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Abstract

:

Spermatogenesis is temperature-dependent, and the increase in testicular temperature seriously affects mammalian spermatogenesis and semen quality. In this study, the testicular heat stress model of mice was made with a 43 °C water bath for 25 min, and the effects of heat stress on semen quality and spermatogenesis-related regulators were analyzed. On the 7th day after heat stress, testis weight shrank to 68.45% and sperm density dropped to 33.20%. High-throughput sequencing analysis showed that 98 microRNAs (miRNAs) and 369 mRNAs were down-regulated, while 77 miRNAs and 1424 mRNAs were up-regulated after heat stress. Through gene ontology (GO) analysis of differentially expressed genes and miRNA–mRNA co-expression networks, it was found that heat stress may be involved in the regulation of testicular atrophy and spermatogenesis disorders by affecting cell meiosis process and cell cycle. In addition, through functional enrichment analysis, co-expression regulatory network, correlation analysis and in vitro experiment, it was found that miR-143-3p may be a representative potential key regulatory factor affecting spermatogenesis under heat stress. In summary, our results enrich the understanding of miRNAs in testicular heat stress and provide a reference for the prevention and treatment of heat-stress-induced spermatogenesis disorders.
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1. Introduction


Infertility has become a global health problem, with 48 million couples and 186 million people suffering from infertility worldwide, according to data from the World Health Organization [1]. Male infertility accounts for about 50% of infertility [2]. The decrease in the number of sperm in semen and the abnormality of sperm movement and morphology are the main reasons for male infertility [3]. A large number of studies have shown that the fertility of men around the world is declining in a “cliff” manner [4]. From 1973 to 2018, the global average sperm number of men decreased by 62% and the sperm concentration decreased by 41.5% [5]. A decline in semen quality was also observed in dogs [6], bulls [7] and stallions [8]. After entering the 21st century, the declining trend of the quantity and quality of male semen is still intensifying, which has caused people to worry about the reasons for the decline in male fertility [3].



The global warming caused by the greenhouse effect is considered to be an important factor affecting the decline in global male semen quality [9,10]. Mammalian sperm is generated in the testis. The temperature of the testis is lower than the core temperature, so the testis is extremely sensitive to the high temperature in the environment [11]. Once testicular heat stress occurs, the sperm quality will be damaged, increasing the risk of infertility [12]. It has been found that the sperm density of men in summer is about 70% of that in winter [13]. The testicles of mice were bathed in water at 40 °C for 20 min, which resulted in a decrease in germ cell proliferation and a decrease in circulating testosterone [14]. Acute heat stress (43 °C, 0.5 h) can reduce the cell viability of porcine immature Sertoli cells (iSCs) cultured in vitro [15]. The changes in gene expression can be detected in mouse testes at 4 h after a single heat shock at 43 °C for 20 min and the weight of testes decreases significantly, which still cannot be recovered on the 68th day [16]. These results indicate that heat stress will have adverse effects on spermatogenic cells and spermatogenic auxiliary cells.



Epigenetic changes are an important part of gametogenesis and related reproductive diseases [17]. As an important epigenetic regulator, noncoding RNA (ncRNA) has been widely reported to participate in testicular development and spermatogenesis [18,19]. MicroRNAs have become one of the most reported ncRNAs due to their high conservatism and stability [20,21]. With the frequent occurrence of extreme weather, the probability of experiencing acute and chronic heat stress in daily life is also increasing, and poor lifestyle habits (such as prolonged sitting, hot baths, tight pants, high-temperature sunbathing, etc.) further exacerbate the risk of people being exposed to environmental heat stress [5]. Male hot baths are a common testicular heat stress event, a hot bath of more than 30 min can significantly reduce rat fertility within one month, during which there are also a certain proportion of sperm with different degrees of damage in the epididymis [22]. A previous study reported the changes in the expression of miRNAs in testes at the early stage (6 h) after heat stress and analyzed the effect of differentially expressed miRNAs at the early stage of heat stress on apoptosis [23]. Related in vitro studies also focused on the early stage after heat stress injury. However, the spermatogenesis process is complex and long, and the overall expression and regulation network of miRNAs in heat-stress-induced testicular atrophy and spermatogenesis disorder is still unclear. In this study, we aimed to find miRNAs that play an important role in spermatogenesis disorder induced by heat stress through mining and analysis of public data combined with preliminary experimental verification, so as to provide reference for the prevention and treatment of testicular heat stress injury.




2. Materials and Methods


2.1. Animals and Treatment


A total of 32 (33.83 ± 2.19 g) three-month-old male ICR mice were used in this study (CHENGDU DOSSY EXPERIMENTAL ANIMALS CO., LTD., Chengdu, China). Each mouse was housed in a single cage, all mice lived in the animal room at 22 ± 3 °C, and were allowed to freely contact with water and food. This research was approved by the Ethics Committee of Sichuan Agricultural University (Sichuan, China, No. 20210156). After a week of adaptation, we selected 20 mice (34.03 ± 1.06 g) with the closest body weight to construct a testicular heat stress model and the remaining 12 mice (33.49 ± 3.38 g) were used to analyze the correlation between semen indicators.



These 20 mice with similar body weight were randomly divided into control (NC) group (6 mice) and heat stress (HS) group (3d: 4 mice; 7d: 6 mice; 10d: 4 mice). Referencing previous studies to establish a testicular heat stress model, firstly, the mice were anesthetized with 0.01 mL/g of 5% chloral hydrate, and then the mouse scrotum was placed in a water bath at 33 °C (NC group) or 43 °C (HS group) for 25 min. After the water bath, the mice were wiped dry and fed in a normal environment until the end of the experiment [24].




2.2. Thermal Imaging and Semen Quality Analysis


The anesthetized mice (0.01 mL/g of 5% chloral hydrate) lay flat on the test bench and were photographed using a thermal imager (850 L, FOTRIC, Shanghai, China). At the end of the experiment, the sperm was washed out from the epididymis of mice with phosphate buffer solution (PBS) by referring to previous studies [25]. The semen quality of mice was analyzed using an automated sperm count and analysis system (AndroVision, Minitube, Tiefenbach, Germany).




