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Mitochondrial dysfunction, especially compromised respiratory metabolism, is a serious obstacle of sperm cryopreservation. This study aims to determine the effect of melatonin supplement on respiratory metabolism of frozen-thawed ram sperm. Semen was slowly frozen with or without melatonin supplement, while fresh semen was used as a control. The results showed that melatonin clearly improved ATP production, oxygen consumption and respiratory chain complex activities, while it decreased reactive oxygen species and nitrite concentrations in frozen-thawed sperm (p < 0.05). Consequently, the viability, motility and fertility of frozen-thawed sperm were also recovered by melatonin. Strikingly, promoter methylation levels of several key mitochondrial respiratory chain genes were dramatically increased along with decreased expression levels in frozen-thawed sperm, which can be partially repaired by melatonin supplement (p < 0.05). This might be attributed to the expression change of mtDNMT1 among three groups (p < 0.05). Furthermore, the declined expression of MTNR1A and MTNR1B were found in frozen-thawed sperm (p < 0.05). The treatment of melatonin receptor antagonist indicated that MTNR1A could have a key role in the regulation of melatonin on mitochondrial function of frozen-thawed sperm. Collectively, these findings provide a new perspective on the epigenetic regulation of sperm cryopreservation.
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1 Introduction

As specialized mammalian cells, sperm retain abundant mitochondria accompanied by the disappearance of other organelles during maturation (1), emphasizing the importance of energy metabolism on sperm motility and fertility. In sperm cryopreservation, however, mitochondrial cryoinjury is one of the main causes of the low quality frozen-thawed sperm, given the important energy supply function and weak freezing tolerance of mitochondria (2). Frozen-thawed sperm have disruptions in metabolic enzymes and decreases in both ATP production and mitochondrial membrane potential (3, 4). Epigenetic modification of mitochondrial genes has been proved to influence sperm metabolism in various models (5–7). The changes of mitochondrial key enzyme activities could be determined by epigenetic modifications of several mitochondrial genes. Consequently, characterizing the epigenetic dynamics of mitochondrial genome may provide insights into frozen-thawed sperm dysmetabolism.

Sperm cryopreservation causes a series of abnormalities in epigenetic modifications, such as increased global DNA methylation level (8), reduced H3K9 acetylation and H3K4 methylation (9) and compromised DNA demethylation of paternal genome (10). Whereas most studies in sperm focused on nuclear genome DNA, epigenetic variation of mitochondrial DNA (mtDNA) has not been extensively studied. Although the local action of isoform 3 of DNMT1 as well as DNMT3A on mtDNA methylation patterns has been realized (11, 12), the precise roles of epigenetic modifications within mtDNA are unclear. Especially, the relationship between abnormal methylation and mitochondrial dysfunction still remains to be clarified in sperm.

Mitochondrion is both a primary synthesis site and principal target for melatonin (13), while melatonin can maintain the mitochondrial stability and increase ATP production (14). The ability of melatonin to promote animal reproductive functions has been well established (15, 16). Previous studies also indicate that melatonin protects sperm structure and function through its anti-oxidative and anti-apoptotic capacities (17, 18), which could also involve epigenetic modulation (19, 20). During sperm cryopreservation, melatonin can alleviate the inhibition of mitochondrial oxidative phosphorylation, not only by increasing the activity of respiratory chain complex, but also by promoting related gene expression (4). It implies that the effect of melatonin on sperm metabolism could involve the repair of enzymatic activity at the level of gene modification.

Hence, we investigated the effect of freezing-thawing and melatonin supplement on mitochondrial function and fertilizing ability of ram sperm. Furthermore, promoter methylation and expression levels of mitochondrial respiratory chain genes and mtDNMT1 were detected to determine the potential mechanisms of melatonin and its receptors in mtDNA epigenetic regulation of frozen-thawed sperm.



2 Materials and methods

All procedures involving animals were approved by the Animal Ethics and Welfare Committee at the Academy of Animal Science and Veterinary, Qinghai University. All chemicals were purchased from Sigma Aldrich (St. Louis, United States), unless otherwise indicated.


