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Abstract

:

Heat stress (HS) commonly causes boar infertility and economic loss in the swine industry. The heat tolerance of boar semen presents obvious differences among individuals. However, whether heat stress affects motion characteristics and the metabolome profile in boar sperm remains unclear. In this study, the kinetic features of sperm from HS and non-HS (NHS) groups were detected by computer-assisted sperm analysis, and metabolomic profiling was performed by liquid chromatography–mass spectrometry. The results showed that heat stress significantly reduced sperm motility, average path distance (APD), straight-line velocity (VSL), straightness (STR), and linearity (LIN) (p < 0.05). A total of 528 and 194 metabolites in sperm were identified in the positive and negative ion modes, respectively. Lipids and lipid-like molecules, and organic acids and derivatives were major metabolic classes in the two modes. Furthermore, we separately identified 163 and 171 differential metabolites in the two modes between HS and NHS groups. Clustering analysis further revealed significant metabolic changes in sperm after heat stress. The Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis showed that differential metabolites in the two modes were enriched in glycerophospholipid, choline, and alanine, aspartate, and glutamate and lysine metabolism. Taken together, these results demonstrate that heat stress can alter the motion characteristics and metabolomic profiles of boar sperm.
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1. Introduction


Heat stress occurs when environmental temperatures during the summer period exceed boars’ physiological range. Heat-stressed boars commonly suffer from low reproductive performance, which leads to significant economic loss for the swine industry [1,2]. Previous studies showed that the infertility of heat-stressed boars is characterized by reduced sperm motility, concentration, and volume, as well as abnormal sperm morphology [3,4]. Spermatogenesis is highly susceptible to heat stress, but the physiological response to heat stress varies between boar individuals. It was reported that the heat tolerance of sperm presents visible differences among individuals [5]. Thus, the pre-selection of heat-tolerant boar semen could enhance utilization efficiency in artificial insemination programs. Recently, an in vitro heat stress experimental model for boar semen was established to provide a valuable tool to screen for reliable sperm biomarkers of heat stress [6].



The capacity of sperm to endure heat is recognized as a critical genetic feature in breeding [5]. Heat stress, thus, inevitably alters sperm molecular compositions at the genetic and epigenetic levels. The identification of molecular markers associated with sperm heat stress is a prerequisite to develop abatement strategies for thermal stress. Currently, multiple OMICS technologies were applied to seek heat stress markers in animal reproductive organs. At the genomic level, tropical summer could induce DNA damage in boar spermatozoa [7]. Transcriptome analysis revealed that the expression of multiple genes was altered in boars exposed to heat stress, and some differentially expressed genes were also identified between heat-tolerant and heat-susceptible boars [8]. Proteomic profiling showed that heat stress caused the differential expression of 60 and 85 proteins in human [9] and boar [10] sperm, respectively. Moreover, heat stress also severely perturbed the proteomic profiles of seminal plasma in rams [11] and Brangus bulls [12]. It was noted that subtle changes in transcriptome and proteome are eventually manifested in metabolome. Following exposure to high-temperatures, Holstein bull semen exhibited aberrant concentrations of fatty acids and cholesterol [13]. High environmental temperatures resulted in up-regulation of metabolites in rat epididymis [14]. A recent study showed that seminal plasma metabolites related to hormone secretion, energy metabolism, and fatty acid oxidation were associated with heat stress in Mediterranean buffalo bulls [15]. Although heat-stress-induced metabolic changes are clarified in some male species, whether heat stress affects metabolome in boar sperm remains unclear.



In the present study, the motion features and metabolomic profiles of boar sperm in vitro exposed to high temperatures were deeply analyzed. We found that heat stress altered the kinematic parameters of sperm and caused significant changes in metabolites associated with fatty acid and amino acid metabolism in sperm. Furthermore, differential metabolite-enriched pathways are mainly associated with sperm quality. Our results provide potential markers for screening heat-tolerant semen and developing strategies to mitigate heat stress.




2. Materials and Methods


2.1. Heat Stress Treatment for Boar Sperm


Twenty Huoshou black boars, a Chinese native pig breed, were raised under the same management conditions and fed with the same diets. The boars were healthy and had no testicular disorders. The quality of the fresh boar semen met the national criteria in China. Fresh semen from Huoshou black boars was collected using the gloved hand method. The semen was diluted in an extender at 35 °C. Following dilution, the semen was divided into two groups, in which one was incubated for 1 h at 35 °C (NHS group), and the other one was incubated for 1 h at 41 °C (HS group).




2.2. Evaluation of Sperm Quality


Semen from several boars was collected and pooled. The pooled semen was separated into NHS and HS groups. Semen from each group was used to analyze the kinetic parameters. One μL of semen was mixed with nine μL of diluent, and a ten-μL sample was then placed on the glass slide. The sperm motility and kinetic parameters were detected using a CASA system (IMV, AB2625S, Guangzhou, China).