2.3. Data Analysis


This study uses multiple datasets from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/gds, accessed on 1 September 2022). Sequencing data of miRNAs in testes of mice after heat stress (GSE165697: GSM5048341, GSM5048342, GSM5048343, GSM5048344, GSM5048345, GSM5048346 by Meng et al.). Sequencing data of mRNAs in testes of mice after heat stress (GSE165696: GSM5048335, GSM5048336, GSM5048337, GSM5048338, GSM5048339, GSM5048340 by Meng et al.). Germ cells and reproductive helper cell miRNAs data (GSE125302: GSM3568659, GSM3568660, GSM3568661, GSM3568662, GSM3568663, GSM3568664, GSM3568665, GSM3568666, GSM3568667, GSM3568668, GSM3568669, GSM3568670 by Chen et al.). Germ cells and reproductive helper cell mRNAs data (GSE125303: GSM3568680, GSM3568681, GSM3568682, GSM3568683, GSM3568684, GSM3568685, GSM3568686, GSM3568687, GSM3568688, GSM3568690, GSM3568691 by Chen et al.). Using collagenase digestion and Percoll density gradient separation, primary cells were isolated from 3-month-old mouse testes [26]. Azoospermia-related miRNAs (http://www.cuilab.cn/hmdd/, accessed on 3 September 2022). Based on the count values of each transcript, R4.0.5 software and EdgeR software packages were used to perform differential expression analysis on different transcripts at different stages. For all miRNA and mRNA, according to the relative expression level, when p ≤ 0.05 and fold change ≥ 2 were simultaneously met, they were considered differentially expressed RNA. Differential expression of RNA was used for further target gene prediction and functional enrichment analysis.




2.4. Target Gene Prediction and miRNA mRNA Network Construction


TargetScan [27] and miRanda [28] were used to predict target genes of miRNA. The online analysis platform (https://www.bioinformatics.com.cn/, accessed on 20 September 2022) was used to perform GO and KEGG function enrichment analysis on target genes of miRNAs and mRNA. The online analysis platform is also used for production of volcano maps and heat maps, gene set enrichment analysis (GSEA), principal component analysis (PCA), and differential expression mRNA chromosome position labeling. The mRNA in the miRNA mRNA network originates from the intersection of differentially expressed miRNA target genes and differentially expressed mRNA. Based on the correspondence between miRNA and target genes, the degree value (lattice width) was calculated using Cytoscape 3.6.0 and GO analysis was performed on the core genes using an online platform. Finally, Adobe Illustrator CS6 was used for graphic adjustment.




2.5. Cell Culture


The Sertoli cell line TM4 was purchased from Shanghai Xuanya Biotechnology Co., Ltd. (Shanghai, China). TM4 cells were cultured in DMEM/F12 medium (Meilunbio, Dalian, China) supplemented with 2.5% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA), 5% horse serum (HS; Gibco) and 1% penicillin/streptomycin (Biyuntian Company, shanghai, China) at 37 °C in 5% CO2. The miR-143-3p mimic and mimic control (GenePharma, Shanghai, China) were transfected into the TM4 cells using Lipofectamine 3000 (Invitrogen, Guangzhou, China) according to the manufacturer’s instructions. TM4 cells were harvested at 24 h after transfection and total RNA was extracted. Cells were incubated with an EdU reagent for 2 h (Ribobio, Guangzhou, China) at 24 h after transfection. The EdU staining assay was performed according to the manufacturer’s instructions.




2.6. RT-q PCR


About 30 mg of testicular tissue was fully dissolved by 1 mL of Trizol (TaKaRa, Dalian, China) and total RNA was extracted according to the instructions of the kit. Then, the total RNA was reverse transcribed into cDNA, RT-qPCR was performed using SYBR Premix Ex Taq kit (TaKaRa), and the relative expression of mRNA (ACTB as internal reference gene) and miRNA (U6 as internal reference gene) was calculated using 2−ΔΔCT method [29].




2.7. Statistical Analysis


Data wrangling and statistical analysis were performed using WPS Office and SPSS 22.0. Data are presented as means ± standard deviation (SD). Differences in phenotypic index and gene expression were determined between two groups using Student’s t-test or one-way ANOVA. p ≤ 0.05 is considered statistically significant.





3. Results


3.1. Testicular Heat Stress Leads to Testicular Atrophy and Reduced Spermatogenesis


The thermogram showed that the testicular temperature of the mice was about 4 °C lower than the core temperature (Figure 1A). The testis of mice were bathed in water at 43 °C for 25 min to establish a heat stress model. It was found that the testis and epididymis of mice continued to atrophy after heat stress (Figure 1B). On the 7th day after heat stress, the testis atrophied to 68.45% and the epididymis atrophied to 80.28% (Figure 1B,C). Testicular tissue sections showed atrophy of the seminiferous tubules and an increase in the gap between the seminiferous tubules after heat stress (Figure 1D). The sperm density also decreased to 33.20% of the NC group (Figure 1E,F, Videos S1–S2). Further analysis of sperm movement trajectory showed that progressive motility sperm after heat stress was only 21.08% of NC group (Figure 1G).




