDNA Synthesis SuperMix for qPCR (TransGen Biotech, Beijing, China) according to the manufacturer's protocol. qRT-PCR reactions were conducted using a CFX Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) in a 20 μL mixture containing 2 μL cDNA, 0.8 μL forward and reverse primers, 10 μL Fast qPCR Mix SYBR Green I (Tsingke, Beijing, China) and nuclease-free water. Reaction condition consisted of the following: 95°C for 1 min, followed by 40 cycles of 95°C for 10 s and 60°C for 15 s. Each group had four biological replicates and each reaction was replicated three times. Relative gene expression levels were quantified by the 2−ΔΔCT method using GAPDH mRNA as normalization. Primer sequences used are listed in Supplementary Table S1.



Statistical Analysis

Percentage data were arcsine transformed before analysis to ensure homogeneity of variance. All data were analyzed using SPSS 20.0 software (SPSS Inc., Chicago, IL, USA) with one-way ANOVA followed by Student–Newman–Keulsa's multiple comparison test. Results were presented as the least-squares mean ± SEM, and P < 0.05 indicated a significant difference.




RESULTS


Effects of Ax Supplementation on Developmental Competence

Firstly, to evaluate the potential effects of Ax supplementation on developmental competence of vitrified zygotes following PA, they were cultured in the PZM-3 medium supplemented with various concentrations of Ax (0, 0.5, 1.5, and 2.5 μM). After 2 h of warming, the survival rate in all treatment groups was similar to that of the fresh control group (data not shown). As shown in Table 1, the cleavage rate was similar (P > 0.05) among all groups. Moreover, the blastocyst formation rate in the 1.5 μM Ax group was significantly higher (P < 0.05) than in the vitrified control group, but still was significantly lower (P < 0.05) than in the fresh control group. There was no significant difference (P > 0.05) in the total cell number of blastocyst in all groups.


Table 1. Effects of astaxanthin (Ax) supplementation (0.5, 1.5, and 2.5 μm) on developmental competence of vitrified zygotes derived from parthenogenetic activation.

[image: Table 1]

Based on the above results, the optimal concentration of Ax was determined to be 1.5 μM. In the following experiments, the zygotes were randomly divided into three experimental groups: fresh zygotes (Fresh group), vitrified zygotes (Vitr group), and vitrified zygotes cultured with 1.5 μM Ax (Vitr + Ax group). Furthermore, we also examined whether Ax supplementation could improve the developmental competence of vitrified zygotes following SCNT. Similarly, the Vitr + Ax group showed significantly increased (P < 0.05) blastocyst formation rate compared with the Vitr group, and the value also was significantly lower (P < 0.05) than that of the Fresh group (Table 2).


Table 2. Effects of astaxanthin (Ax) supplementation (1.5 μm) on developmental competence of vitrified zygotes derived from somatic cell nuclear transfer.
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Effect of Ax Supplementation on mRNA Expression Levels in Resultant Blastocysts

To further confirm the effects of Ax supplementation on the quality of resultant blastocysts, qRT-PCR was submitted to detect the gene expression related to embryonic development and antioxidant defense (PCNA, POU5F1, CDX2, CPT1, DMNT3b, SOD1, SOD2, CAT, GPX4, and SIRT1) in parthenogenetic blastocysts (Figure 1). There were no significant differences (P > 0.05) in mRNA expression of SOD1, CAT and SIRT1 among all groups. The mRNA levels of PCNA, POU5F1, CPT1, and DMNT3b were similar (P > 0.05) between the Vitr and Vitr + Ax groups, and these values were significantly higher (P < 0.05) than those in the Fresh group. Moreover, the Vitr + Ax group had significantly increased (P < 0.05) mRNA levels of CDX2, SOD2, and GPX4 as compared to the Fresh and Vitr groups, and the SOD2 gene showed a significant higher (P < 0.05) expression in the Vitr group than in the Fresh group.


[image: Figure 1]
FIGURE 1. Effects of astaxanthin (Ax) supplementation on mRNA expression levels of genes related to embryo development and oxidative stress in resultant blastocysts. Four replications were performed. Data are the mean ± SEM values. Different superscripts above columns indicate significant differences (P < 0.05). The three experimental groups: fresh zygotes (Fresh group), vitrified zygotes (Vitr group), and vitrified zygotes cultured with Ax (Vitr + Ax group).