2.3. Purification of Spermatozoa


The sperm samples were purified using a 90–45% discontinuous Percoll gradient centrifugation. The semen was carefully layered over the top of a prepared Percoll gradient fraction. The sperm samples were then pelleted by centrifugation at 950× g for 15 min at room temperature, and the sperm pellet was washed three times using phosphate-buffered saline.




2.4. Metabolite Extraction


Two-hundred μL of water was added to the samples. After 30 s of vortexing, the samples were frozen and thawed with liquid nitrogen for 3 times. The samples were then sonicated for 10 min in an ice-water bath. Fifty μL of homogenate was used to measure the protein concentration. Then, 600 μL acetonitrile: methanol = 1:1 was added to the rest part and transferred to 2 mL EP tube. Following the 30 s vortex, the samples were incubated at 40 °C for 1 h and centrifuged at 12,000 (RCF = 13,800× g), R = 8.6 cm) rpm for 15 min at 4 °C. Seven-hundred μL of supernatant was transferred to an EP tube and dried in a vacuum concentrator. Acetonitrile: methanol: water = 2:2:1, with isotopically-labelled internal standard mixture, was added in proportion. After 30 s of vortexing, the samples were sonicated for 10 min in ice-water bath. The samples were then centrifuged at 12,000 (RCF = 13,800× g), R = 8.6 cm) rpm for 15 min at 4 °C. The resulting supernatant was transferred to a fresh glass vial for analysis. The quality control (QC) sample was prepared by mixing an equal aliquot of the supernatants from all of the samples.




2.5. Liquid Chromatography–Mass Spectrometry (LC-MS) Analysis


LC-MS/MS analyses were performed using an UHPLC system (Vanquish, Thermo Fisher Scientific, Waltham, MA, USA) with a UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 μm) coupled to a Orbitrap Exploris 120 mass spectrometer (Orbitrap MS, Thermo, Waltham, MA, USA). The mobile phase consisted of 25 mmol/L ammonium acetate and 25 ammonia hydroxide in water (pH = 9.75) (A) and acetonitrile (B). The auto-sampler temperature was 4 °C, and the injection volume was 4 μL. The Orbitrap Exploris 120 mass spectrometer was used for its ability to acquire MS/MS spectra on information-dependent acquisition (IDA) mode in the control of the acquisition software (Xcalibur, Thermo, Waltham, MA, USA). In this mode, the acquisition software continuously evaluates the full-scan MS spectrum. The ESI source conditions were set as follows: sheath gas flow rate as 50 Arb, Aux gas flow rate as 15 Arb, capillary temperature as 320 °C, full MS resolution as 60,000, MS/MS resolution as 15,000, collision energy as 10/30/60 in NCE mode, spray voltage as 3.8 kV (positive) or −3.4 Kv (negative), respectively.




2.6. Data Preprocessing and Annotation


The raw data were converted to the mzXML format using ProteoWizard, and processed with an in-house program, which was developed using R and based on XCMS, for peak detection, extraction, alignment, and integration. Then, an in-house MS2 database (BiotreeDB, Shanghai, China) was applied in metabolite annotation. The cutoff for annotation was set at 0.3.




2.7. Statistical Analysis


The results were presented as mean ± standard error of mean (mean ± S.E.M). All data were logarithmically transformed using SIMCA software (v16.2, Umea, Sweden) to normalize distributions. The independent-sample t-test and the bivariate correlation analysis were carried out using SPSS 17.0 (Armonk, New York, USA) to determine significant difference levels. Orthonormal partial least squares discriminant analysis (OPLS-DA) of metabolomic data was performed by using SIMCA-P 14.0 software (Umetrics, Umea, Sweden). Those variables with variable importance in the projection (VIP) > 1.0, p-value < 0.05, and fold change (FC) > 1.50 or <0.66 were identified as differentiated metabolites. Based on the differentiated metabolites, metabolic pathway analysis was performed by using MetaboAnalyst 3.0 (Baiqu, Shanghai, China). The volcano plots and heat map were generated using Origin 9.0 software (Hampton, Waltham, MA, USA).





3. Results


3.1. Effect of Elevated Ambient Temperature on Motion Characteristics in Boar Spermatozoa


To determine whether high temperatures impaired boar sperm quality, kinetic parameters were analyzed using the CASA system. The results showed that HS treatment significantly reduced sperm motility (Figure 1A) (p < 0.05). The average path distance (APD) (Figure 1B), straight-line velocity (VSL) (Figure 1D), straightness (STR) (Figure 1F), and linearity (LIN) (Figure 1G) of sperm in the HS group were also decreased compared to the non-heat-stress (NHS) group (p < 0.05). However, the HS treatment did not significantly affect the following kinetic parameters: average path velocity (VAP) (Figure 1C), curvilinear velocity (VCL) (Figure 1E), and amplitude of lateral head (ALH) (Figure 1H). Therefore, these results indicate that HS impairs the kinematic features of boar sperm.




