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Melatonin Protects Against Mdivi-1-Induced Abnormal Spindle Assembly and Mitochondrial Superoxide Production During Porcine Oocyte Maturation
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Mitochondrial division inhibitor 1 (Mdivi-1) reportedly provides a close connection between oocyte maturation and mitochondrial function in pigs. N-acetyl-5-methoxy-tryptamine (melatonin) is known to be a representative antioxidant with the ability to rehabilitate meiotic maturation of porcine oocytes. However, the ability of melatonin to recover Mdivi-1-mediated disruption of spindle formation during meiotic maturation of porcine oocytes during in vitro maturation (IVM) has not been studied. Here, we first investigated changes in mitochondrial length, such as fragmentation and elongation form, in mature porcine oocytes during IVM. Mature oocytes require appropriate mitochondrial fission for porcine oocyte maturation. We identified a dose-dependent reduction in meiotic maturation in porcine oocytes following Mdivi-1 treatment (50, 75, and 100 μM). We also confirmed changes in mitochondrial fission protein levels [dynamin-related protein 1 phosphorylation at serine 616 (pDRP1-Ser616) and dynamin-related protein 1 (DRP1)], mitochondrial membrane potential, and ATP production in 75 μM Mdivi-1-treated oocytes. As expected, Mdivi-1 significantly reduced mitochondrial function and DRP1 protein levels and increased spindle abnormalities in porcine oocytes. In addition, we confirmed that melatonin restores abnormal spindle assembly and reduces meiotic maturation rates by Mdivi-1 during porcine oocyte maturation. Interestingly, the expression levels of genes that reduce DNA damage and improve tubulin formation were enhanced during porcine meiotic maturation. Taken together, these results suggest that melatonin has direct beneficial effects on meiotic maturation through tubulin formation factors during porcine oocyte maturation.
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INTRODUCTION

In mammals, oocytes remain arrested at the first prophase of meiosis in meiotic maturation (Adhikari and Liu, 2014; Tukur et al., 2020). Abnormal spindle assembly connected to DNA damage likely occurs in oocytes during this extended period of arrest. In particular, spindle assembly plays an important role in exact chromosome congression and segregation during mammalian mitosis and meiosis (Yi et al., 2016). Spindle assembly occurs with chromosome separation in metaphase of the cell cycle (Bennabi et al., 2016). Correct chromosome separation is essential for mammalian oocyte maturation and subsequent fertilization (Hoshino, 2018). Damaged DNA is known to be associated with abnormal spindles during in vitro maturation (IVM) (Ganem and Pellman, 2012). RAD51 and γ-H2AX are widely used as indicators of damaged DNA with DNA repair and damaged proteins, respectively (Mayer et al., 2016). Microtubules are known to be involved in various cellular events, including mitochondria distribution (López-Doménech et al., 2018), meiotic maturation (Lan et al., 2018), embryo development (Zenker et al., 2017), and spindle assembly (Romé and Ohkura, 2018). Spindle assembly relies on the expression of microtubule-related proteins (tubulin alpha 1a: Tuba1a, alpha-tubulin N-acetyltransferase: Atat1, and microtubule-associated protein 2: Map2), which are essential for microtubule stabilization in mammalian embryos (Namgoong and Kim, 2018; Sun et al., 2020). Microtubules are composed of α- and β-tubulin and undergo covalent modification, such as acetylation (Wloga et al., 2017). Furthermore, acetylated α-tubulin (AC-TUBULIN) as one of the tubulin formation factors plays a role in stabilizing microtubule structures for meiotic maturation and embryo development (Tang et al., 2018).

Mitochondria are the key regulators of metabolic homeostasis for cell survival, proliferation, differentiation, and division through adenosine triphosphate (ATP) production (Seo et al., 2018). A recent study showed that the mitochondrial dynamics response and morphological form changes are closely associated with mitochondrial function maintenance, regulation of reactive oxygen species (ROS) production, and cell death (Ježek et al., 2018). Mitochondrial dynamics is composed of fission and fusion, and maintaining its balance is associated with various centers of cellular and metabolic homeostases (Garone et al., 2018). Dynamin-related protein 1 (DRP1) as one of the mitochondrial fission factors is required for mitochondrial fission in mammals (Hu et al., 2017). Notably, DRP1 phosphorylation at serine 616 (pDRP1-ser616) directly induced mitochondrial fission (Park et al., 2019).

Mitochondrial division inhibitor 1 (Mdivi-1), a quinazolinone derivative, is a mitochondrial fission inhibitor (Otera et al., 2013) that influences mitochondrial morphology (Ruiz et al., 2018). Previous studies demonstrated that the maintenance of the homeostasis between mitochondrial fusion and fission is known to be important during oocyte maturation and early embryo development (Wakai et al., 2014; Yang et al., 2018). Disruption of this balance leads to mitochondrial dysfunction and apoptosis (Udagawa et al., 2014). Increasing mitochondrial fission by DRP1 generates new organelles and facilitates quality control (Youle and Van Der Bliek, 2012). However, mitochondrial fragmentation by excessive mitochondrial fission leads to Cytochrome c release and caspase activation (Bordt et al., 2017). DRP1 is an integral factor that is distributed in the cytoplasm and mitochondria for porcine oocyte maturation (Zhang et al., 2020). In addition, a previous study demonstrated that DRP1 overexpression causes oocyte maturation through abnormal spindle assembly in mouse oocytes (Wakai et al., 2014).