Effects of Ax Supplementation on Oxidative Stress in Resultant 4-Cell Embryos and Blastocysts

To better understand the underlying mechanism of Ax supplementation during IVC, we analyzed oxidative stress, mitochondrial and lysosomal function in the 4-cell embryos and blastocysts, and parthenogenetic zygotes were used in the following experiments. Firstly, the levels of intracellular ROS and GSH were detected to reflect the degree of cellular oxidative stress. For the 4-cell embryos, there was no significant difference (P > 0.05) in ROS level between the Fresh and Vitr+Ax groups, and these values were significantly lower (P < 0.05) than that of the Vitr group (Figures 2A,B). Moreover, the ROS level of blastocysts was not different in all groups (Figures 2A,C). The GSH level of 4-cell embryos in the Vitr + Ax group was similar (P > 0.05) to that in the Fresh group, and was significantly higher (P < 0.05) than that in the Vitr group (Figures 3A,B). There was no significant difference (P > 0.05) in GSH level of blastocysts among all groups (Figures 3A,C).


[image: Figure 2]
FIGURE 2. Effects of astaxanthin (Ax) supplementation on intracellular reactive oxygen species (ROS) level in resultant 4-cell embryos and blastocysts. (A) Representative images of ROS signals stained with CM-H2DCFDA. (B,C) Graphical representation of ROS level by quantifying the relative fluorescence intensity. Four replications were performed. Data are the mean ± SEM values. Different superscripts above columns indicate significant differences (P < 0.05). The three experimental groups: fresh zygotes (Fresh group), vitrified zygotes (Vitr group), and vitrified zygotes cultured with Ax (Vitr + Ax group).



[image: Figure 3]
FIGURE 3. Effects of astaxanthin (Ax) supplementation on intracellular glutathione (GSH) level in resultant 4-cell embryos and blastocysts. (A) Representative images of GSH signals stained with ThiolTracker™ Violet. (B,C) Graphical representation of GSH level by quantifying the relative fluorescence intensity. Four replications were performed. Data are the mean ± SEM values. Different superscripts above columns indicate significant differences (P < 0.05). The three experimental groups: fresh zygotes (Fresh group), vitrified zygotes (Vitr group), and vitrified zygotes cultured with Ax (Vitr + Ax group).




Effects of Ax Supplementation on Mitochondrial Function in Resultant 4-Cell Embryos and Blastocysts

Next, mitochondrial function in the 4-cell embryos and blastocysts was measured according to mitochondrial activity and ATP content. The mitochondrial activity of 4-cell embryos in the Vitr group was significantly reduced (P < 0.05) than that in the Fresh group, and the value was the highest (P < 0.05) in the Vitr + Ax group (Figures 4A,B). For the blastocysts, mitochondrial activity did not differ between the Fresh and Vitr groups, was significantly lower (P < 0.05) as compared to the Vitr + Ax group (Figures 4A,C). On the other hand, the ATP content of 4-cell embryos was similar (P > 0.05) among all groups (Figures 5A,B). However, the blastocysts in the Vitr group showed a significant decrease (P < 0.05) in ATP content when compared with the Fresh and Vitr + Ax groups (Figures 5A,C).


[image: Figure 4]
FIGURE 4. Effects of astaxanthin (Ax) supplementation on intracellular mitochondrial activity in resultant 4-cell embryos and blastocysts. (A) Representative images of mitochondrial signals stained with MitoTracker™ Red CMXRos. (B,C) Graphical representation of mitochondrial activity by quantifying the relative fluorescence intensity. Four replications were performed. Data are the mean ± SEM values. Different superscripts above columns indicate significant differences (P < 0.05). The three experimental groups: fresh zygotes (Fresh group), vitrified zygotes (Vitr group), and vitrified zygotes cultured with Ax (Vitr + Ax group).



[image: Figure 5]
FIGURE 5. Effects of astaxanthin (Ax) supplementation on intracellular ATP content in resultant 4-cell embryos and blastocysts. (A) Representative images of ATP signals stained with BODIPY FL ATP. (B,C) Graphical representation of ATP content by quantifying the relative fluorescence intensity. Four replications were performed. Data are the mean ± SEM values. Different superscripts above columns indicate significant differences (P < 0.05). The three experimental groups: fresh zygotes (Fresh group), vitrified zygotes (Vitr group), and vitrified zygotes cultured with Ax (Vitr + Ax group).