2.1 Sample collection

The experiment was conducted during the physiological breeding season (late summer to late autumn). A total of 10 male small-tail Han sheep (2.5–3.0 years, 75–80 kg) had ad libitum access to water and to a 60:40 forage: concentrate ration as recommended by the National Research Council. Semen samples were collected using an artificial vagina containing water at 38–40 °C. Sperm concentration was calculated using a sperm density meter (SDM1, Minitube, Germany). Motility was estimated under 400× magnification using a phase-contrast microscope (BX60, Olympus, Japan). Ejaculates with volume of 0.7–2.0 mL, concentration >2.5 × 109 sperm/mL and motility >80% were retained and pooled. Semen samples were pooled and then equally divided into 3 groups (fresh group, frozen group and melatonin group) to reduce the sample variance.



2.2 Sperm freezing and thawing

Basic semen extender (Tris-egg-yolk) was used to preserve fresh sperm (fresh group), containing an 80% solution of 3% glucose, 3% sodium citrate, 10 IU/mL penicillin and 10 IU/mL streptomycin in distilled water and 20% of egg yolk. Meanwhile, the freezing solution was 94% basic extender and 6% glycerol, supplemented with 0 or 10−7 M melatonin used in sperm cryopreservation (for frozen or melatonin group respectively).

Sperm cryopreservation was performed by slow freezing. Briefly, semen was diluted by 5-fold, chilled to 4 °C over a 2 h interval, then placed in 0.25 mL straws. Filled straws were placed 4 cm above liquid nitrogen for 7 min and then plunged into it. After 2 weeks, straws were thawed with a 40 °C water bath for 15 s. Survival sperm were selected by colloid single-layer centrifugation. Briefly, 1 mL thawed sample (~1 × 109 sperm/mL) was gently placed on top of 2 mL 80% Percoll™ (GE Healthcare, Uppsala, Sweden) in PBS. The mixture was centrifuged at 600 g for 20 min at 25 °C. Then, the sperm pellets were washed with PBS and centrifuged again. The residue was transferred to a clean tube containing 1 mL diluent for density calculation and subsequent testing.



2.3 ATP production

The ATP production was detected with an ATP assay system bioluminescence detection kit (Promega, Madison, United States). After trypsinization, intracellular ATP was extracted from sperm in 100 μL 0.5% trichloroacetic acid. After neutralization and dilution by adding tris-acetate buffer (pH 7.75). Subsequently, absorbance at 570 nm was measured using a fluorescence microplate reader (Imark, Bio-Rad, United States). The ATP content was calculated based on a standard ATP curve.



2.4 Reactive oxygen species assay

Sperm intracellular reactive oxygen species (ROS) content was determined using a ROS assay kit (Beyotime, Shanghai, China). Pelleted samples were washed three times and then incubated with 10 μM 6-carboxy-2′-7′ dichlorodihydrofluorescein diacetate probe. After washing, the OD value was determined with a microplate reader at 488 and 525 nm. The ROS content was calculated using a standard curve.



2.5 Nitrite content

Sperm intracellular NO2−/NO3− was determined using a total nitric oxide detection kit (Beyotime). The reaction was followed by the colorimetric detection of NO2− as a colored azo dye, the product of Griess reaction that absorbs visible light at 540 nm. Following incubation, samples were washed with PBS and the OD value was determined with a microplate reader. The nitrite content was calculated using a standard curve.



2.6 Sperm kinematic evaluation

For detecting sperm viability, 5 μL of 1 mM propidium iodide (PI) was used to incubate for 5 min. After washing, samples testing was completed within 1 h using a flow cytometer (FACS Melody, Becton Dickinson, United States). Data for 20,000 cells per sample were stored in the list mode and analyzed with SuperCyt Analyst 3 software (Sierra Cytometry, Reno, United States).

Sperm progressive motility was determined using a computer-aided sperm analysis (CASA) system (Minitube, Tiefenbach, Germany). In brief, sperm concentration was diluted to ~2 × 107 sperm/mL in PBS and incubated at 37 °C for 5 min. Then, 5 μL of sample was placed on a chamber-slide. For each sample, five non-consecutive microscopic fields were randomly chosen to examine under 400× magnification using a phase contrast microscope (Axio Scope A1, Zeiss, Germany).