N-acetyl-5-methoxytryptamine (melatonin), an endogenous hormone produced by the pineal gland, is known to regulate circadian rhythms (Tan et al., 2016). Melatonin is well known to assist in improving the maturation capacity of oocytes and the development competence of preimplantation embryos through antioxidant effects in pigs (Yang et al., 2020). In addition, serotonin N-acetyltransferase (Aanat) is the first enzyme in the conversion of serotonin to melatonin (Schomerus and KORF, 2005). The mRNA expression of the Aanat gene is increased in oocytes during mouse oocyte maturation (He et al., 2016). Recently, it has been reported that mitochondria regulate melatonin synthesis and metabolism through Aanat expression in mouse oocytes (Han et al., 2017). However, no known studies have analyzed the Aanat gene expression pattern or its effects on mitochondrial fission in porcine oocytes. Moreover, melatonin is a well-known free radical scavenger in porcine embryos (Reiter et al., 2016) and protects against mitochondrial fission-mediated apoptosis (Ding et al., 2018).

Despite the well-known protective effects of melatonin on spindle assembly during meiotic maturation, the effect of melatonin on mitochondrial fission and fusion in porcine oocytes during IVM has not been investigated. Therefore, the objective of this study was to determine whether melatonin protects against abnormal spindle assembly in Mdivi-1-exposed porcine oocytes by blocking mitochondrial fission. We also found that melatonin restored spindle assembly damage induced by Mdivi-1, enhanced melatonin synthase capacity, enhanced the expression of factors related to tubulin formation, and subsequently improved meiotic maturation and oocyte quality in pigs. These findings provide the first evidence regarding the protective mechanisms on abnormal spindle assembly by Mdivi-1 connecting melatonin positive effects in porcine oocyte during IVM.



MATERIALS AND METHODS


Chemicals

Unless otherwise noted, all chemicals in present study were purchased from Sigma Chemical Co. (St. Louis, MO, United States).



In vitro Maturation

Porcine ovaries were acquired from non-pregnant sows in local abattoirs. They were conveyed to the laboratory in 0.9% saline with 75 μg/ml penicillin G at 38.5°C. Immature cumulus–oocyte complexes (COCs) were aspirated from 3- to 6-mm follicles using a 10-ml disposable syringe with an 18-gauge needle. Fifty immature COCs were matured in 500 μl of IVM medium at 38.5°C under 5% CO2. NCSU 23 medium with 10% follicular fluid, 0.57 mM cysteine, 10 ng/ml β-mercaptoethanol, 10 ng/ml epidermal growth factor (EGF), 10 IU/ml pregnant mare serum gonadotropin (PMSG), and 10 IU/ml human chorionic gonadotropin (hCG) were used for oocyte maturation. After culturing for 22 h, COCs were washed three times and then further cultured in maturation medium without PMSG and hCG for 22 h. Mdivi-1 (50, 75, and 100 μM) was added to the maturation medium during the IVM periods. For assessment of melatonin treatment, cells were pretreated with Mdivi-1 75 μM for 22 h, and then melatonin 100 nM was added into the medium for another 22 h.



MitoTracker and Immunofluorescence Staining

Denuded oocytes were fixed in 3.7% formaldehyde overnight at 4°C. Fixed oocytes were incubated in IVM medium with 4 μM MitoTracker Green (Cell Signaling Technology, MA, United States) or 4 μM MitoTracker Orange (Invitrogen, CA, United States) for 30 min at 38.5°C. The intensity of MitoTracker images was acquired using LSM 800 confocal microscope (Zeiss, Jena, Germany) and iRiSTM Digital Cell Image System (Logos Biosystems, Gyeonggi-do, South Korea). Denuded oocytes were fixed in 3.7% formaldehyde in phosphate buffered saline (PBS) overnight at 4°C. Fixed oocytes were permeabilized in 0.5% Triton X-100 for 30 min at room temperature (RT). The oocytes were blocked with 1% bovine serum albumin (BSA) in polyvinyl alcohol (PVA) in PBS for 1 h at RT. Blocked oocytes were incubated with primary antibodies such as mouse monoclonal fluorescein isothiocyanate (FITC)-conjugated anti-α-tubulin antibody (1:100), anti-RAD51 (1:200 dilution; Santa Cruz Biotechnology, CA, United States), and γ-H2AX (1:200 dilution, Abcam, Cambridge, England) overnight at 4°C, and incubated oocytes were washed three times with 0.1% PVA in PBS. After incubating with primary antibodies, the oocytes were incubated with secondary antibodies, Alexa Fluor 488 goat anti mouse IgG (1:1,000 dilution) and Alexa Fluor 555 goat anti-rabbit IgG (1:1,000 dilution) (Thermo Scientific, MA, United States). Stained oocytes were mounted with 4′,6-diamidino-2-phenylindole (DAPI) solution on a glass slide. The intensity of α-tubulin and DAPI images was acquired using LSM 800 confocal microscope (Zeiss, Jena, Germany). We referred to the mitochondrial fluorescence image analysis method as described by Park et al. (2013). Mitochondria were divided into two different categories based on length ranging from less than 1 μm (fragmented form) and greater than 3 μm (elongation form). Mitochondrial aggregation in oocyte using MitoTracker green was analyzed as described by Soares et al. (2020). The mitochondrial aggregation pattern was measured by green fluorescence quantification using the ImageJ 1.46r software (NIH, United States) by the region of the oocyte cytoplasm. All images for analysis were taken using the same intensity and exposure time.