Effects of Ax Supplementation on Lysosomal Function in Resultant 4-Cell Embryos and Blastocysts

We finally investigated the lysosomal function in the 4-cell embryos and blastocysts by detecting the activities of lysosomes and cathepsin B. The lysosomal activity of 4-cell embryos was significantly increased (P < 0.05) in the Vitr group than in the Fresh and Vitr + Ax groups (Figures 6A,B). Moreover, there was similar (P > 0.05) in lysosomal activity of blastocysts between the Fresh and Vitr groups, and they were significantly higher (P < 0.05) as compared to the Vitr + Ax group (Figures 6A,C). For both 4-cell embryos and blastocysts, the cathepsin B activity in the Vitr + Ax group was significantly lower (P < 0.05) than in the Vitr group, but still significantly higher (P < 0.05) than in the Fresh group (Figures 7A–C).


[image: Figure 6]
FIGURE 6. Effects of astaxanthin (Ax) supplementation on intracellular lysosomal activity in resultant 4-cell embryos and blastocysts. (A) Representative images of lysosomal signals stained with LysoTracker™ Red. (B,C) Graphical representation of lysosomal activity by quantifying the relative fluorescence intensity. Four replications were performed. Data are the mean ± SEM values. Different superscripts above columns indicate significant differences (P < 0.05). The three experimental groups: fresh zygotes (Fresh group), vitrified zygotes (Vitr group), and vitrified zygotes cultured with Ax (Vitr + Ax group).
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FIGURE 7. Effects of astaxanthin (Ax) supplementation on intracellular cathepsin B activity in resultant 4-cell embryos and blastocysts. (A) Representative images of cathepsin B signals stained with MR-RR2. (B,C) Graphical representation of cathepsin B activity by quantifying the relative fluorescence intensity. Four replications were performed. Data are the mean ± SEM values. Different superscripts above columns indicate significant differences (P < 0.05). The three experimental groups: fresh zygotes (Fresh group), vitrified zygotes (Vitr group), and vitrified zygotes cultured with Ax (Vitr + Ax group).





DISCUSSION

Currently, porcine early-stage embryos after vitrification have compromised ability to develop in vitro to the blastocyst stage. One approach to improve blastocyst yield and quality can be to alleviate cellular and molecular damages induced by vitrification through optimize the culture condition. For example, the developmental competence of post-warming embryos has been confirmed to be enhanced by supplementation of the culture medium with exogenous reagents such as resveratrol (32, 33) or ZVAD-FMK (34). In our previous study, we have investigated the beneficial role of Ax treatment on maturation and development of porcine immature oocytes during vitrification and IVM processes (28). The present study also found that Ax supplementation during IVC exhibited cytoprotective effects against cryodamages in the vitrified porcine zygotes.

It has been reported that 0.5 mg/L Ax significantly improved development and epigenetic modifications for bovine cloned embryos (21). Treatment with Ax at the concentration of 500 μM enhances developmental ability of bovine IVF embryos co-cultured with bovine oviduct epithelial cell (23). In order to obtain the best result, an optimal concentration of Ax is needed. Our study showed that among assessed concentrations, 1.5 μM Ax supplementation during IVC achieved the highest blastocyst yield for porcine parthenogenetic zygotes after vitrification. Moreover, this concentration also increased the blastocyst formation rate of vitrified porcine zygotes following SCNT. In addition, we reported that Ax treatment had no effect on total cell number per blastocyst. Unlike some other studies, supplementation of antioxidants during IVC can increase the blastocyst cell number. To further understand the beneficial effects of Ax supplementation on embryonic development, we detected the changes in gene expression for resultant blastocysts. It has been confirmed that vitrification can lead to abnormal gene expression in embryos; however, the expression patterns for the same gene may be different across various studies. In this study, the results of gene expression (PCNA, POU5F1, CDX2, CPT1, and DMNT3b) were similar to our previous study using the cloned embryos under the same experimental condition (6), and only CDX2 gene expression was regulated by Ax treatment. CDX2 plays a pivotal role in trophectoderm formation and has been reported to be highly expressed in vitrified mouse blastocysts (35). On the other hand, several endogenous antioxidant enzymes work to control oxidative stress and support cellular defense (36). We observed that vitrification of porcine zygotes did not affect the mRNA expression of SOD1, CAT, GPX4, and SIRT1 in obtained blastocysts, with increased SOD2 gene expression. In addition, these vitrified porcine zygotes cultured with Ax showed an increased mRNA expression of both SOD2 and GPX4 genes. Overall, these results suggested that Ax as a modified composition was indeed able to optimize the culture environment for embryonic development.