3.2. Changes of Metabolomics Features in Boar Spermatozoa


To investigate whether heat stress altered the metabolism of boar sperm, non-targeted metabolomics sequencing was performed to identify metabolic changes. The OPLS-DA models in the positive and negative ion modes were established to compare sperm metabolites between the HS and NHS groups. As shown in Figure 2A,C, the HS and NHS groups could be clearly segregated, indicating that certain metabolic changes occurred in the sperm after heat stress. In addition, permutation tests were performed to confirm the reliability of the OPLS-DA models (Figure 2B,D). R2 and Q2 represent the interpretability and predictability of the models, respectively. R2 and Q2 in the positive and negative ion modes were near to 1 or less than zero, respectively, indicating that there was no overfitting, and the OPLS-DA models were stable and reliable.




3.3. Classification of Sperm Metabolites in the Positive and Negative Ion Modes


In the positive ion mode, a total of 528 metabolites were identified in the sperm (data shown in the online repository). According to the chemical properties of the metabolites, the metabolites were classified into 16 categories. The main metabolites in the positive ion mode were lipids and lipid-like molecules, which contained 248 metabolites, accounting for 45.01% of all metabolites (Figure 3A) (Supplementary Table S1). The remaining metabolites were organic acids and derivatives (20.41%), organoheterocyclic compounds (11.74%), and the other 13 super classes (Figure 3A). In the negative ion mode, 194 metabolites in total were identified in the sperm (data shown in the online repository). The metabolites were classified into nine categories. Organic acids and derivatives were major metabolic classes and contained 61 metabolites, accounting for 33.63% of all metabolites (Figure 3B) (Supplementary Table S2). The remaining metabolites were separately distributed into the following classes: lipids and lipid-like molecules (51 metabolites, 26.45%), organic oxygen compounds (27 metabolites, 13.45%), and the other six classes (Figure 3B). Therefore, these data show that lipids and organic acids are the main metabolites in boar sperm.




3.4. Identification and Clustering Analysis of Differential Metabolites in Sperm


The metabolites with variable importance in projection (VIP) > 1.0 and p < 0.05 were considered to be significantly changed. In the positive ion mode, we found that 163 metabolites in the HS group were significantly different from those in the NHS group, including 130 up-regulated and 33 down-regulated metabolites (Figure 4A). Among these, the chemical names for only six upregulated metabolites that contained 3-aminobutanoic acid, biotin sulfone, campestanol, LysoPC (18_3(6Z, 9Z, 12Z)), LysoPC (22_5(4Z, 7Z, 10Z, 13Z, 16Z)), and N, O-didesmethylvenlafaxine were determined. The heatmap of six differential metabolites is displayed in Figure 4B. As shown in the heatmap, samples in the same group clustered together, and the levels of each metabolite exhibited a differential change between the HS and NHS groups (Figure 4B). Furthermore, the differential expression of six metabolites was visible between HS and NHS groups (Figure 5A).



In the negative ion mode, we identified 171 differential metabolites in the HS group compared to the NHS group, including 131 up-regulated and 40 down-regulated metabolites (Figure 4C). Among them, the chemical names for only four up-regulated and one down-regulated metabolite, including isopalmitic acid, 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-3, 4-dihydro-2H-1-benzopyran-4-one, L-2-Hydroxyglutaric acid, N-Acetyl-L-aspartic acid, and N-Carboxyethyl-g-aminobutyric acid, were matched. The heatmap of five differential metabolites is displayed in Figure 4D. In addition, the quantitative analysis further revealed the differential expression of five metabolites between the HS and NHS groups (Figure 5B). Hence, these results demonstrate that certain metabolites exhibit differential expression between the HS and NHS groups.




3.5. Metabolic Pathway Analysis for Differential Metabolites in Sperm


All differential metabolites were subjected to metabolic pathway analysis using the KEGG database. In the positive ion mode, differential metabolites were mainly enriched in two significant metabolic pathways, involving choline metabolism and glycerophospholipid metabolism (Figure 6A). In the negative ion mode, differential metabolites were mainly involved in three significant metabolic pathways, including common metabolism pathways, alanine, aspartate and glutamate metabolism, and lysine metabolism (Figure 6B). In summary, differential metabolites were enriched in metabolic pathways important for sperm quality.





4. Discussion


HS significantly reduces semen quality and fertility in boars [4]. The ability of sperm to tolerate heat stress exhibits visible variations among individuals [5]. However, it is unclear if HS causes metabolic changes in swine sperm, and whether metabolic indicators for sperm thermal stress exist. In this study, we investigated the effects of HS on the kinetic features and metabolomic profiles of boar sperm, and further analyzed the potential functions of differential metabolites in sperm heat stress.