Western Blot Analysis

Fifty denuded oocyte lysates in PRO-PREP protein lysis buffer (iNtRON, Daejeon, South Korea) were prepared. Oocyte lysates were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to pure nitrocellulose membranes (Pall Life Sciences, NY, United States) after electrophoresis. The membranes were incubated with primary antibodies such as anti-phospho-DRP1-Ser616 (Cell Signaling), DRP1 (Santa Cruz Biotechnology), AC-TUBULIN (Cell Signaling), and β-actin (Santa Cruz Biotechnology). The membranes were incubated with a secondary horseradish peroxidase (HRP)-conjugated anti-rabbit/mouse IgG (Thermo Scientific, MA, United States). Binding antibodies were detected using the enhanced chemiluminescence (ECL) kit (Bio-Rad, CA, United States). The bands were visualized using Fusion Solo software (Vilber Lourmat, Collégien, France).



Immunohistochemistry

Porcine ovaries were fixed with 10% formalin solution. Fixed ovaries sliced into 3–5 μm sections were embedded in paraffin. The sections were deparaffinized and briefly heated before being treated with a protein lock solution (Dako, Carpinteria, CA, United States). And then, the sections were incubated with the anti-DRP1 (Santa Cruz Biotechnology). After being washed with 0.1 mol/l TBS containing 0.01% Tween-20 solution, the sections were incubated with anti-rabbit polymer (Dako). Peroxidases bound to the antibody complex were visualized by treatment with a 3,3′-diaminobenzidine (DAB) chromogen substrate solution (Dako). The DAB reaction was examined under a microscope to determine the optimal incubation time and was halted by washing several times with 0.1 mol/l TBS. The immunohistochemically labeled sections were dehydrated in a graded ethanol series, defatted in xylene, and mounted. The sections were observed using a microscope (Leica, Solms, Germany).



Analysis of Meiotic Maturation, Intracellular Reactive Oxygen Species and Mitochondrial Superoxide

Denuded oocytes were fixed using acetic acid:ethanol (1:3) solution overnight at RT and then were stained with 2% orcein solution for 10 min. The meiotic maturation stage of each oocyte was confirmed under a microscope (Leica).

Denuded oocytes were incubated in IVM medium with 5 μM dichlorodihydrofluorescein diacetate (DCF-DA; Invitrogen) or 1 μM Mito-SOX red (Invitrogen) for 30 min at 38.5°C. The fluorescence images of DCF-DA and Mito-SOX were acquired using an LSM 800 confocal microscope (Zeiss).



JC-1 Staining and ATP Determination

Denuded oocytes were incubated in IVM medium with JC-1 (100:1) (Cayman Chemical, MI, United States) for 30 min at 38.5°C. The stained oocytes were placed into 0.1% PVA in PBS drop of confocal dish under paraffin oil. The intensity of JC-1 images was acquired using iRiSTM Digital Cell Image System (Logos Biosystems). The concentration of ATP in denuded oocytes was measured using an ATP determination kit (Invitrogen). We made a standard reaction buffer according to the instructions of the manufacturer. Here, 50–60 oocytes were homogenized using 10 μl radioimmunoprecipitation assay (RIPA) buffer, and then 90 μl standard reaction buffer was added. The total mixed buffer was transferred 100 μl per well into a white 96-well plate. Luminescence intensity was measured using a luminometer (InfiniteM200pro, Tecan, Männedorf, Switzerland).



Quantitative Real-Time PCR

RNeasy mini kit (Qiagen, Hilden, Germany) was used to extract total RNA from denuded oocytes. Quantitative polymerase chain reaction (qPCR) was performed with the TOPrealTM qPCR 2X Premix (SYBR Green with low ROX) containing specific primers (Table 1) in a LightCycler® 96 real-time fluorescent quantitative PCR machine (Roche, Basel, Switzerland). The PCR conditions were set as follows: 10 min at 95°C, followed by 45 cycles of 95°C for 10 s, 57–59°C for 10 s, and 72°C for 10 s. The expressions of genes were calculated using the 2–ΔΔCT method.


TABLE 1. Primer sequences and real-time PCR conditions in mature oocytes.
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Statistical Analysis

All the experiments in triplicate were presented as the obtained mean ± standard deviation (SD) or standard error of the mean (SEM). All results were analyzed using t-tests or one-way ANOVA followed Tukey multiple comparison test. All data were measured using the GraphPad Prism 5.0 software (San Diego, CA, United States). Histogram values of densitometry were evaluated by ImageJ 1.46r software (NIH). Differences were considered significant at ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.



RESULTS


Mitochondrial Fission Increases During Porcine Oocyte Maturation

To confirm the changes in mitochondrial morphology during porcine oocyte maturation, we stained oocytes at 0, 22, and 44 h using MitoTracker Green staining (Figure 1A). Following oocyte maturation, the mitochondrial fragmentation (<1 μm) of oocytes significantly increased (Figure 1B). An opposite pattern of mitochondrial elongation (>3 μm) was found when oocytes were cultured at 44 h of IVM (Figure 1C). We investigated the expression patterns of mitochondrial fission-related proteins (pDRP1-Ser616 and DRP1) by Western blot analysis in porcine oocytes (Figure 1D). The protein level of pDRP1-Ser616 was significantly increased in mature oocytes (Figure 1E). Furthermore, we confirmed DRP1 protein levels using immunohistochemical staining in the ovary (follicle sizes 1–2, 2–3, and 3–5 mm; Figure 1F). DRP1 protein levels were detected in only oocyte cytoplasm from the ovary. Based on these results, we confirmed that mitochondrial fission continuously increased through a shortened mitochondria length and elevated pDRP1-Ser616 protein levels during porcine oocyte maturation.
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FIGURE 1. Changes of mitochondrial dynamics during meiotic maturation in porcine oocytes. (A–C) Porcine oocytes during meiotic maturation (0, 22, and 44 h) stained for mitochondrial fragmentation and elongation using MitoTracker green staining. Scale bar: 50 μm. (D,E) Representative Western blot and quantitative analyses of the expression of mitochondrial fission proteins [dynamin-related protein 1 phosphorylation at serine 616 (pDRP1-Ser616) and dynamin-related protein 1 (DRP1)] in immature and mature oocytes (0, 22, and 44 h). (F) Immunohistochemistry of DRP1 in various porcine ovarian follicles (1–2, 2–3, and 3–5 mm). Scale bar: 100 and 200 μm. Data in the bar graph represent the mean ± SD/SEM of three independent experiments (∗p < 0.05; ∗∗p < 0.01).