3.2. Abnormal Cell Cycle of Testicular Tissue after Testicular Heat Stress


The trend of testicular weight changes (with a fast atrophy rate in the 3rd to 7th days and slowed down in the 7th to 10th days) suggests that the 7th day after heat stress is a time point worth studying (Figure 1B). In addition, the 7th day after testicular heat stress was also a commonly used time point in previous studies [30,31]. High-throughput sequencing results showed that 1422 genes were up-regulated and 369 genes were down-regulated in testicular tissues after heat stress (Figure 2A). The most up-regulated genes were distributed on chromosome 11, and the most down-regulated genes were distributed on chromosome 14 (Figure 2B). The heat map shows the differential genes and the good clustering of NC group and HS group into two branches, suggesting a good repeatability between the two groups of samples (Figure 2C). After heat stress, the up-regulated genes are mainly involved in positive regulation of biological process, positive regulation of cellular process and single-multicellular organism process, while the down-regulated genes are mainly involved in meiotic cell cycle, meiotic cell cycle process and meiotic nuclear division (Figure 2D,E). Through gene set enrichment analysis (GSEA), it was found that biological processes related to “meiotic” were significantly lower in HS group than in NC group (Figure 2F). Then, we used RT-qPCR to verify the relative expression levels of meiob, meioc, and mael, which are marker genes related to meiosis (Figure 2G).




3.3. Testicular Heat Stress Changes the Expression Profile of miRNAs in Testicular Tissue


A total of 77 miRNAs were up-regulated and 98 miRNAs were down-regulated in heat-stressed testes (Figure 3A). Clustering based on differential miRNAs can group the samples in HS group and NC group into two independent branches, indicating that the two groups of samples have good repeatability (Figure 3B). In addition, RT-qPCR results of differentially expressed miRNAs also have the same trend as sequencing results (Figure 3C). Further analysis showed that the main type of up-miRNAs was 3p and the main type of down-miRNAs was 5p (Figure 3D). The seed sequence characteristics of differentially expressed miRNAs also showed different rules (Figure 3E). GO analysis of target genes of differentially expressed miRNAs found that up-regulated miRNAs enriched more genes than down-regulated miRNAs only during reproduction (Figure 3F). These results suggest that the up-regulated miRNAs after heat stress may have important biological significance in the reproductive process.




3.4. Differential miRNA and mRNA Co-Expression Networks in Testicular Tissue of Normal and Heat-Stressed Mice


Further, we constructed a miRNA-mRNA co-expression network based on highly and differentially expressed miRNAs (Figure 4A). The co-expression network showed that up-miRNAs and down-mRNAs were mainly involved in the centrosome, microtubule organizing center and cell cycle, while down-miRNAs and up-mRNAs were mainly involved in positive regulation of biological process, cell surface receptor signaling pathway and system development (Figure 4A). These results are similar to those of differential mRNA and miRNAs previously analyzed separately (Figure 2D,E and Figure 3F). We selected the “meiotic cell cycle” (which is the most significant biological process among differentially expressed genes) for GSEA analysis and found that the mRNAs down-regulated after heat stress in the co-expression network were all located on the left side of the peak value of the enrich score and these genes can group samples of HS group and NC group into two independent branches (Figure 4B,C).




3.5. Expression Characteristics of Differentially Expressed miRNAs Induced by Heat Stress in Different Cell Groups of Mice Testis


Cluster analysis of major cell groups in testis based on differentially expressed mRNAs (Figure 2A) and differentially expressed miRNAs (Figure 3A) after heat stress shows that mRNAs and miRNAs have similar expression characteristics of different cell groups (Figure 5A,B). Clustering with the first 100 differentially expressed miRNAs can also cluster germ cells, Sertoli cells and peritubular muscle-like cells into different branches, indicating that these miRNAs can better represent all differentially expressed miRNAs (Figure 5C). The results of principal component analysis (PCA) are similar to those of clustering in heat map (Figure 5D,E). Further, we analyzed the expression pattern of miRNAs that may be related to azoospermia after heat stress in the testes and found that, except miR-429 and miR-20a, other miRNAs showed significant differential expression between heat-stressed testes and normal testes (Figure 5F,G).




3.6. miR-143-3p Can Be Used as a Representative Potential Biomarker of Testicular Heat Stress


Based on the above research results (Figure 3C and Figure 5C), we preliminarily identified miR-143-3p, miR-152-3p, miR-378a-3p and miR-92a-3p as potential markers involved in testicular heat-stress-induced spermatogenesis disorder. GO analysis showed that the target genes of miR-143-3p were mainly enriched in cell cycle process, cell cycle, cilia morphogenesis, meiosis I and medical nuclear division (Figure 6A). The target genes of miR-152-3p are mainly enriched in delta14 sterol reductase activity, organelle, cell cycle, intelligent organelle and cell cycle process (Figure 6B). The target genes of miR-378a-3p are mainly enriched in cilium morphogenesis, regulation of type B pancreatic cell promotion, microtubule cytoskeleton organization, medical cell cycle and cell cycle (Figure 6C). The target genes of miR-92a-3p are mainly enriched in synapsis, nuclear chromosomal aggregation, nuclear division, homologous chromosomal aggregation and cilium morphogenesis (Figure 6D). Further analysis of the proportion of each differentially expressed miRNA showed that miR-143-3p accounted for 90.78% of all up-regulated miRNAs after heat stress (Figure 6E). In addition, the expression of miR-143-3p in testis was negatively correlated with sperm density and sperm motility (Figure 6F,G).



Since the expression level of miR-143-3p was the highest in Sertoli cells (Figure 5C), we further explored the influence of miR-143-3p on proliferation in Sertoli cells (TM4 cell lines were used in this study). The number of EdU (5-ethynyl-20-deoxyuridine) positive cells in Sertoli cells was significantly decreased after miR-143-3p mimic transfection (Figure 7A,B). Meanwhile, RT-qPCR results showed that transfected miR-143-3p mimic into Sertoli cells significantly inhibited the expression of proliferating cell nuclear antigen (PCNA) [32] and B cell leukemia/lymphoma 2 (BCL2) [33], which are markers of azoospermia (Figure 5F) and cell proliferation (Figure 7C). The expression level of miR-143-3p was also negatively correlated with the expression level of BCL2 (a target gene of miR-143-3p [34,35]) in TM4 cell lines (Figure 7D). In addition, the expression of BCL2 was also significantly decreased in heat-stressed testis (Figure 7E).