The kinematic parameters of sperm can not only be used to evaluate semen quality, but also can crudely predict male fertility [16]. We found that HS resulted in a significant reduction in sperm motility, APD, VSL, STR, and LIN, indicating the susceptibility of boar sperm to high temperatures. Consistent with our results, heat stress also altered the CASA parameters of sperm in boars [6] and buffalo bulls [15]. Unexpectedly, HS only reduced the percentage of viable sperm, but did not harm sperm motility and other motion parameters in rabbits [17]. This discrepancy in sperm motion characteristics might be due to differences between species.



Metabolites are classified based on their composition as amino acids, lipids, carbohydrates, nucleotides, minerals, and vitamins. We found in the positive and negative ion mode that the proportion of lipid molecules and organic acids was maximal in native boar sperm, respectively. Similarly, organic acids were major metabolic classes in the seminal plasma of commercial boars [18]. A previous study showed that the major metabolic class in bull sperm was also organic acids [19], indicating that organic acids might have important functions in the sperm of different species.



In addition, we identified that heat-stressed sperm generated 160 or 171 differential metabolites in the two ion modes. Studies have shown that differential metabolites related to sperm quality mainly involved lysophosphatidylcholine [20], palmitic acid [21], and γ-aminobutyric acid [22]. Specifically, lysophosphatidylcholine supplementation reportedly induced an acrosome reaction of sperm in rabbits [23] and bulls [24]. Palmitic acid is the most abundant saturated fatty acid in boar sperm plasma membranes [25], and could improve boar sperm motility via mitochondrial B-oxidation [21]. γ-aminobutyric acid addition enhanced the capacitation and acrosome reaction of sperm in several species [26,27,28,29]. Given the association between the above-mentioned differential metabolites and sperm functionality, it is conceivable that these metabolites could be regarded as potential biomarkers of heat stress for boar sperm.



Differential metabolites identified in this study are mainly enriched in the metabolic pathways of glycerophospholipid, choline, and amino acids. These metabolic pathways participate in the regulation of sperm quality. For instance, glycerophospholipid incorporated into sperm membranes can reduce oxidative damage and improve stallion sperm quality [30]. Glycerophospholipid supplementation significantly alleviated oxidative stress, and enhanced the motility and viability of fresh and post-thaw sperm in humans [31,32]. Dietary choline was required for sperm motility in Drosophila [33]. Lysine acetylation was involved in regulating boar sperm motility and acrosome integrity [34], and inducing a mouse sperm acrosome reaction [35]. Alanine addition improved the post-thaw motility of striped bass sperm [36]. D-aspartic acid supplementation elevated the quality of rooster post-thaw sperm [37], rabbit buck fresh sperm [38], and the fertilizing capacity in mice [39]. Thus, it may be possible to developing tools to mitigate the heat stress of boar sperm via modulation of these metabolic pathways.



Numerous studies indicated that HS caused a significant reduction in human sperm quality [40,41,42]. Differential metabolites and metabolic pathways identified in this study might be relevant to human sperm quality. For example, mRNA levels of γ-aminobutyric acid receptors in human sperm are correlated with poor sperm quality [43]. D-aspartate could protect human sperm via preventing the decrease of motility and the increase of DNA fragmentation and lipid peroxidation [44]. Moreover, lysine acetylation and glutarylation in human sperm were well associated with sperm functions [45,46]. Thus, these results could provide a useful reference for identifying the HS biomarkers of human sperm.




5. Conclusions


Our results demonstrate that HS alters the motion characteristics and metabolomic profiles of boar sperm. These findings have implications for screening heat-tolerant animal and human semen, and for developing strategies to mitigate HS.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/genes13091647/s1, Table S1: The percentage of major classes of sperm metabolites identified in the positive ion mode; Table S2: The percentage of major classes of sperm metabolites identified in the negative ion mode.





Author Contributions


Conceptualization, Z.C. and Y.Z.; methodology, H.S. and S.W.; software, S.W.; validation, G.L. and F.M.; formal analysis, G.L. and F.M.; investigation, H.S. and S.W.; writing—original draft preparation, H.S., S.W., Z.C. and Y.Z.; writing—review and editing, H.S., S.W., Z.C. and Y.Z.; supervision, Y.Z.; project administration, Z.C. and Y.Z.; funding acquisition, Z.C. and Y.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the Special Fund for Anhui Agriculture Research System (AHCYJSTX-04), the Joint Research Project on the Anhui Local Pigs Breeding and Utilization (340000211260001000431), the Hefei Innovation and Entrepreneurship Support Plan for Returnee Scholar (03082009), the Anhui Provincial Innovation and Entrepreneurship Support Plan for Returnee Scholar (2020LCX015), and the Natural Science Project of Universities in Anhui Province (KJ2019ZD17).




Institutional Review Board Statement


This study was conducted according to the guidelines of the Basel Declaration, the recommendations of the Guide for the Care and Use of Laboratory Animals (http://grants1.nih.gov/grants/olaw/references/phspol.htm, accessed on 12 May 2016), and the ethics committee of Anhui Agricultural University. The protocol was approved by the ethics committee of Anhui Agricultural University under permit no., AHAU 20101025.