Mdivi-1 Interrupts Meiotic Maturation of Porcine Oocytes

Increasing concentrations (50, 75, and 100 μM) of Mdivi-1, a mitochondrial fission inhibitor, were added to IVM medium for an in vitro oocyte culture to test whether Mdivi-1 treatment could interrupt meiotic maturation (Table 2). As a result, meiotic maturation significantly decreased in a dose-dependent manner (control: 77.9% ± 3.6% vs. 50 μM Mdivi-1: 59.5% ± 10.1%, 75 μM Mdivi-1: 54.1% ± 5.4%, and 100 μM Mdivi-1: 1.3% ± 2.3%). The number of fragmented mitochondria of porcine oocytes (<1 μm) continued to decline in a dose-dependent manner 44 h after IVM (Figures 2A,B). Mitochondrial elongation in the 75 and 100 μM Mdivi-1-treated group was significantly higher than that in the other groups (Figure 2C). As expected, pDRP1-Ser616 in Mdivi-1-treated oocytes significantly decreased in a dose-dependent manner after 44 h of IVM (Figures 2D,E). Mdivi-1 treatment in porcine oocytes did not significantly affect the total DRP1 protein levels. To observe the mitochondrial aggregation ratio in Mdivi-1-stimulated oocytes, we measured the percentage of oocytes with mitochondrial aggregation in oocytes from Mdivi-1-exposed groups. As a result, mitochondrial aggregation in oocytes by MitoTracker Green staining was increased in the Mdivi-1 treatment group at 44 h after IVM (Figures 2F,G). These results showed that Mdivi-1 disturbs porcine meiotic maturation by blocking mitochondrial fission during IVM.


TABLE 2. Meiotic maturation rate according to Mdivi-1 concentrations.
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FIGURE 2. Effects of mitochondrial division inhibitor 1 (Mdivi-1) exposure on mitochondrial dynamics and distribution during meiotic maturation in porcine oocytes. (A–C) Representative images of mitochondrial length (fragmentation and elongation) in 0, 50, 75, or 100 μM Mdivi-1-treated oocytes. Scale bar: 50 μm. (D,E) Representative Western blot of the expression of mitochondrial fission proteins [dynamin-related protein 1 phosphorylation at serine 616 (pDRP1-Ser616) and dynamin-related protein 1 (DRP1)] in control and Mdivi-1-treated oocytes. Here, β-actin was used as a loading control. The ratios of phosphorylated/total proteins were calculated and plotted in all experimental groups. (F,G) Ratios of mitochondria aggregation were detected using MitoTracker green. Scale bar: 200 μm. Data represent the mean ± SD/SEM of three biological replicates (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001).




Mdivi-1 Targets Mitochondrial Functions and Oxidative Stress in Porcine Oocytes

To investigate oxidative stress using Mdivi-1, we investigated intracellular and mitochondrial ROS using DCF-DA and Mito-SOX staining (Figures 3A–C). Both intracellular and mitochondrial ROS levels were significantly higher in porcine oocytes after treatment with 75 or 100 μM Mdivi-1 than those in the control group. We measured mitochondrial membrane potential (MMP) and ATP content using JC-1 staining and an ATP determination kit to confirm mitochondrial functions (Figures 3D–F). MMP was significantly decreased in the 75 and 100 μM Mdivi-1-treated groups compared to that in the control group (Figure 3E). As a result, the ATP production capacity of porcine oocytes was significantly attenuated (Figure 3F). These disturbances in MMP were in line with the reduced ATP production observed in 75 μM Mdivi-1-treated porcine oocytes. The results described above were in agreement with the observed decline in mitochondrial fission (Figure 2); mitochondrial dysfunction was observed in cells treated with 75 μM Mdivi-1. To confirm the half maximal inhibitory concentration (IC50), we confirmed the oocyte survival rate by Mdivi-1 treatment using previous IVM data. The valid concentration of Mdivi-1 was approximately 78 μM (Supplementary Figure 1). Based on these results, we optimized the Mdivi-1 concentration to 75 μM, which was then used in subsequent experiments.
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FIGURE 3. Effects of mitochondrial division inhibitor 1 (Mdivi-1) exposure on mitochondrial functions in mature porcine oocytes. (A–C) Representative images of intracellular and mitochondrial reactive oxygen species (ROS) levels in control, 50, 75, or 100 μM Mdivi-1-treated oocytes. Green: intracellular ROS; red: mitochondria-derived superoxide. Scale bar: 200 μm. (D,E) Typical images of mitochondrial membrane potential (MMP) in the control and Mdivi-1 (50, 75, and 100 μM) groups. Scale bar: 100 μm. (F) Relative ATP contents of mature porcine oocytes from various Mdivi-1-treated groups. Data in the bar graph represent the mean ± SD of three independent experiments (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001).