4. Discussion


Male infertility has become a common problem in the world [36] and a decrease in sperm quality is the main cause of male infertility [37]. Spermatogenesis is a complex and long process. Sperm is formed in the seminiferous tubules of the testis and develops from spermatogonia [38]. Type A undifferentiated spermatogonium cells enter the proliferating pool and one of the daughter cells returns to the spermatogonal stem cell pool, while the other daughter cell (A1 spermatogonium) continues to differentiate and divide once, producing two type A2 spermatogonium cells. Two A2-type cells divide to produce 4 A3, 8 A4, 16 intermediate spermatogonia, 32 B-type spermatogonia, and finally form 64 primary spermatocytes. One tetraploid primary spermatocyte produces two diploid secondary spermatocytes and, ultimately, four haploid sperm cells [39]. In mice, a seminiferous epithelium cycle is about 8.6 days and a complete spermatogenic cycle is about 35 days [40], while, in humans, a seminiferous epithelium cycle is about 16 days and a complete spermatogenic cycle is about 74 days [41]. It is easy to be affected by environmental factors in the long process of spermatogenesis, which leads to spermatogenesis disorder [42]. In theory, each A1 spermatogonium cell produces 256 sperm but, due to a variety of factors, only 20–30% of mature sperm are formed in mammals [43]. Mammalian sperm is mainly produced in the testis, and the temperature of the testis is usually 2–8 °C lower than the core temperature [44], so the process is extremely sensitive to high temperature [45]. As an epigenetic regulator with excellent conservation and stability, microRNAs have been reported to be involved in spermatogenesis [20,46]. A previous study reported the changes in miRNAs’ expression profile in a short time after testicular heat stress [23], but the spermatogenesis process is long and complex and there is still a lack of comprehensive understanding of miRNA expression changes after testicular heat stress. In this study, the miRNA expression profile of testis after 7 days (about one cycle of spermatogenic epithelium (8.6 days [47])) of heat stress in mice was analyzed, and the miRNAs–mRNAs co-expression network of testis was constructed, providing a reference for the research on testis heat stress.



Spermatozoa carries the task of accurate intergenerational transmission of paternal genomic genetic information, which is an important guarantee for species reproduction and species continuity. Testis are the main site of mammalian spermatogenesis and the only visceral organ located outside the body, which makes spermatogenesis extremely sensitive to the external environment [48]. Since spermatogenesis requires a relatively low-temperature environment, temperature is the most important environmental factor affecting spermatogenesis [49]. The adverse effect of temperature on spermatogenesis is not only manifested in the decline in male semen quality under the background of global warming, but also manifested in the seasonal fluctuation of semen quality [50]. The seasonal decline in mammalian reproductive performance mainly occurs in summer (high-temperature weather), mainly manifested by a decline in semen quality. This pattern of change has been found in humans [51] and large domestic animals (boar [52], bovine [53] and ram [54]). The increase in scrotal temperature will produce testicular heat stress, which will subsequently lead to testicular atrophy and spermatogenesis stagnation, leading to a decrease in sperm number [55,56]. In this study, it was found that the testicles continued to atrophy within 10 days after heat stress, with the fastest atrophy rate in the 3rd to 7th days, and slowed down in the 7th to 10th days. This may be related to the 8.6 days of a seminiferous epithelium cycle in mice [47] and one-time heat stress may mainly damage a seminiferous epithelium cycle. Previous studies have also found that transient heat stress can be recovered after 1–2 complete spermatogenic cycles [57,58]. On the 7th day after heat stress, we observed a decrease in the number of sperm in the epididymis of mice, and the corresponding transcriptional evidence was that a large number of genes down-regulated after heat stress were involved in meiosis and cell cycle processes. The study on bulls also found that the number of head-defective sperm increased and the mitochondrial membrane potential of sperm decreased within 7 days after heat stress [59]. The increase in apoptosis and the decrease in cell proliferation after heat stress are the main causes of testicular atrophy [23], and the decrease in sperm number may be related to the inhibition of spermatogonial stem cell proliferation [60].



Epigenetics mainly studies the interaction between environment and gene and reveals the influence of environment on biological genetics. As a highly conservative and stable epigenetic regulator, miRNAs have been reported to participate in the process of transgenerational inheritance [61]. Therefore, analyzing the changes in miRNAs in heat-stressed testes may provide a reference for coping with the male reproductive crisis caused by global warming. In this study, 77 miRNA expressions were up-regulated and 98 miRNAs were down-regulated after 7 days of testicular heat stress. Interestingly, functional enrichment analysis showed that down-regulated miRNAs dominated most signaling pathways, while up-regulated miRNAs enriched more genes than down-regulated miRNAs during reproduction and the reproductive process. These results suggest that miRNAs up-regulated after testicular heat stress play an important role in reproduction. In addition, this study also found that different cell types in the testis have different mRNA and miRNA expression characteristics, and there are significant differences between germ cells and other reproductive helper cells. Differently and highly expressed miRNAs are mainly overexpressed in reproductive helper cells rather than in germ cells (Figure 5A–C). On the one hand, it may be caused by transcriptional inhibition of sperm cells [62] and, on the other hand, it suggests that reproductive helper cells may play an important regulatory role in maintaining homeostasis in the internal environment.