2.7 In vitro fertilization

The in vitro fertilization (IVF) experiment was performed as described (21). Ovaries were collected and transported to the laboratory within 2 h. Cumulus-oocyte complexes (COCs) were released and transferred into maturation medium (20% heat-inactivated estrous sheep serum, 10 mg/L follicle stimulating hormone, 10 mg/L luteinizing hormone, 10 μg/L epidermal growth factor and 1 mg/L estradiol-17β in TCM199 medium) for a 24 h incubation at 39 °C with 5% CO2. After removing cumulus cells via hyaluronidase digestion, the mature oocytes were co-incubated with fresh or frozen-thawed sperm (~1 × 106 sperm/mL) in synthetic oviduct fluid medium (20% estrous sheep serum and 10 mg/L heparin) for 22 h. Presumptive zygotes were washed to remove the sperm and transferred into a new synthetic oviduct fluid medium supplemented with 1% basal medium Eagle-essential amino acids, 1% modified Eagle medium-nonessential amino acids, 1 mM glutamine, and 6 g/L fatty acid-free bovine serum albumin. The cleavage and hatching rates were determined at 48 h and 7 days post-insemination, respectively. The hatching rate was calculated based on cleaved embryos.



2.8 Oxygen consumption

An extracellular flux analyzer (XF24, Seahorse Bioscience, United States) was used to detect sperm oxygen consumption. Briefly, sperm sample was adjusted to ~2 × 106 sperm/mL and seeded on a plastic microplate coated with concanavalin A. After centrifuging at 1,200 × g for 2 min, 500 μL medium was added to each well. After 54 min, 1 μM FCCP or mT medium (control group) were added to corresponding wells. Furthermore, 1 μM antimycin A and 1 μM rotenone were added to each well after 78 min. The oxygen consumption rate (OCR) was normalized by the number of sperm present and reported as amol of O2 min−1 sperm−1. Mitochondrial basal and maximum OCR values were calculated by subtracting OCR values of FCCP group recorded at 54 and 78 min, respectively.



2.9 Respiratory chain complex activity

Activities of NADH-CoQ oxidoreductase (Complex I), CoQ-cytochrome C oxidoreductase (complex III), Cytochrome C oxidase (Complex IV) and ATP synthase (Complex V) were detected with corresponding activity assay kits (Solarbio, Beijing, China). The reaction was assessed by determining the decrease in absorbance with a diode-array spectrophotometer (Lambda 265, PerkinElmer, United States). The complex I, III and IV activities were calculated by measuring the declined rates at 340, 450 and 550 nm. The complex V activity was calculated by measuring the rate of Pi generation.



2.10 CpG methylation level of mtDNA

mtDNA was extracted according to a commercial protocol (G-Biosciences, St. Louis, United States). In brief, samples were gently homogenized in cold cell lysis buffer and then centrifuged at 700 g for 10 min to pellet the nucleus. The supernatant was centrifuged again at 12,000 g for 15 min to pellet mitochondria. The pellet was re-suspended in mitochondrial lysis buffer with proteinase K and incubated at 37 °C overnight. Thereafter, sample was extracted with isopropanol, rinsed with ethanol and dissolved in EDTA buffer.

DNA methylation levels of CpG sites in the promoter region of ND1, ND3, CYTB, COX2, COX3 and ATP6 were analyzed with EpiTYPER (MassARRAY system, Agena Biosciences, United States). Primers used for CpG methylation detection were listed in Table 1. The parameters for the thermal cycler were as follows: denaturation at 94 °C for 4 min; 45 cycles of 94 °C for 20 s, 56 °C for 30 s, 72 °C for 1 min; extension at 72 °C for 3 min. Then, products were electrophoresed using 2% agarose gel to confirm amplification. The CpG sites were unambiguously interrogated and genomic locations detailed. Mass spectra methylation ratios were generated using EpiTYPER, and unmethylated (0%) and methylated (100%) DNA samples were used as controls. DNA methylation content was measured by a methylated DNA quantification kit and calculated by averaging across a total of CpG sites.


TABLE 1 Primers used for CpG methylation detection.


	Gene
	Primer sequence
	Product size (bp)
	Coverage CpG sites

 

 	ND1 	F: TTGTTAATTTATAAGGAGTGTTGTTATTT 	382 	7/11


 	R: CCAACACAAAAATACACCCAAA


 	ND3 	F: TGAGTTTATTATAGTTTTATAGAAGGGAA 	361 	10/13


 	R: TACTAAAAAAACATAAACCTCATCAAT


 	CYTB 	F: ATTAAAGATATTTGGGGTTTTTTTT 	325 	7/8


 	R: ATTTCCTCAAAACTACTTTCCAACA


 	COX2 	F: GTTGGTAGAGAATTGGGTTTTTTTT 	289 	4/5


 	R: ACCCATACAAAAACATCAATAAACCT


 	COX3 	F: TTATTTTGTTATATAGATGAGTTGGTTTT 	355 	7/7


 	R: ACATCTAATTTACACCTAAAAAATTTCACA


 	ATP6 	F: GTAGTTGGAGGATTTGGGTGATAG 	194 	7/13


 	R: CCCTAAAAAAACCCATTCATTCTAC




 