Mdivi-1 Exposure Impairs Spindle Assembly and Location of the Mitochondria Around the Nucleus in Porcine Oocytes

The mitochondrial location around the nucleus influences spindle assembly during meiotic maturation in mammalian oocytes (Ding et al., 2020). Therefore, we investigated the changes in mitochondrial location by Mdivi-1 using MitoTracker Orange staining. As a result, the numbers of mitochondria in Mdivi-1-treated groups were conspicuously decreased at the perinuclear site, and fluorescence intensity also declined (Figures 4A,B). Next, we compared spindle abnormalities in oocytes cultured with or without 75 μM Mdivi-1 (Figure 4C). Nocodazole is an antineoplastic agent that interferes with microtubule polymerization and was used as a negative control to confirm the inhibition of the formation of spindle assembly. We found that the percentage of abnormal spindles in porcine oocytes was significantly increased in the 75 μM Mdivi-1-treated group compared to that in the control group (Figures 4D,E). We measured the arrangement of chromosomes and the shape of α-tubulin using the Zen 2.3 (Blue edition) software based on the white dotted line in Figure 4F. The chromosome and α-tubulin form in the control group were shown to be arranged at regular intervals of spindle assembly. In the Mdivi-1-treated group, there were no relatively regular intervals and alignment. No microtubules due to α-tubulin staining were observed in the nocodazole-treated oocytes used as the negative control group for the spindle assembly. In control oocytes, nuclei and α-tubulin were distributed and combined with nuclei at regular intervals. In contrast, nuclei and α-tubulin destruction was observed in the spindle arrangements during spindle assembly in Mdivi-1-treated oocytes. These results showed that Mdivi-1 exposure is directly involved in spindle assembly during porcine meiotic maturation.
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FIGURE 4. Effects of mitochondrial division inhibitor 1 (Mdivi-1) on spindle assembly in mature porcine oocytes. (A,B) Representative images of mitochondrial activation in the control and Mdivi-1-treated groups. Orange: mitochondria; blue: chromosome. Scale bar: 50 μm. (B) Quantitative analysis of mitochondria activation in the control and Mdivi-1-treated groups. (C) Representative images of spindle morphology and chromosome alignment in the control and Mdivi-1-treated groups. Green: α-tubulin; blue: chromosome. Scale bar: 10 μm. Abnormal spindle (D) and misaligned chromosome (E) rates of mature oocytes in the control and Mdivi-1-treated groups. (F) Arrangement of spindle assembly in the control and Mdivi-1-treated groups. Green: α-tubulin; blue: chromosome. Data represent the mean ± SD of three biological replicates (∗∗p < 0.01; ∗∗∗p < 0.001).




Mdivi-1 Impairs Chromosome and Tubulin Formation-Related Factor Expression in Porcine Oocytes

To confirm direct damage to the spindle assembly by Mdivi-1, we investigated the protein levels of RAD51 and γ-H2AX using immunofluorescence (IF) staining and the mRNA levels of tubulin-related genes using qPCR in mature oocytes. We conducted double staining of RAD51 and γ-H2AX in all mature oocytes. The immunostaining images showed that protein expressions of RAD51 (green fluorescence) and γ-H2AX (red fluorescence) were merged with nuclear (blue fluorescence) in mature porcine oocytes (Figure 5A). Moreover, detection of γ-H2AX-positive cell rates in the Mdivi-1-treated group was higher than that in the control group. The mRNA levels of the DNA repair genes Rad51 and γ-H2ax were significantly increased in Mdivi-1-treated oocytes (Figures 5C,D). Interestingly, the mRNA level of Aanat, a melatonin synthesis-related gene from mitochondria, was lower in Mdivi-1-treated oocytes than in control oocytes (Figure 5E). As shown in Figures 5F–H, Mdivi-1 (75 μM) administration significantly decreased the levels of tubulin formation-related gene (Tubula, Atat1, and Map2) transcription in mature oocytes. These results demonstrate that Mdivi-1 promotes the deficiency of spindle assembly by disturbing tubulin formation-related gene expression during meiotic maturation of porcine oocytes.
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FIGURE 5. Effects of mitochondrial division inhibitor 1 (Mdivi-1) on the DNA damage and tubulin formation-related genes in mature porcine oocytes. (A) Detection of RAD51 (green fluorescence), γ-H2AX (red fluorescence), and chromosome (blue fluorescence) expression using immunofluorescence (IF) staining in mature porcine oocytes. Scale bar: 50 μm. (B) Percentage of γ-H2AX-positive cell ratios in mature porcine oocytes. (C,D) Expression levels of DNA damage-related genes (Rad51 and γ-H2ax) after Mdivi-1 treatment in mature porcine oocytes. (E) The expression level of melatonin synthesis enzyme gene (Aanat) after Mdivi-1 treatment in mature porcine oocytes. (F–H) Expression levels of tubulin formation-related genes (Tuba1a, Atat1, and Map2) after Mdivi-1 treatment in mature porcine oocytes. Data in the bar graph represent the mean ± SEM of three independent experiments (∗p < 0.05; ∗∗p < 0.01).




Melatonin Relieves the Deterioration of Oocyte Quality Following Spindle Assembly Damage by Mdivi-1 During in vitro Maturation

Because spindle assembly damage is a major trigger that impairs meiotic maturation, we used melatonin for recovery against disrupted spindle organization. The meiotic maturation rates in the melatonin-treated group after Mdivi-1 pretreatment were restored compared to those in the Mdivi-1-treated group of mature oocytes (Table 3). Numerous reports have shown that melatonin is present in oocytes, which protects against spindle and chromosome damage (Zhang et al., 2017; Lan et al., 2018; An et al., 2019; Li et al., 2019; Chen et al., 2020). We examined pDRP1-Ser616 and DRP1 protein levels in mature oocytes following treatment with 75 μM Mdivi-1 and/or 0.1 μM melatonin (Figures 6A,B). Unfortunately, melatonin did not significantly change mitochondrial fission protein expression in porcine oocytes. Interestingly, the meiotic spindle/chromosome defects in the group treated with 0.1 μM melatonin after Mdivi-1 pretreatment were significantly decreased compared to those in the group treated only with Mdivi-1 (Figures 6C,D). In addition, misaligned chromosome rates were decreased in the melatonin-treated group after Mdivi-1 pretreatment compared with those in the only Mdivi-1-treated group (Figure 6E). As shown by the white dashed line (criterion) in Figure 6C, the abnormal α-tubulin arrangement and chromosomal alignment by Mdivi-1 were restored by melatonin treatment (Figure 6F). Thus, we confirmed that melatonin can restore abnormal spindle formation induced by Mdivi-1 and improve meiotic maturation in porcine oocytes.