Further analysis showed that miRNAs differentially expressed after 6h of testicular heat stress, except for miR-3968, were also differentially expressed on the 7th day of heat stress (Table S1). This indicates that there is little difference in differential miRNAs between 6 h and 7 days after heat stress and they have the potential to serve as markers of heat stress damage [23]. miR-423-3p [63], miR-128-3p [64] and miR-423-5p [65] have also been reported to be involved in the regulation of spermatogenesis or animal semen quality. Among them, the research on the mechanism of miR-128-3p is relatively clear. Zou et al. found that the down-regulated expression of miR-128-3p can induce apoptosis of spermatid cells and inhibit their proliferation by promoting MAPK14 phosphorylation [66]. In addition, the comparative analysis of azoospermia-related miRNAs in Human microRNA Disease Database (HMDD) also found that there were differences between the normal and the heat stress group, except for miR-429 and miR-20a [67]. These results suggest that these miRNAs with the same expression pattern have the potential to become biomarkers of testicular heat stress and may be a target for preventing and treating heat stress damages. Co-expression regulatory network and functional enrichment analysis showed that down-regulated miRNAs were mainly involved in the positive regulation of biological processes, cell surface receptor signaling pathway and system development, while up-regulated miRNAs were mainly involved in the centrosome, microtubule organizing center and cell cycle. These suggest that up-regulation of miRNAs is more closely related to spermatogenesis (Figure 8). We further predicted the function of the differentially expressed miRNAs in the top 100 and found that these miRNAs (miR-143-3p, miR-152-3p, miR-378a-3p and miR-92a-3p) were related to cell cycle or meiosis. miR-143-3p [68], miR-152-3p [69], miR-378a-3p [70] and miR-92a-3p [71,72] have also been reported to be involved in the regulation of spermatogenesis or semen quality. It is interesting that there is no significant difference in the miRNAs (miR-20, miR-21 and miR-106a) involved in the self-renewal of spermatogonial stem cells [46], indicating that testicular heat stress under the conditions of this study has little effect on spermatogonial stem cells and they have good recovery ability after testicular heat stress injury. In addition, the miRNAs differentially expressed after heat stress found in the study on the miRNAs of bull spermatozoa and extravesicles of sperm plasma cells are different from those in our study [73]. The reason for this difference may be that the expression characteristics of miRNAs in extracellular vesicles are different from those in testicular tissues, because the results in this study are highly consistent with those in testicular heat stress 6 h later [23]. In addition to meiosis, cell cycle and apoptosis, Xu et al. also found that inflammatory factors in supporting cells were up-regulated after heat stress and the expression of inflammation-related miRNAs (miR-132, miR-431 and miR-543) was decreased [74]. In our study, we also found a decrease in the expression level of miR-543, but there was no significant change in miR-132 and miR-431. This may be due to the testicular tissue we used and the cells used in Xu et al.’s study, but the preliminary results indicate that miR-543 has further research value.



It is worth noting that this study found that the expression level of miR-143-3p accounted for 90.78% of all up-regulated miRNAs, suggesting that miR-143-3p has an important function in testis under heat stress. Correspondingly, the expression level of miR-143-3p in testis was significantly negatively correlated with sperm density and motility. In vitro experiments showed that miR-143-3p could inhibit the proliferation of Sertoli cells. In previous studies, it was also found that miR-143-3p, as a multifunctional miRNA, participates in normal development and disease occurrence [75,76]. miR-143 can inhibit the proliferation of smooth muscle cells by targeting Elk-1 (Ets-like protein 1) and Klf4 (Kruppel-like factor4) [77], miR-143-3p promotes cardiomyocyte proliferation in mice with myocardial infarction through Yap/Ctnnd1 [78], miR-143 inhibits the proliferation of leukemia cells by inhibiting the expression of KAT6A [79], and miR-143 can inhibit the proliferation of breast cancer cells by regulating ERBB3 [80]. These results suggest that miR-143 has an important regulatory role in regulating cell proliferation. In this study, we found that miR-143 can inhibit the proliferation of TM4 cells and down-regulate BCL2, which is the target gene of miR-143 [34,35]. Interestingly, previous studies have shown that protein extraction from the Bcl-2 family is crucial for male germ cell homeostasis [81,82], and BCL2 has also been found to be positively correlated with bull fertility [83]. In addition, differently expressed miRNAs are highly expressed in germ helper cells rather than germ cells (Figure 5C), suggesting that these miRNAs may participate in cross-cell communication in some way (such as exosome), which will be content worthy of attention in the future. In the future, we will focus on the role of heat-stress-induced up-regulation of miRNAs in testicular atrophy and spermatogenesis and carry out more detailed molecular function verification research in vivo and in vitro.




5. Conclusions


In this study, the acute testicular heat stress model of mice was constructed by 43 °C hot water bath and it was found that heat stress can lead to testicular atrophy and sperm reduction. On the 7th day after heat stress, 98 miRNAs were down-regulated and 77 miRNAs were up-regulated in testicular tissues. Functional enrichment analysis showed that up-regulated miRNAs are mainly involved in reproduction and reproductive processes through influencing meiosis and cell cycle. In addition, miR-143-3p has important potential as a target for the prevention and treatment of testicular heat stress due to its high proportion (90.78%) in differentially expressed miRNAs and its significant negative correlation with sperm density and motility. In conclusion, this study enriched people’s understanding of the response of noncoding RNA to heat stress in the testis.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24108809/s1.





Author Contributions


Conceptualization, M.G. and Y.J.; Methodology, M.G. and L.N.; Software, Y.J., L.C. and L.N.; Validation, Z.X.; Formal analysis, M.G., S.Z., Z.X. and Y.W.; Investigation, M.G., Y.J. and Y.W.; Resources, L.C. and S.Z.; Data curation, M.G., J.M. and Y.Z.; Writing—original draft, M.G. and Y.J.; Writing—review and editing, L.Z. and L.S.; Visualization, J.M. and Y.Z.; Supervision, X.L., L.Z. and L.S.; Project administration, L.Z. and L.S.; Funding acquisition, L.Z. and L.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Key Research and Development Program of China (2021YFD1200801); Sichuan Science and Technology Program (2021ZDZX0008, 2020YFN0147, 2021YFYZ0007, 2021YFYZ0030, scsztd-2023-08-09); Earmarked Fund for CARS (No. CARS-pig-35); National Center of Technology Innovation for Pigs.




Institutional Review Board Statement


This research was approved by the Ethics Committee of Sichuan Agricultural University (Sichuan, China, No.20210156).




Informed Consent Statement


Not applicable.