2.11 RNA extraction and quantitative real-time PCR

Total RNA was extracted using TRIzol reagent from sperm samples. After removing genomic DNA, 1 μg total RNA was reverse transcribed into cDNA with first-strand cDNA synthesis mix with gDNA remover. A real-time PCR system (ViiA7, Applied Biosystems, United States) was used to quantify the relative abundance of specific transcripts. Relative mRNA expression levels were calculated using the 2−ΔΔCt method with triplicate, and β-Actin was used as internal control. All primers used are listed in Table 2.


TABLE 2 Primers used for qRT-PCR analysis.


	Gene
	Primer sequence
	T annealing (°C)
	Size (bp)

 

 	ND1 	F: TAACATTGTTGGTCCATACG 	58 	91


 	R: ATGCTAGTGTGAGTGATAGG


 	ND3 	F: GAAGCCAGGTCACCTTTCAA 	57 	76


 	R: TCCTGGAATCAACAAGCACA


 	CYTB 	F: CGGCTGACTAATCCGATACC 	60 	106


 	R: TGGGAGTACATAGCCCATGA


 	COX2 	F: GGGAGAAGCCTTAGTAGAGATTCTC 	60 	77


 	R: CGGGTGTCTACATCTAGGCCTACTGT


 	COX3 	F: CAGCCTAGTTCCTACCCACGAC 	59 	103


 	R: CCCGTTGCTATGAAGAATGTTG


 	ATP6 	F: CGAACCTGAGCCCTAATA 	59 	84


 	R: GTAGCTCCTCCGATTAGA


 	mtDNMT1 	F: TCCCTGGGCATGGCCGGCT 	59 	165


 	R: CTCTTTCCAAATCTTGAGCCGC


 	MTNR1A 	F: GGAGGGTGAAACCTGACGAC 	57 	99


 	R: CCCAGCAAATGGCAAAGAGG


 	MTNR1B 	F: GGCTCCGTCTTCAACATCACC 	60 	145


 	R: GCAGAAGGACCAGCAGGGTG


 	β-Actin 	F: GTCATCACCATCGGCAATGA 	57 	182


 	R: CGTGAATGCCGCAGGATT




 



2.12 Statistical analysis

All data are expressed as the mean ± standard error from at least 3 independent biological replicates. Statistical analyses were performed with analysis of variance (ANOVA) and Duncan’s multiple range test. A Levene test was used to confirm homogeneity of variances. Differences were considered to be significant at p < 0.05.




3 Results


3.1 Effects of melatonin supplement on frozen-thawed ram sperm quality and fertility

As shown in Figures 1A–C, freezing-thawing process led to decreased ATP content and increased ROS and nitrite accumulation in ram sperm (p < 0.05). The addition of melatonin in the freezing solution partially repaired these abnormal changes of frozen-thawed sperm, although it is inferior to fresh group (p < 0.05). The sperm kinematic analysis revealed that the ratios of total viable and progressively motile sperm in frozen group were just 29.90 and 20.23% of fresh group, while those of melatonin group could reach 54.80 and 54.99% of fresh group (p < 0.05, Figure 1D). Despite dramatically decreased cleavage rates obtained from frozen and melatonin groups in IVF experiment (p < 0.05), similar rates of hatched blastocysts were harvested from three groups (21.40, 22.90 and 25.30%) for fresh, frozen and melatonin groups, respectively (Figure 1E). It implies that the freezing injury in sperm would not cause the long-term effects on embryo survival.

[image: Bar graphs labeled A to E compare fresh, frozen, and melatonin-treated samples across various measures. Graph A shows ATP levels, highest in fresh samples. Graph B shows ROS levels, highest in frozen samples. Graph C displays nitrite levels, also highest in frozen samples. Graph D shows viability and progressive motility, highest in fresh samples. Graph E presents cleavage and hatching percentages, with cleavage highest in fresh samples. The hatching percentage remains similar across all treatments. Statistically significant differences are marked by different letters above bars.]