TABLE 3. Meiotic maturation rate by Mdivi-1 and/or melatonin treatment.
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FIGURE 6. Effect of melatonin on mitochondrial fission and spindle assembly in mature porcine oocytes. (A,B) Representative Western blot of the mitochondrial fission [dynamin-related protein 1 phosphorylation at serine 616 (pDRP1-Ser616) and dynamin-related protein 1 (DRP1)] protein levels in the control, mitochondrial division inhibitor 1 (Mdivi-1), melatonin, and Mdivi-1+melatonin groups. Here, β-actin was used as a loading control. The ratios of phosphorylated/total proteins were calculated and plotted in all experimental groups. (C) Representative images of spindle morphology and chromosome alignment in the control, Mdivi-1, melatonin, and Mdivi-1 + melatonin groups. Green: α-tubulin; blue: chromosome. Scale bar: 10 μm. Abnormal spindle (D) and misaligned chromosome (E) rates of mature oocytes in the control, Mdivi-1, melatonin, and Mdivi-1 + melatonin groups. (F) Arrangement of spindle assembly in the control, Mdivi-1, melatonin, and Mdivi-1 + melatonin groups. Green: α-tubulin; blue: chromosome. Data represent the mean ± SD/SEM of three biological replicates (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001).




Melatonin Reduces Intracellular Reactive Oxygen Species and Mitochondrial Superoxide and Increases Tubulin Formation Protein Levels During Porcine Meiotic Maturation

Melatonin improved porcine oocyte maturation according to the treatment concentration criteria (100 nM) described in our previous study (Park et al., 2018b). To verify the antioxidant ability of melatonin, we treated mature oocytes with melatonin after Mdivi-1 pretreatment and measured intracellular and mitochondrial ROS levels (Figure 7A). The fluorescence intensity of both intracellular (Figure 7B) and mitochondrial (Figure 7C) ROS of mature oocytes was decreased in the melatonin-treated group after Mdivi-1 pretreatment compared to that in the Mdivi-1-treated group. In particular, the expression level of AC-TUBULIN protein was significantly increased in the melatonin-treated group after Mdivi-1 pretreatment compared to that in the control group (Figures 7D,E). The results presented here demonstrate that melatonin suppresses oxidative stress and restores abnormal spindle rates from Mdivi-1-derived damage.
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FIGURE 7. Effects of melatonin on the intracellular and mitochondrial reactive oxygen species (ROS) and tubulin formation-related protein in mature porcine oocytes. (A–C) Fluorescence intensity of intracellular (green) and mitochondrial (red) ROS using DCF-DA and Mito-SOX staining. Scale bar: 100 μm. (D,E) Representative Western blot of the AC-TUBULIN protein level in the control, mitochondrial division inhibitor 1 (Mdivi-1), melatonin, and Mdivi-1 + melatonin groups. Here, β-actin was used as a loading control. Data in the bar graph represent the mean ± SEM of three independent experiments (∗p < 0.05; ∗∗∗p < 0.001).




Restorative Effects of Melatonin Through Chromosome Stabilization and Increasing Tubulin Formation-Related Gene Expression in Mdivi-1-Exposed Oocytes

In order to investigate the reason underlying the positive effect of melatonin on oocyte maturation, the expression of RAD51 and γ-H2AX was evaluated (Figure 8A). Treatment with melatonin after Mdivi-1 treatment reduced the γ-H2AX-positive cell rate (Figure 8B). The Rad51 and γ-H2ax gene expression in melatonin-treated oocytes after Mdivi-1 treatment was lower than that observed in 75 μM Mdivi-1-treated oocytes (Figures 8C,D). In addition, the expression of Aanat in the melatonin-treated group after Mdivi-1 pretreatment was not significantly different from that in the Mdivi-1-treated group (Figure 8E). The expression of Tuba1a, Atat1, and Map2 as tubulin formation-related genes was increased in melatonin-treated oocytes after Mdivi-1 supplementation compared with Mdivi-1-treated oocytes (Figures 8F–H). The results suggest that the damaged chromosome and abnormal spindle formation in Mdivi-1-treated oocytes may also be recovered by melatonin.


[image: image]

FIGURE 8. Effects of melatonin on the DNA damage and tubulin formation-related genes in mature porcine oocytes. (A) Immunofluorescence of RAD51 and γ-H2AX protein expression of mature porcine oocytes. Scale bar: 100 μm. (B) Percentage of γ-H2AX-positive cell ratios in the control, mitochondrial division inhibitor 1 (Mdivi-1), melatonin, and Mdivi-1 + melatonin groups of mature porcine oocytes. (C,D) Expression levels of DNA damage-related genes (Rad51 and γ-H2ax) in the control, Mdivi-1, melatonin, and Mdivi-1 + melatonin groups. (E) Expression levels of the melatonin synthesis enzyme gene (Aanat) in the control, Mdivi-1, melatonin, and Mdivi-1 + melatonin groups. (F–H) Expression levels of tubulin formation-related genes (Tuba1a, Atat1, and Map2) in the control, Mdivi-1, melatonin, and Mdivi-1 + melatonin groups. Data in the bar graph represent the mean ± SEM of three independent experiments (∗p < 0.05).