Data Availability Statement


All data involved in this study are available on contact with corresponding authors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Inhorn, M.; Patrizio, P. Infertility around the globe: New thinking on gender, reproductive technologies and global movements in the 21st century. Hum. Reprod. Update 2015, 21, 411–426. [Google Scholar] [CrossRef] [PubMed]

	



Amirjannaty, S.; Gashti, N.; Mojtahedi, A.; Ashouri, A.; Bahadori, M. An In vitro Study on the Protective Effect of Melatonin on Human Sperm Parameters Treated by Cadmium. J. Hum. Reprod. Sci. 2022, 15, 21. [Google Scholar] [CrossRef] [PubMed]

	



Mann, U.; Shiff, B.; Patel, P. Reasons for worldwide decline in male fertility. Curr. Opin. Urol. 2020, 30, 296–301. [Google Scholar] [CrossRef] [PubMed]

	



Nordkap, L.; Joensen, U.; Blomberg Jensen, M.; Jørgensen, N. Regional differences and temporal trends in male reproductive health disorders: Semen quality may be a sensitive marker of environmental exposures. Mol. Cell. Endocrinol. 2012, 355, 221–230. [Google Scholar] [CrossRef]

	



Levine, H.; Jørgensen, N.; Martino-Andrade, A.; Mendiola, J.; Weksler-Derri, D.; Jolles, M.; Pinotti, R.; Swan, S. Temporal trends in sperm count: A systematic review and meta-regression analysis of samples collected globally in the 20th and 21st centuries. Hum. Reprod. Update 2022, 29, 157–176. [Google Scholar] [CrossRef]

	



Lea, R.; Byers, A.; Sumner, R.; Rhind, S.; Zhang, Z.; Freeman, S.; Moxon, R.; Richardson, H.; Green, M.; Craigon, J.; et al. Environmental chemicals impact dog semen quality in vitro and may be associated with a temporal decline in sperm motility and increased cryptorchidism. Sci. Rep. 2016, 6, 31281. [Google Scholar] [CrossRef]

	



Wahl, R.; Reif, J. Temporal trends in bull semen quality: A comparative model for human health? Environ. Res. 2009, 109, 273–280. [Google Scholar] [CrossRef]

	



Perrett, J.; Harris, I.; Maddock, C.; Farnworth, M.; Pyatt, A.; Sumner, R. Systematic Analysis of Breed, Methodological, and Geographical Impact on Equine Sperm Progressive Motility. Animals 2021, 11, e3088. [Google Scholar] [CrossRef]

	



Hoang-Thi, A.-P.; Dang-Thi, A.-T.; Sang, P.; Nguyen Ba, T.; Truong-Thi, P.-L.; Le, M.T.; Nguyen Vu Quoc, 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]

	



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

	



Aldahhan, R.; Stanton, P. Heat stress response of somatic cells in the testis. Mol. Cell. Endocrinol. 2021, 527, 111216. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Crespo, M.; Pintado, B.; Gutiérrez-Adán, A. Scrotal heat stress effects on sperm viability, sperm DNA integrity, and the offspring sex ratio in mice. Mol. Reprod. Dev. 2008, 75, 40–47. [Google Scholar] [CrossRef] [PubMed]

	



Jørgensen, N.; Andersen, A.; Eustache, F.; Irvine, D.; Suominen, J.; Petersen, J.; Andersen, A.; Auger, J.; Cawood, E.; Horte, A.; et al. Regional differences in semen quality in Europe. Hum. Reprod. 2001, 16, 1012–1019. [Google Scholar] [CrossRef]

	



Rizzoto, G.; Boe-Hansen, G.; Klein, C.; Thundathil, J.; Kastelic, J. Acute mild heat stress alters gene expression in testes and reduces sperm quality in mice. Theriogenology 2020, 158, 375–381. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Wu, Z.; Fang, T.; Zhang, Y.; Chen, L.; Du, Z.; Yang, C. Identification of internal reference genes for porcine immature Sertoli cells under heat stress. Reprod. Domest. Anim. 2022, 57, 1344–1352. [Google Scholar] [CrossRef] [PubMed]

	



Rockett, J.C.; Mapp, F.L.; Garges, J.B.; Luft, J.C.; Mori, C.; Dix, D.J. Effects of Hyperthermia on Spermatogenesis, Apoptosis, Gene Expression, and Fertility in Adult Male Mice1. Biol. Reprod. 2001, 65, 229–239. [Google Scholar] [CrossRef] [PubMed]

	



Mainigi, M.; Sapienza, C.; Butts, S.; Coutifaris, C. A Molecular Perspective on Procedures and Outcomes with Assisted Reproductive Technologies. Cold Spring Harb. Perspect. Med. 2016, 6, a023416. [Google Scholar] [CrossRef]

	



Jodar, M.; Selvaraju, S.; Sendler, E.; Diamond, M.; Krawetz, S. The presence, role and clinical use of spermatozoal RNAs. Hum. Reprod. Update 2013, 19, 604–624. [Google Scholar] [CrossRef]

	



Aliakbari, F.; Eshghifar, N.; Mirfakhraie, R.; Pourghorban, P.; Azizi, F. Coding and Non-Coding RNAs, as Male Fertility and Infertility Biomarkers. Int. J. Fertil. Steril. 2021, 15, 158–166. [Google Scholar] [CrossRef]

	



Wu, D.; Khan, F.; Huo, L.; Sun, F.; Huang, C. Alternative splicing and MicroRNA: Epigenetic mystique in male reproduction. RNA Biol. 2022, 19, 162–175. [Google Scholar] [CrossRef]

	



Walker, W. Regulation of mammalian spermatogenesis by miRNAs. Semin. Cell Dev. Biol. 2022, 121, 24–31. [Google Scholar] [CrossRef] [PubMed]

	