FIGURE 1
 The parameters of sperm quality and fertility in fresh, frozen and melatonin groups. (A–C) The concentrations of ATP (A), ROS (B) and nitrite (C) in the sperm from different groups. (D) The percentages of viable and progressive motile sperm in different groups. (E) The cleavage and hatching rates obtained from different groups in IVF experiment. Different letters indicate the significant difference between two groups with p < 0.05.




3.2 Effects of melatonin supplement on frozen-thawed ram sperm respiratory chain complexes

The oxygen consumption detection showed that mitochondrial basal and maximum OCR in sperm were declined after freezing-thawing process (p < 0.05). However, melatonin supplement can promote aerobic respiration of frozen-thawed sperm remarkably (p < 0.05, Figure 2). Furthermore, this change was also supported by the activity detection of respiratory chain complexes. The activity of complex I, III, IV, and V showed a similar variation trend with 52.84%–67.00% decrease from fresh group to frozen group and 52.84%–102.15% increase from frozen group to melatonin group (Table 3).

[image: Panel A shows a line graph of oxygen consumption rate (OCR) over time, comparing fresh, frozen, and melatonin-treated samples. Fresh samples show the highest OCR, followed by melatonin and then frozen. Panel B is a bar chart comparing basal and maximum OCR across the same groups, with fresh samples having the highest, followed by melatonin and frozen. Error bars and statistical significance markers are included.]

FIGURE 2
 Sperm oxygen consumption in fresh, frozen and melatonin groups. (A) The curves for OCR in the sperm from different groups. (B) The basal and maximum OCR values in the sperm from different groups detected at 54 and 78 min, respectively. Different letters indicate the significant difference between two groups with p < 0.05.



TABLE 3 Sperm respiratory chain complex activities in fresh, frozen and melatonin groups.


	Group
	Complex I
	Complex III
	Complex IV
	Complex V

 

 	Fresh 	422.00 ± 41.30a 	23.40 ± 3.01a 	102.50 ± 11.4a 	70.60 ± 7.74a


 	Frozen 	199.00 ± 20.50c 	8.27 ± 0.99c 	47.50 ± 4.39c 	23.30 ± 2.81c


 	Melatonin 	338.00 ± 36.20b 	15.10 ± 1.83b 	72.60 ± 5.83b 	47.10 ± 5.08b





Specific enzyme activity was expressed as U/mg prot. Within a column, different superscript letters indicate the significant difference between two groups with p < 0.05.
 



3.3 Effects of melatonin supplement on mtDNA methylation and gene expression in frozen-thawed ram sperm

Considering the relevance between respiratory chain complex activity and related mitochondrial gene expression, we conducted gene structure and methylation sequencing analyses on the promoter regions of ND1, ND3, CYTB, COX2, COX3 and ATP6. It was found that 7, 10, 7, 4, 7, 7 and 7 CpG sites were detected in the above-mentioned gene regions, respectively (p < 0.05, Figure 3). A total of 5 differential methylation regions were detected in 4 genes among the three groups, including two CpG sites (CpG1168 and CpG1337) of ND1, one CpG site (CpG1842) of ND3, one CpG site (CpG914) of COX3 and one CpG site (CpG1810) of ATP6. Strikingly, all of 5 differential methylation regions showed a methylation level above 50% in frozen group with significant differences compared to control group, implying state transitions of gene expression from activity to inhibition. However, melatonin supplement can reduce the methylation level of above CpG sites distinctly (p < 0.05, Figure 4). Furthermore, mRNA abundance of these genes from quantitative real-time PCR (qRT-PCR) results supported the changes of CpG methylation. Except for COX3, the expression levels of ND1, ND3, CYTB, COX2 and ATP6 in melatonin group were higher than those of frozen group, but lower than those of control group (p < 0.05, Figure 5).

[image: There were two significantly different CpG sites in the ND1 gene among the three groups, one significantly different CpG site in ND3, COX2, and ATP6, and no significant differences in CYTB and COX3.]

FIGURE 3
 Gene structures and methylation sequencing of detected promoter regions of ND1, ND3, CYTB, COX2, COX3 and ATP6. Circles mean the locations of CpG sites. Red or blue circles indicate CpG sites with significantly different or similar DNA methylation levels among the three groups. Gray circles with dotted lines indicate unanalyzable CpG sites.


[image: Six line graphs labeled A to F, show DNA methylation levels of genes ND1, ND3, CYTB, COX2, COX3, and ATP6. Each graph compares methylation levels under fresh, frozen, and melatonin conditions. Methylation percentages are plotted on the y-axis, and nucleotide positions are on the x-axis. Error bars and significance markers (a, b, c) are indicated.]