Informed Consent Statement


Not applicable.




Data Availability Statement


The raw data presented in the study are deposited in the MetaboLights repository (accession number: MTBLS5391).




Acknowledgments


We thank Xiangdong Zhang, Zhenyuan Ru, and Haiqin Luo, Mei Sheng, Xueying Zhang for their help in technical assistance. We are grateful for Jason Knott’s English editing.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mayorga, E.J.; Renaudeau, D.; Ramirez, B.C.; Ross, J.W.; Baumgard, L.H. Heat stress adaptations in pigs. Anim. Front. 2019, 9, 54–61. [Google Scholar] [CrossRef] [PubMed]

	



Wettemann, R.P.; Wells, M.E.; Omtvedt, I.T.; Pope, C.E.; Turman, E.J. Influence of elevated ambient temperature on reproductive performance of boars. J. Anim. Sci. 1976, 42, 664–669. [Google Scholar] [CrossRef] [PubMed]

	



Malmgren, L.; Larsson, K. Semen quality and fertility after heat stress in boars. Acta Vet Scand. 1984, 25, 425–435. Available online: https://www.ncbi.nlm.nih.gov/pubmed/6524574 (accessed on 1 September 1984). [CrossRef] [PubMed]

	



Ciereszko, A.; Ottobre, J.S.; Glogowski, J. Effects of season and breed on sperm acrosin activity and semen quality of boars. Anim. Reprod. Sci. 2000, 64, 89–96. [Google Scholar] [CrossRef]

	



Flowers, W.L. Genetic and phenotypic variation in reproductive traits of AI boars. Theriogenology 2008, 70, 1297–1303. [Google Scholar] [CrossRef] [PubMed]

	



Pena, S.T., Jr.; Stone, F.; Gummow, B.; Parker, A.J.; Paris, D. Susceptibility of boar spermatozoa to heat stress using in vivo and in vitro experimental models. Trop. Anim. Health Prod. 2021, 53, 97. [Google Scholar] [CrossRef]

	



Pena, S.T., Jr.; Stone, F.; Gummow, B.; Parker, A.J.; Paris, D. Tropical summer induces DNA fragmentation in boar spermatozoa: Implications for evaluating seasonal infertility. Reprod. Fertil. Dev. 2019, 31, 590–601. [Google Scholar] [CrossRef]

	



Li, Y.; Cao, Y.; Zhou, X.; Wang, F.; Shan, T.; Li, Z.; Xu, W.; Li, C. Effects of zinc sulfate pretreatment on heat tolerance of Bama miniature pig under high ambient temperature. J. Anim. Sci. 2015, 93, 3421–3430. [Google Scholar] [CrossRef]

	



Wu, Y.Q.; Rao, M.; Hu, S.F.; Ke, D.D.; Zhu, C.H.; Xia, W. Effect of transient scrotal hyperthermia on human sperm: An iTRAQ-based proteomic analysis. Reprod. Biol. Endocrinol. 2020, 18, 83. [Google Scholar] [CrossRef]

	



Martin-Hidalgo, D.; Macias-Garcia, B.; Garcia-Marin, L.J.; Bragado, M.J.; Gonzalez-Fernandez, L. Boar spermatozoa proteomic profile varies in sperm collected during the summer and winter. Anim. Reprod. Sci. 2020, 219, 106513. [Google Scholar] [CrossRef]

	



Rocha, D.R.; Martins, J.A.; van Tilburg, M.F.; Oliveira, R.V.; Moreno, F.B.; Monteiro-Moreira, A.C.; Moreira, R.A.; Araujo, A.A.; Moura, A.A. Effect of increased testicular temperature on seminal plasma proteome of the ram. Theriogenology 2015, 84, 1291–1305. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, G.R.; de Lazari, F.L.; Dalberto, P.F.; Bizarro, C.V.; Sontag, E.R.; Koetz Junior, C.; Menegassi, S.R.O.; Barcellos, J.O.J.; Bustamante-Filho, I.C. Effect of scrotal insulation on sperm quality and seminal plasma proteome of Brangus bulls. Theriogenology 2020, 144, 194–203. [Google Scholar] [CrossRef] [PubMed]

	



Argov-Argaman, N.; Mahgrefthe, K.; Zeron, Y.; Roth, Z. Season-induced variation in lipid composition is associated with semen quality in Holstein bulls. Reproduction 2013, 145, 479–489. [Google Scholar] [CrossRef] [PubMed]

	



Hou, Y.; Wang, X.; Lei, Z.; Ping, J.; Liu, J.; Ma, Z.; Zhang, Z.; Jia, C.; Jin, M.; Li, X.; et al. Heat-stress-induced metabolic changes and altered male reproductive function. J. Proteome Res. 2015, 14, 1495–1503. [Google Scholar] [CrossRef]

	