Loughlin, K.; Manson, K.; Foreman, R.; Schwartz, B.; Heuttner, P. The effect of intermittent scrotal hyperthermia on the Sprague-Dawley rat testicle. Adv. Exp. Med. Biol. 1991, 286, 183–185. [Google Scholar] [CrossRef] [PubMed]

	



Rao, M.; Zeng, Z.; Tang, L.; Cheng, G.; Xia, W.; Zhu, C. Next-generation sequencing-based microRNA profiling of mice testis subjected to transient heat stress. Oncotarget 2017, 8, 111672–111682. [Google Scholar] [CrossRef] [PubMed]

	



Hu, K.; He, C.; Sun, X.; Li, L.; Xu, Y.; Zhang, K.; Liu, X.; Liang, M. Integrated study of circRNA, lncRNA, miRNA, and mRNA networks in mediating the effects of testicular heat exposure. Cell Tissue Res. 2021, 386, 127–143. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, U.; Sun, F.; Conine, C.; Reichholf, B.; Kukreja, S.; Herzog, V.; Ameres, S.; Rando, O. Small RNAs Are Trafficked from the Epididymis to Developing Mammalian Sperm. Dev. Cell 2018, 46, 481–494.e6. [Google Scholar] [CrossRef]

	



Guang-Yu, L.; Hai-Yan, L.; Ji-Hong, L.; Yun-Cong, M.; Xue-Lian, D.; Chun-Yu, L.; Wen-Yong, S. MCL1 is a key regulator of steroidogenesis in mouse Leydig cells. Mol. Reprod. Dev. 2016, 83, 226–235. [Google Scholar] [CrossRef] [PubMed]

	



Lowe, T.; Chan, P. tRNAscan-SE On-line: Integrating search and context for analysis of transfer RNA genes. Nucleic Acids Res. 2016, 44, 54–57. [Google Scholar] [CrossRef]

	



Betel, D.; Wilson, M.; Gabow, A.; Marks, D.; Sander, C. The microRNA.org resource: Targets and expression. Nucleic Acids Res. 2008, 36, 149–153. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Lin, C.; Shin, D.-G.; Park, S.G.; Chu, S.B.; Gwon, L.W.; Lee, J.-G.; Yon, J.-M.; Baek, I.-J.; Nam, S.-Y. Curcumin dose-dependently improves spermatogenic disorders induced by scrotal heat stress in mice. Food Funct. 2015, 6, 3770–3777. [Google Scholar] [CrossRef]

	



Miura, M.; Sasagawa, I.; Suzuki, Y.; Nakada, T.; Fujii, J. Apoptosis and expression of apoptosis-related genes in the mouse testis following heat exposure. Fertil. Steril. 2002, 77, 787–793. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S. PCNA: A silent housekeeper or a potential therapeutic target? Trends Pharmacol. Sci. 2014, 35, 178–186. [Google Scholar] [CrossRef] [PubMed]

	



Vermeulen, K.; Berneman, Z.; Van Bockstaele, D. Cell cycle and apoptosis. Cell Prolif. 2003, 36, 165–175. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.; Huang, J.; Ma, P.; Yu, G. microRNA-143 acts as a suppressor of hemangioma growth by targeting Bcl-2. Gene 2017, 628, 211–217. [Google Scholar] [CrossRef]

	



Qian, Y.; Teng, Y.; Li, Y.; Lin, X.; Guan, M.; Li, Y.; Cao, X.; Gao, Y. MiR-143-3p suppresses the progression of nasal squamous cell carcinoma by targeting Bcl-2 and IGF1R. Biochem. Biophys. Res. Commun. 2019, 518, 492–499. [Google Scholar] [CrossRef]

	



Irvine, D.S. Epidemiology and aetiology of male infertility. Hum. Reprod. 1998, 13 (Suppl. S1), 33–44. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Xu, R.; Luan, Y.; Fan, H.; Yang, S.; Liu, J.; Zeng, H.; Shao, L. Rapamycin Ameliorates Radiation-Induced Testis Damage in Mice. Front. Cell Dev. Biol. 2022, 10, 783884. [Google Scholar] [CrossRef]

	



Rato, L.; Alves, M.; Socorro, S.; Duarte, A.; Cavaco, J.; Oliveira, P. Metabolic regulation is important for spermatogenesis. Nat. Rev. Urol. 2012, 9, 330–338. [Google Scholar] [CrossRef]

	



Parrish, J.J.; Willenburg, K.L.; Gibbs, K.M.; Yagoda, K.B.; Krautkramer, M.M.; Loether, T.M.; Melo, F.C.S.A. Scrotal insulation and sperm production in the boar. Mol. Reprod. Dev. 2017, 84, 969–978. [Google Scholar] [CrossRef]

	



Mishra, R.K.; Singh, S.K. Safety assessment of Syzygium aromaticum flower bud (clove) extract with respect to testicular function in mice. Food Chem. Toxicol. 2008, 46, 3333–3338. [Google Scholar] [CrossRef]

	



Johnson, L.; Welsh, T.H.; Curley, K.O.; Johnston, C.E. 11.02—Anatomy and Physiology of the Male Reproductive System and Potential Targets of Toxicants. In Comprehensive Toxicology, 2nd ed.; McQueen, C.A., Ed.; Elsevier: Oxford, UK, 2010; pp. 5–59. [Google Scholar]

	



Li, Z.; Wang, S.; Gong, C.; Hu, Y.; Liu, J.; Wang, W.; Chen, Y.; Liao, Q.; He, B.; Huang, Y.; et al. Effects of Environmental and Pathological Hypoxia on Male Fertility. Front. Cell Dev. Biol. 2021, 9, 725933. [Google Scholar] [CrossRef] [PubMed]

	



França, L.; Avelar, G.; Almeida, F. Spermatogenesis and sperm transit through the epididymis in mammals with emphasis on pigs. Theriogenology 2005, 63, 300–318. [Google Scholar] [CrossRef] [PubMed]

	