DISCUSSION

Melatonin has protective effects on diverse cellular processes, including DNA damage response and spindle assembly; however, the effect of melatonin on DNA damage based on mitochondrial fission in porcine oocytes has not yet been reported. Moreover, the correlation between mitochondrial fission regulation and spindle assembly during IVM of porcine oocytes has not been investigated. Therefore, in this study, we confirmed the protective effects of melatonin on meiotic maturation-related abnormalities in tubulin formation and spindle assembly induced by Mdivi-1 in pigs.

Immature porcine oocytes under IVM are drastically affected by DNA damage, oxidative stress, and mitochondrial mechanisms (Liang et al., 2017b). Mitochondrial morphological and structural changes play a critical role in porcine preimplantation embryo development, including mitochondrial functions and cellular apoptosis (Niu et al., 2019). An increase in the imbalance of mitochondrial fission and fusion is reportedly the primary cause of developmental disorders in in vitro culture (IVC) in porcine embryos (Yang et al., 2018). Indeed, excessive mitochondrial fission caused diverse human diseases from neurodegenerative disease to cancer (Serasinghe and Chipuk, 2016). However, changes in mitochondrial morphology during the induction of oocyte maturation have been greatly overlooked in pigs. To confirm this interaction between mitochondrial fission and oocyte maturation, we first detected the mitochondrial morphology and length in porcine oocytes at 0, 22, and 44 h after IVM (Figures 1A–C). It was first confirmed that the length of the mitochondria decreased in porcine oocytes during IVM progression, and elongation was relatively decreased. A previous study reported that mitochondrial fission increases according to the stage of porcine oocyte maturation (Zhang et al., 2020); accordingly, we found an approximately 1.8-fold increase in pDRP1-Ser616 protein expression in 44-h IVM oocytes compared to that in 0-h IVM oocytes (Figures 1D,E). Notably, as shown in Figure 1F, mitochondrial fission protein DRP1 is also observed in the cytoplasm in vivo upon follicle development, according to the ovarian follicle size.

Mdivi-1 has been shown to selectively target DRP1 in mammalian cells and suppress its capacity to catalyze GTP hydrolysis (Tanaka and Youle, 2008). Thus, Mdivi-1 can confer selectivity for mitochondrial fission (Rosdah et al., 2016). We found that mitochondria are elongated via the fission inhibition response to Mdivi-1 exposure during oocyte maturation, which causes major damage to porcine meiotic maturation (Figure 2). This illustrates another mitochondrial dysfunction regulated by mitochondrial fission (Figure 3). Upon treatment with 75 μM Mdivi-1, both mitochondrial fragmentation length (<1 μm) and DRP1 protein levels were significantly reduced in mature porcine oocytes (Figure 2A). In addition, mitochondria aggregation was significantly increased in mature oocytes treated with 75 and 100 μM Mdivi-1 (Figure 2F). In general, mitochondrial aggregation indicates the irregular distribution of mitochondria in the cytoplasm and is defined by various methods in mammalian oocytes. Mitochondrial aggregation pattern is known to generate in aging oocytes (Soares et al., 2020), and excessive mitochondrial aggregation is an indicator of immature oocytes (Egerszegi et al., 2010). Moreover, that is highly influenced by microtubule stabilization in porcine oocytes (Sun et al., 2001). These results strongly suggest that Mdivi-1 can reduce DRP1 protein levels and induce mitochondrial dysfunction and aggregation in mature porcine oocytes.

To determine mitochondrial activity, we analyzed mature porcine oocytes using MitoTracker Orange staining. Interestingly, we confirmed that Mdivi-1-exposed oocytes had reduced mitochondrial localization around the nucleus (Figure 4A). Nocodazole is a representative microtubule inhibitor that interferes with microtubule polymerization (Tanabe, 2017). Generally, nocodazole disturbs spindle formation in cells and induces cell arrest (Roeles and Tsiavaliaris, 2019). This competence is widely used as an antineoplastic agent. In addition, our results provide evidence for the critical role of DRP1 in spindle assembly and meiotic maturation in porcine oocytes (Figures 4C–F). The migration of mitochondria toward the nuclei assists mitochondria in transferring energy around the nucleus for spindle assembly and microtubule stabilization during porcine oocyte maturation (Sun et al., 2001; Mehta et al., 2019). Microtubules and microfilaments are closely involved with chromosomal dynamics after germinal vesicle breakdown during meiotic maturation of porcine oocytes (Sun and Schatten, 2006). Evidently, sufficient high-energy substrates are required for microtubule polymerization, motor protein activity, and cell cycle-regulating kinases for timely and accurate chromosome segregation (Zhang et al., 2006).