Sun, L.; Cui, Z.; Huang, S.; Xue, Q.; Rehman, S.U.; Luo, X.; Shi, D.; Li, X. Effect of environmental temperature on semen quality and seminal plasma metabolites of Mediterranean buffalo bulls. Anim. Biotechnol. 2022, 1–11. [Google Scholar] [CrossRef]

	



Kathiravan, P.; Kalatharan, J.; Karthikeya, G.; Rengarajan, K.; Kadirvel, G. Objective sperm motion analysis to assess dairy bull fertility using computer-aided system--a review. Reprod. Domest. Anim. 2011, 46, 165–172. [Google Scholar] [CrossRef] [PubMed]

	



Maya-Soriano, M.J.; Taberner, E.; Sabes-Alsina, M.; Ramon, J.; Rafel, O.; Tusell, L.; Piles, M.; Lopez-Bejar, M. Daily exposure to summer temperatures affects the motile subpopulation structure of epididymal sperm cells but not male fertility in an in vivo rabbit model. Theriogenology 2015, 84, 384–389. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liang, H.; Liu, Y.; Zhao, M.; Xu, Q.; Liu, Z.; Weng, X. Metabolomic Analysis and Identification of Sperm Freezability-Related Metabolites in Boar Seminal Plasma. Animals 2021, 11, 1939. [Google Scholar] [CrossRef]

	



Ugur, M.R.; Dinh, T.; Hitit, M.; Kaya, A.; Topper, E.; Didion, B.; Memili, E. Amino Acids of Seminal Plasma Associated With Freezability of Bull Sperm. Front. Cell Dev. Biol. 2019, 7, 347. [Google Scholar] [CrossRef]

	



Nimptsch, A.; Pyttel, S.; Paasch, U.; Mohr, C.; Heinrich, J.M.; Schiller, J. A MALDI MS investigation of the lysophosphatidylcholine/phosphatidylcholine ratio in human spermatozoa and erythrocytes as a useful fertility marker. Lipids 2014, 49, 287–293. [Google Scholar] [CrossRef]

	



Zhu, Z.; Li, R.; Feng, C.; Liu, R.; Zheng, Y.; Hoque, S.A.M.; Wu, D.; Lu, H.; Zhang, T.; Zeng, W. Exogenous Oleic Acid and Palmitic Acid Improve Boar Sperm Motility via Enhancing Mitochondrial Beta-Oxidation for ATP Generation. Animals 2020, 10, 591. [Google Scholar] [CrossRef] [PubMed]

	



Di Giorgio, N.P.; Bizzozzero-Hiriart, M.; Libertun, C.; Lux-Lantos, V. Unraveling the connection between GABA and kisspeptin in the control of reproduction. Reproduction 2019, 157, R225–R233. [Google Scholar] [CrossRef] [PubMed]

	



Kim, C.K.; Im, K.S.; Zheng, X.; Foote, R.H. In vitro capacitation and fertilizing ability of ejaculated rabbit sperm treated with lysophosphatidylcholine. Gamete Res. 1989, 22, 131–141. [Google Scholar] [CrossRef]

	



Perez Aguirreburualde, M.S.; Fernandez, S.; Cordoba, M. Acrosin activity regulation by protein kinase C and tyrosine kinase in bovine sperm acrosome exocytosis induced by lysophosphatidylcholine. Reprod. Domest. Anim. 2012, 47, 915–920. [Google Scholar] [CrossRef] [PubMed]

	



Waterhouse, K.E.; Hofmo, P.O.; Tverdal, A.; Miller, R.R., Jr. Within and between breed differences in freezing tolerance and plasma membrane fatty acid composition of boar sperm. Reproduction 2006, 131, 887–894. [Google Scholar] [CrossRef]

	



Kurata, S.; Hiradate, Y.; Umezu, K.; Hara, K.; Tanemura, K. Capacitation of mouse sperm is modulated by gamma-aminobutyric acid (GABA) concentration. J. Reprod. Dev. 2019, 65, 327–334. [Google Scholar] [CrossRef]

	



Kurata, S.; Umezu, K.; Takamori, H.; Hiradate, Y.; Hara, K.; Tanemura, K. Exogenous gamma-aminobutyric acid addition enhances porcine sperm acrosome reaction. Anim. Sci. J. 2022, 93, e13744. [Google Scholar] [CrossRef]

	



Ritta, M.N.; Bas, D.E.; Tartaglione, C.M. In vitro effect of gamma-aminobutyric acid on bovine spermatozoa capacitation. Mol. Reprod. Dev. 2004, 67, 478–486. [Google Scholar] [CrossRef]

	



Shi, Q.X.; Yuan, Y.Y.; Roldan, E.R. gamma-Aminobutyric acid (GABA) induces the acrosome reaction in human spermatozoa. Mol. Hum. Reprod. 1997, 3, 677–683. [Google Scholar] [CrossRef]

	