FIGURE 4
 Methylation levels of detected mtDNA CpG sites in sperm from fresh, frozen and melatonin groups. The values in horizontal axis mean CpG sites of different genes including ND1 (A), ND3 (B), CYTB (C), COX2 (D), COX3 (E) and ATP6 (F). Different letters indicate the significant difference between two groups with p < 0.05.


[image: Bar graph comparing relative mRNA levels of ND1, ND3, CYTB, COX2, COX3, and ATP6 across three conditions: Fresh, Frozen, and Melatonin. Fresh shows the highest levels, followed by Melatonin and Frozen, with significant differences indicated by letters above each bar.]

FIGURE 5
 Gene expressions of mitochondria respiratory chain complex encoded genes in sperm from fresh, frozen and melatonin groups. Different letters indicate the significant difference between two groups with p < 0.05.


Accordingly, we determined the promoter methylation level and mRNA abundance of mtDNMT1, the key DNA methyltransferase responsible for mtDNA methylation. Conversely, mtDNMT1 had higher methylation level at two CpG sites in fresh group than frozen group, and melatonin supplement partially restored the low methylation state in frozen-thawed sperm (p < 0.05, Figure 6A). As a result, mRNA abundance of mtDNMT1 in melatonin group was lower than frozen group, but higher than the control (p < 0.05, Figure 6B).

[image: Graph A shows methylation levels of mtDNMT1 across six genomic sites for fresh, frozen, and melatonin-treated samples. Graph B displays relative mRNA levels of mtDNMT1, with frozen samples having the highest levels, followed by melatonin and fresh. Error bars denote variability, and samples are labeled a, b, and c.]

FIGURE 6
 Promoter methylation (A) and gene expression (B) of mtDNMT1 in sperm from fresh, frozen and melatonin groups. Different letters indicate the significant difference between two groups with p < 0.05.




3.4 Effects of melatonin receptors on sperm mtDNA methylation and ATP production

Next, we examined whether the protective function of melatonin on mitochondrial respiratory chain genes depended on its receptors in frozen-thawed sperm. Obviously, the expression levels of MTNR1A and MTNR1B in frozen groups were lower than those of fresh group (p < 0.05; Figure 7A). Furthermore, we chose two antagonists of melatonin receptors to detect the action mode of melatonin in frozen-thawed sperm. As shown in Figure 7B, total mtDNA methylation levels of frozen-thawed sperm were decreased by 26% after melatonin supplement. However, luzindole supplement blocked the effect of melatonin while 4P-PDOT has no function. The ATP content detection in frozen-thawed sperm further confirmed the effect of melatonin and its receptors on mitochondrial respiratory chain function (Figure 7C). It implies that melatonin could serve the protective function for frozen-thawed sperm through MTNRA1 rather than MTNR1B.

[image: Bar graphs labeled A, B, and C compare different treatments. Graph A shows relative mRNA levels for MTNR1A and MTNR1B, with yellow bars higher than green bars. Graph B displays total mtDNA methylation across six groups, where groups two and six are lower. Graph C shows ATP levels, with bars two and six being higher. Labels "a" and "b" indicate significance differences. Graph C includes a treatment legend involving melatonin, luzindole, and 4P-PDOT.]

FIGURE 7
 Expression changes and potential actions of melatonin receptors in frozen-thawed sperm. (A) mRNA expressions of MTNR1A and MTNR1B in sperm from fresh and frozen groups. (B,C) Total mtDNA methylation levels (B) and ATP concentrations (C) of frozen-thawed sperm treated with melatonin, luzindole or 4P-PDOT separately or jointly. Different letters indicate the significant difference between two groups with p < 0.05.





4 Discussion

Mitochondrion is the sperm substructure most sensitive to cryopreservation. Damaged spatial structure and metabolic function in mitochondria decrease the motility and fertility of frozen-thawed sperm (22, 23). Considering the low transcription activity of nuclear genome DNA in sperm, mitochondrial abnormality is closely related to the epigenetic changes of mitochondrial respiratory chain genes (24–26). Previous studies have found that the enhancing effect of melatonin on reproductive function should be relevant to the alleviative epigenetic abnormalities of mitochondria (19, 20). However, this speculation has not been verified in sperm cryopreservation (27). In this study, we proved that melatonin supplement contributed to decreased promoter methylation and enhanced gene expression of mitochondrial respiratory chain genes in frozen-thawed sperm caused by the action of mtDNMT1. Melatonin played a crucial role in sperm respiratory chain activity, oxygen utilization and ATP production through its receptor MTNR1A, which could be beneficial to the motility and fertility of frozen-thawed sperm.