When DNA strand breaks occur, γ-H2ax evaluates the damaged site and measures the activity of homologous recombination using Rad51 (Adam-Zahir et al., 2014). In previous studies, Rad51 deficiency or knockout caused abnormal spindle assembly in mammalian oocytes (Kim et al., 2016). γ-H2ax was well known to DNA damaged gene in oocytes, which has also been used as evidence of abnormal spindle assembly by double-strand breaks (DSBs) in mouse oocyte maturation (Jia et al., 2019; Jiao et al., 2020). We investigated Rad51 and γ-H2ax expression levels to confirm the extent of DNA damage by Mdivi-1 treatment. The predicted expression patterns of Rad51 and γ-H2ax genes are shown in Figures 5A,B. The expressions of Rad51 and γ-H2ax genes in Mdivi-1-treated oocytes were increased, and these findings directly correlated to the results of spindle formation in Figures 4C–F. The Aanat gene was recently found to be localized in the mitochondria of oocytes, and melatonin produced from the mitochondria of oocytes has been reported in mice (He et al., 2016; Tan et al., 2016; Yang et al., 2019). According to our results, for the first time, porcine oocyte melatonin production or synthesis was observed by quantitative real-time PCR (qRT-PCR) analysis of the Aanat gene (Figure 5C). Furthermore, to our knowledge, no study has examined the change in Aanat gene expression for melatonin-synthesizing enzymes by Mdivi-1 in porcine oocytes.

Similarly, whether mitigation of mitochondrial fission by Mdivi-1 leads to changes in microtubule formation-related gene expression or spindle assembly capacity is unknown, especially in the context of oocyte maturation. To observe the correlation with Mdivi-1-dependent spindle assembly damage, we investigated the transcriptional levels of the microtubule-related genes Tuba1, Atat1, and Map2 in Mdivi-1-treated oocytes (Figures 5D–F). These microtubule-related genes significantly decreased the expression of mRNA in oocytes treated with 75 μM Mdivi-1. Spindle abnormalities and the disruption of tubulin formation in Mdivi-1-treated oocytes may also be mediated by mitochondrial fission inhibition-dependent reduced meiotic maturation. Our results strongly suggest that Mdivi-1 reduces DRP1 levels and mitochondrial fragmentation in porcine oocytes and disrupts spindle assembly.

Melatonin, now known to be a robust antioxidant that protects against abnormalities in the mitochondrial fragmentation and spindle (Reiter et al., 2016), was subsequently shown to increase IVM and in vitro fertilization (IVF) rates in mice (Leem et al., 2019), pigs (Chen et al., 2020), cows (Liang et al., 2017a), and humans (Tamura et al., 2008). Melatonin has been shown to defend against attenuated kinetochore–microtubule attachment stability, disrupting spindle assembly, and chromosome alignment from toxic chemicals such as benzo[ghi]perylene and bisphenol A in mouse oocytes (Zhang et al., 2017; Li et al., 2019). Moreover, melatonin enhances declined meiotic defects by hazardous substances through recovering mitochondrial functions, increasing antioxidant enzyme expression, reducing mitochondria-derived apoptosis, and reducing autophagy levels in porcine oocytes (Park et al., 2018a; Zhang et al., 2018). In this study, the protective function of melatonin against Mdivi-1-mediated spindle assembly damage was studied using qRT-PCR, Western blotting, and α-tubulin IF staining in mature porcine oocytes (Figures 6, 7). Our results showed that melatonin recovered spindle damage and reduced tubulin-related gene expression levels by Mdivi-1 treatment during porcine oocyte maturation. In particular, the protein level of AC-TUBULIN by Mdivi-1 treatment was improved through the protective effects of melatonin (Figures 7A,B). In addition, supplementation with mycotoxin (Lan et al., 2018) and benzo(a)pyrene (Miao et al., 2018) leads to impaired microtubule stability, as shown by the decreased level of AC-TUBULIN response to spindle assembly in mouse oocytes. Based on these results, it is suggested that melatonin has an excellent protective effect on microtubule stability for spindle assembly by interrupting meiotic maturation in Mdivi-1-treated oocytes.



CONCLUSION

Mdivi-1 affects embryonic development by inhibiting mitochondrial fission, especially in the female reproductive system. In this study, we explored its effects on porcine oocyte maturation via blocking mitochondrial fission and spindle assembly. Moreover, we showed that an appropriate dose of 0.1 μM melatonin was able to protect against disturbances to microtubule formation, abnormal spindle assembly dynamics, and mitochondria-derived superoxide caused by Mdivi-1 (Figure 9). Importantly, while melatonin does not affect the dynamics and structural transformation of mitochondria from Mdivi-1 damage, it showed a recovery effect on the microtubule formation and reduced ROS from mitochondria and microtubule formation during porcine meiotic maturation. Despite our observations that melatonin has an impact on the recovery response to abnormal spindle assembly and mitochondrial ROS in porcine oocytes, its mechanism of action is not involved in mitochondrial fission. Taken together, these results demonstrate that the protective role of melatonin on Mdivi-1-mediated abnormal spindle assembly may be the mechanism by which it rescues oocytes from Mdivi-1-induced toxicity or mitochondrial fission blocking. These novel observations suggest that melatonin may have a protective effect by impacting meiotic maturation from mitochondrial fission-derived damages for the recovery of oocyte maturation. Furthermore, our findings enhance the understanding of oocyte maturation for female infertility mechanisms affecting spindle assembly.


[image: image]

FIGURE 9. Schematic diagram indicating the suggested protective effects of melatonin on Mdivi-1-inhibited mitochondrial fission in porcine oocytes. In non-treated conditions, mitochondrial fission and fragmentation (<1 μm) increased during oocyte maturation. The Mdivi-1-exposed oocyte increased abnormal spindle assembly (Mdivi-1-induced damage, 1) and mitochondria-derived superoxide assembly (Mdivi-1-induced damage, 2) by blocked mitochondrial fission in pig. Melatonin enhances oocyte maturation capacity against Mdivi-1-mediated damages through restoration of spindle assembly (melatonin recovery effect, 1) and anti-oxidative effector (melatonin recovery effect, 1). Melatonin improves meiotic maturation in Mdivi-1-exposed oocytes as a recovery and protective effect of mitochondrial superoxide and abnormal spindle assembly during IVM.
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