Medica, A.J.; Aitken, R.J.; Nicolson, G.L.; Sheridan, A.R.; Swegen, A.; De Iuliis, G.N.; Gibb, Z. Glycerophospholipids protect stallion spermatozoa from oxidative damage in vitro. Reprod. Fertil. 2021, 2, 199–209. [Google Scholar] [CrossRef]

	



Hezavehei, M.; Sharafi, M.; Fathi, R.; Shahverdi, A.; Gilani, M.A.S. Membrane lipid replacement with nano-micelles in human sperm cryopreservation improves post-thaw function and acrosome protein integrity. Reprod. Biomed. Online 2021, 43, 257–268. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, G.; Costa, C.; Bassaizteguy, V.; Santos, M.; Cardozo, R.; Montes, J.; Settineri, R.; Nicolson, G.L. Incubation of human sperm with micelles made from glycerophospholipid mixtures increases sperm motility and resistance to oxidative stress. PLoS ONE 2018, 13, e0197897. [Google Scholar] [CrossRef] [PubMed]

	



Geer, B.W. Dietary choline requirements for sperm motility and normal mating activity in Drosophila melanogaster. Biol. Bull. 1967, 133, 548–566. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.; Ren, L.; Chang, Z.; Zhao, Y.; Zhang, Y.; Xia, D.; Zhao, R.; He, B. Lysine acetylation participates in boar spermatozoa motility and acrosome status regulation under different glucose conditions. Theriogenology 2021, 159, 140–146. [Google Scholar] [CrossRef] [PubMed]

	



Ritagliati, C.; Luque, G.M.; Stival, C.; Baro Graf, C.; Buffone, M.G.; Krapf, D. Lysine acetylation modulates mouse sperm capacitation. Sci. Rep. 2018, 8, 13334. [Google Scholar] [CrossRef]

	



He, S.; Woods, L.C., 3rd. Effects of glycine and alanine on short-term storage and cryopreservation of striped bass (Morone saxatilis) spermatozoa. Cryobiology 2003, 46, 17–25. [Google Scholar] [CrossRef]

	



Ansari, M.; Zhandi, M.; Kohram, H.; Zaghari, M.; Sadeghi, M.; Sharafi, M. Improvement of post-thawed sperm quality and fertility of Arian rooster by oral administration of d-aspartic acid. Theriogenology 2017, 92, 69–74. [Google Scholar] [CrossRef]

	



Macchia, G.; Topo, E.; Mangano, N.; D’Aniello, E.; Boni, R. DL-Aspartic acid administration improves semen quality in rabbit bucks. Anim. Reprod. Sci. 2010, 118, 337–343. [Google Scholar] [CrossRef]

	



Raspa, M.; Paoletti, R.; Mahabir, E.; Scavizzi, F. d-aspartate treatment in vitro improves mouse sperm fertility in young B6N mice. Theriogenology 2020, 148, 60–67. [Google Scholar] [CrossRef]

	



Boni, R. Heat stress, a serious threat to reproductive function in animals and humans. Mol. Reprod. Dev. 2019, 86, 1307–1323. [Google Scholar] [CrossRef]

	



Zhou, Y.; Meng, T.; Wu, L.; Duan, Y.; Li, G.; Shi, C.; Zhang, H.; Peng, Z.; Fan, C.; Ma, J.; et al. Association between ambient temperature and semen quality: A longitudinal study of 10 802 men in China. Environ. Int. 2020, 135, 105364. [Google Scholar] [CrossRef] [PubMed]

	



Hoang-Thi, A.P.; Dang-Thi, A.T.; Phan-Van, S.; Nguyen-Ba, T.; Truong-Thi, P.L.; Le-Minh, T.; Nguyen-Vu, Q.H.; Nguyen-Thanh, T. The Impact of High Ambient Temperature on Human Sperm Parameters: A Meta-Analysis. Iran. J. Public Health 2022, 51, 710–723. [Google Scholar] [CrossRef] [PubMed]

	



Kaewman, P.; Nudmamud-Thanoi, S.; Amatyakul, P.; Thanoi, S. High mRNA expression of GABA receptors in human sperm with oligoasthenoteratozoospermia and teratozoospermia and its association with sperm parameters and intracytoplasmic sperm injection outcomes. Clin. Exp. Reprod. Med. 2021, 48, 50–60. [Google Scholar] [CrossRef] [PubMed]

	



Talevi, R.; Barbato, V.; Fiorentino, I.; Braun, S.; Longobardi, S.; Gualtieri, R. Protective effects of in vitro treatment with zinc, d-aspartate and coenzyme q10 on human sperm motility, lipid peroxidation and DNA fragmentation. Reprod. Biol. Endocrinol. 2013, 11, 81. [Google Scholar] [CrossRef]

	



Cheng, Y.M.; Hu, X.N.; Peng, Z.; Pan, T.T.; Wang, F.; Chen, H.Y.; Chen, W.Q.; Zhang, Y.; Zeng, X.H.; Luo, T. Lysine glutarylation in human sperm is associated with progressive motility. Hum. Reprod. 2019, 34, 1186–1194. [Google Scholar] [CrossRef]