It is well known that ROS maintained within homeostatic range are involved in regulating cell growth and survival as central signaling molecules (37). However, excess ROS production can disturb the oxidant/antioxidant balance and then impairs various intracellular functions and structures in preimplantation embryos such as damaging proteins, lipids, DNA and organelles (38). In addition, the reduced GSH is the main component of intracellular antioxidant system and is an important biomarker for early embryonic development (39). Many evidences have suggested that vitrification triggers oxidant stress by increasing ROS production or decreasing GSH in embryos. In the present study, we also found similar results in the 4-cell embryos derived from vitrified porcine zygotes, but no significant change in both ROS and GSH levels for resultant blastocysts. The reasons for these results could be that the vitrified zygotes reached intracellular redox homeostasis during their subsequent development. On the other hand, inhibition of oxidant stress is one of the critical factors in the success of embryo culture and also contribute to improve the quality of vitrified embryos. The Ax with very powerful antioxidant properties has been proved to scavenge ROS in various cell types (40). For the vitrified porcine zygotes, Ax supplementation also effectively prevented ROS accumulation and promoted GSH content in obtained 4-cells, suggesting the improvement of embryo quality (41).

Mitochondria are the essential organelles involved in many cellular functions and have a pivotal role in oocyte competence and embryo development (42). Vitrification of oocytes or embryos has been reported to cause mitochondrial dysfunction such as influencing distribution, mitochondrial ROS production, membrane potential, ATP content and others (43, 44). For the vitrified porcine zygotes, although mitochondrial activity showed a decrease in 4-cell embryos, it was completely restored at the blastocyst stage. Moreover, Ax may be a potential target in mitochondria and enhances mitochondrial efficiency (45). In this study, Ax supplementation significantly increased the mitochondrial activity in both resultant 4-cells and blastocysts, indicating that Ax could activate mitochondrial function to improve the development and quality of embryos. Also the vitrified porcine zygotes cultured with Ax could retain ATP content in resultant blastocysts.

Lysosomal function plays a critical role in proteins hydrolysis and signal transduction, and is also important for oocyte meiosis and preimplantation embryonic development (46, 47). Moreover, cathepsin B as a member of the lysosomal protease family is directly connected with the quality of oocytes and embryos (48). A recent study has found that vitrification of mouse oocytes disrupts lysosomal function and stimulates cathepsin B activity (49). In the current study, we observed that vitrification of porcine zygotes could lead to an increase in lysosomal and cathepsin B activities at the 4-cell stage. Furthermore, lysosomal activity was restored at the blastocyst stage; however, cathepsin B activity failed to recover normal status. It has been reported in recent studies that Ax has inhibitory effects on cathepsin B activity in oocyte growth or maturation in vitro (22, 28). Similarly, this study also found that Ax supplementation was able to reduce the cathepsin B activity in both 4-cell embryos and blastocysts derived from vitrified porcine zygotes, but they still did not reach a level of the fresh control. In addition, the resultant blastocysts exhibited a lower lysosomal activity following Ax treatment during IVC. These results suggested that Ax supplementation might be beneficial in the recovery of abnormal lysosomal function induced by vitrification of embryos.



CONCLUSION

In conclusion, our study demonstrated that Ax (1.5 μM) supplementation in the IVC medium exhibited potentially beneficial effects on the preimplantation embryonic development and embryo quality derived from vitrified porcine zygotes, at least partly, through modifying gene expression, alleviating oxidative stress, and ameliorating mitochondrial and lysosomal function. Therefore, Ax as a powerful exogenous antioxidant can be applied to establish more efficient IVC system for recovery culture of the vitrified porcine embryos or other reproductive biology field.
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