To reach an oocyte and accomplish fertilization process, mammalian sperm require mitochondria to provide sufficient energy to perform capacitation, hyperactivation and acrosome reaction. Given mitochondria act as both primary synthesis site and principal target for melatonin (28), the relationship between them has been discussed extensively. Biological effects of melatonin reflect its ability to alleviate harmful reductions of membrane potential (29), improve oxidative phosphorylation (4, 30) and relieve oxidative stress (31) in mitochondria. Similarly, we found that melatonin inhibited sperm apoptosis and facilitated respiratory metabolism in frozen-thawed sperm. This could enable sperm to survive in the female reproductive tract and complete fertilization. Melatonin can localize Bcl-2 to mitochondria and inactivate Bax in mitochondria to prevent sperm apoptosis (32–34). Meanwhile, melatonin can also remove reactive oxygen and nitrogen species caused by sperm cryopreservation which would inhibit apoptosis related signaling (35). Consequently, melatonin can reduce cryopreservation-induced dysmetabolism and promote motility and fertility of frozen-thawed ram sperm.

During fertilization, the energy demands of ram sperm are mainly provided by OXPHOS pathways. OXPHOS, a major mitochondrial reaction, apparently has a more important role than glycolysis in supplying energy in ram sperm. Electron transport chain activity of sperm mitochondria is responsible for the efficiency of ATP formation, achieving energy supply through the OXPHOS pathway, which is important to sustain sperm viability and motility (36). In the presence of mitochondrial inhibitors, the reaction efficiency of OXPHOS decreases rapidly to cause a dramatic decline in sperm ATP production (35). This dependence between ROS production and fertility can be explained by the source of ROS being the mitochondrial electron transport chain, in which 1%–3% O2 reduction in mitochondria during superoxide formation (37). We confirmed that sperm cryopreservation caused the declined encoding gene expression and synthase activity of respiratory chain complexes, just like fish sperm (38). Moreover, the promotion of melatonin on oxidative phosphorylation has been proved in ram sperm (4). We further confirmed that melatonin supplement enhanced the OXPHOS process and ATP production to mitochondrial dysfunction. The effects of exogenous melatonin on respiratory chain complexes have also verified in numerous models of metabolic disorders (39–41).

Compromised sperm metabolism and fertilization efficiency can be attributed to abnormal mitochondrial gene expression (42). The transcriptional activity of mitochondrial genes was significantly inhibited by sperm cryopreservation, along with elevated promoter methylation. Abnormal mtDNA epigenetic modifications may also lead to changed oxidative phosphorylation activity, and in turn affect oxygen consumption, ATP and ROS production (43). On the contrary, decreased methylation caused by melatonin may be helpful to synthesize and store sufficient quantities of respiratory chain key enzymes in frozen-thawed sperm, which should be due to some receptor-mediated epigenetic mechanisms (44, 45). The epigenetic regulation of melatonin is evident as an inducer of gene expression, including abnormal expression for DNMTs and HDACs (46–48). As stated in our study, mtDNMT1 plays a key role in frozen-thawed ram sperm. It can be supported by the evidence that mtDNMT1 overexpression results in reduced ND6 and raised ND1 in mitochondria (11). Melatonin receptors could involve this epigenetic effect, given their location in the sperm midpiece (49). Based on the different consequences of luzindole and 4P-PDOT treatment on frozen-thawed sperm, we inferred that MTNR1A, rather than MTNR1B, was responsible for the antagonistic effect of melatonin on mitochondrial gene methylation. The priority of MTNR1A is also affirmed in hamster sperm (50). This epigenetic regulation should be essential to mitochondrial protective effects in ram sperm.

In conclusion, we demonstrated that melatonin attenuated cryopreservation-induced dysmetabolism in frozen-thawed ram sperm and improved sperm motility and fertility. This protective effect of melatonin was achieved by regulating promoter methylation and expression levels of mitochondrial respiratory chain genes via MTNR1A. This study provided new perspectives on the role of epigenetic mechanisms in sperm metabolism and improved strategies of sperm cryopreservation in livestock.
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