	



Yu, H.; Diao, H.; Wang, C.; Lin, Y.; Yu, F.; Lu, H.; Xu, W.; Li, Z.; Shi, H.; Zhao, S.; et al. Acetylproteomic analysis reveals functional implications of lysine acetylation in human spermatozoa (sperm). Mol. Cell. Proteom. 2015, 14, 1009–1023. [Google Scholar] [CrossRef] [PubMed]








[image: Genes 13 01647 g001 550] 





Figure 1. Effect of heat stress on kinetic parameters of boar sperm. (A) Sperm motility in NHS and HS groups. Kinetic parameters of sperm, including average path distance (B), average path velocity (C), straight line velocity (D), curvilinear velocity (E), straightness (F), linearity (G), and amplitude of lateral head (H), were detected in NHS and HS group. NHS: non-heat-stress, HS: heat stress. All data are shown as mean ± S.E.M, and different letters on the bars indicate significant differences (p < 0.05). 
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Figure 2. The scatter and permutation plot of OPLS-DA model. (A,C) OPLS-DA score scatter plots of sperm metabolites in the positive and negative ion modes. The plots were used to analyze the segregation of sperm samples between NHS and HS groups. Red marks NHS group, blue denotes HS group. (B,D) OPLS-DA permutation plots of sperm metabolites in the positive and negative ion modes. The slope of R2 is >0 and the Y-intercept of Q2 is <0.05, indicating a valid model. 
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Figure 3. Classification of metabolites identified in boar sperm. (A) Major classes of sperm metabolites are identified in the positive ion mode. According to properties of metabolites, sperm metabolites identified in the positive ion mode were classified into different classes. The percentage of each class is shown in the pie chart. The colors represent each class of metabolite. (B) Major classes of sperm metabolites are identified in the negative ion mode. Sperm metabolites identified in the negative ion mode were classified into different classes. The percentage of each class is shown in the pie chart. The colors represent each class of metabolite. 






Figure 3. Classification of metabolites identified in boar sperm. (A) Major classes of sperm metabolites are identified in the positive ion mode. According to properties of metabolites, sperm metabolites identified in the positive ion mode were classified into different classes. The percentage of each class is shown in the pie chart. The colors represent each class of metabolite. (B) Major classes of sperm metabolites are identified in the negative ion mode. Sperm metabolites identified in the negative ion mode were classified into different classes. The percentage of each class is shown in the pie chart. The colors represent each class of metabolite.



[image: Genes 13 01647 g003]







[image: Genes 13 01647 g004 550] 





Figure 4. Differential expression and cluster analysis of metabolites between HS and NHS group. (A,C) Volcano plot of sperm metabolites identified in the positive and negative ion modes. The plots were used to display changes of metabolites between HS and NHS groups. The red circles represent up-regulated metabolites, the blue circles represent down-regulated metabolites, and the gray circles represent no changes of metabolites. (B,D) Heat map of sperm metabolites identified in the positive and negative ion modes. The heat maps were used to visualize the dynamic changes of metabolite content between HS and NHS groups. The pink represents HS group, and the purple represents NHS group. The color scale of the heatmap represents the gradual decrease of metabolite content from red to blue. 
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Figure 5. Verification of differential metabolites between HS and NHS groups. (A) Abundance of sperm metabolites in the positive ion mode between HS and NHS groups. The blue bars denote HS group, the red bars indicate NHS group. The metabolites identified in the positive ion mode included 3-aminobutanoic acid, biotin sulfone, campestanol, lysoPC(18_3(6Z,9Z,12Z)), lysoPC(22_5(4Z,7Z,10Z,13Z,16Z)), and N,O-Didesmethylvenlafaxine. The data are shown as mean ± S.E.M, and different letters on the bars indicate significant differences (p < 0.05). (B) Abundance of sperm metabolites in the negative ion mode between HS and NHS groups. The blue bars denote HS group, the red bars indicate NHS group. The metabolites identified in the negative ion mode included isopalmitic acid, 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-3,4-dihydro-2H-1-benzopyran-4-one, L-2-Hydroxyglutaric acid, N-Acetyl-L-aspartic acid, and N-Carboxyethyl-g-aminobutyric acid. The data are shown as mean ± S.E.M, and different letters on the bars indicate significant differences (p < 0.05). 
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Figure 6. KEGG analysis of differential metabolites between HS and NHS groups. (A) Illustration of differential metabolite-enriched pathways in the positive ion mode. The color scale in the right of the bubble image represents gradual decrease of p-value from blue to red. Metabolic pathways are displayed in the left of the bubble image. (B) Illustration of differential metabolite-enriched pathways in the positive ion mode. The color scale in the right of the bubble image represents gradual decrease of p-value from blue to red. Metabolic pathways are displayed in the left of the bubble image. 
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