Padhi, A.; Ghaly, M.M.; Ma, L. Testis-enriched heat shock protein A2 (HSPA2): Adaptive advantages of the birds with internal testes over the mammals with testicular descent. Sci. Rep. 2016, 6, 18770. [Google Scholar] [CrossRef] [PubMed]

	



Shahat, A.M.; Rizzoto, G.; Kastelic, J.P. Amelioration of heat stress-induced damage to testes and sperm quality. Theriogenology 2020, 158, 84–96. [Google Scholar] [CrossRef]

	



He, C.; Wang, K.; Gao, Y.; Wang, C.; Li, L.; Liao, Y.; Hu, K.; Liang, M. Roles of Noncoding RNA in Reproduction. Front. Genet. 2021, 12, 777510. [Google Scholar] [CrossRef] [PubMed]

	



Van Pelt, A.; Rooij, D. Synchronization of the Seminiferous Epithelium after Vitamin A Replacement in Vitamin A-Deficient Mice. Biol. Reprod. 1990, 43, 363–367. [Google Scholar] [CrossRef]

	



Cai, H.; Qin, D.; Peng, S. Responses and coping methods of different testicular cell types to heat stress: Overview and perspectives. Biosci. Rep. 2021, 41, BSR20210443. [Google Scholar] [CrossRef]

	



Hirano, K.; Nonami, Y.; Nakamura, Y.; Sato, T.; Sato, T.; Ishiguro, K.-I.; Ogawa, T.; Yoshida, S. Temperature sensitivity of DNA double-strand break repair underpins heat-induced meiotic failure in mouse spermatogenesis. Commun. Biol. 2022, 5, 504. [Google Scholar] [CrossRef]

	



Levitas, E.; Lunenfeld, E.; Weisz, N.; Friger, M.; Har-Vardi, I. Seasonal variations of human sperm cells among 6455 semen samples: A plausible explanation of a seasonal birth pattern. Am. J. Obstet. Gynecol. 2013, 208, 406.e1–406.e6. [Google Scholar] [CrossRef]

	



Henkel, R.; Menkveld, R.; Kleinhappl, M.; Schill, W.B. Seasonal changes in human sperm chromatin condensation. J. Assist. Reprod. Genet. 2001, 18, 371–377. [Google Scholar] [CrossRef]

	



Gruhot, T.; Gray, K.; Brown, V.; Huang, Y.; Kachman, S.D.; Spangler, M.L.; Mote, B. Genetic relationships among sperm quality traits of Duroc boars collected during the summer season. Anim. Reprod. Sci. 2019, 206, 85–92. [Google Scholar] [CrossRef] [PubMed]

	



Malama, E.; Zeron, Y.; Janett, F.; Siuda, M.; Roth, Z.; Bollwein, H. Use of computer-assisted sperm analysis and flow cytometry to detect seasonal variations of bovine semen quality. Theriogenology 2017, 87, 79–90. [Google Scholar] [CrossRef]

	



Ahmad, E.; Naseer, Z.; Uçan, U.; Serin, İ.; Ceylan, A.; Aksoy, M. Seasonal variations in sperm acrosome reaction, osmotic tolerance and serum testosterone concentrations in rams. Anim. Reprod. Sci. 2018, 198, 112–120. [Google Scholar] [CrossRef]

	



Zhang, P.; Zheng, Y.; Lv, Y.; Li, F.; Su, L.; Qin, Y.; Zeng, W. Melatonin protects the mouse testis against heat-induced damage. Mol. Hum. Reprod. 2020, 26, 65–79. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.; Wang, C.; Wang, K.; He, C.; Hu, K.; Liang, M. The effects and molecular mechanism of heat stress on spermatogenesis and the mitigation measures. Syst. Biol. Reprod. Med. 2022, 68, 331–347. [Google Scholar] [CrossRef] [PubMed]

	



Kheradmand, A.; Dezfoulian, O.; Tarrahi, M. Ghrelin attenuates heat-induced degenerative effects in the rat testis. Regul. Pept. 2011, 167, 97–104. [Google Scholar] [CrossRef] [PubMed]

	



Melo, I.; Angelo Mendes Tenorio, F.; da Silva Gomes, J.; da Silva Junior, V.; de Albuquerque Nogueira, R.; Tenorio, B. Fractal methods applied to the seminiferous lumen images can quantify testicular changes induced by heat stress. Acta Histochem. 2022, 124, 151949. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Oliveros, L.N.; Arruda, R.P.d.; Batissaco, L.; Gonzaga, V.H.G.; Nogueira, V.J.M.; Florez-Rodriguez, S.A.; Almeida, F.d.S.; Alves, M.B.R.; Pinto, S.C.C.; Nichi, M.; et al. Chronological characterization of sperm morpho-functional damage and recovery after testicular heat stress in Nellore bulls. J. Therm. Biol. 2022, 106, 103237. [Google Scholar] [CrossRef]

	



Wang, J.; Gao, W.; Deng, S.; Liu, X.; Jia, H.; Ma, W. High temperature suppressed SSC self-renewal through S phase cell cycle arrest but not apoptosis. Stem Cell Res. Ther. 2019, 10, 227. [Google Scholar] [CrossRef]

	



Zhu, Q.; Kirby, J.; Chu, C.; Gou, L. Small Noncoding RNAs in Reproduction and Infertility. Biomedicines 2021, 9, 1884. [Google Scholar] [CrossRef]

	



Ren, X.; Chen, X.; Wang, Z.; Wang, D. Is transcription in sperm stationary or dynamic? J. Reprod. Dev. 2017, 63, 439–443. [Google Scholar] [CrossRef] [PubMed]

	



Turri, F.; Capra, E.; Lazzari, B.; Cremonesi, P.; Stella, A.; Pizzi, F. A Combined Flow Cytometric Semen Analysis and miRNA Profiling as a Tool to Discriminate Between High- and Low-Fertility Bulls. Front. Vet. Sci. 2021, 8, 703101. [Google Scholar] [CrossRef] [PubMed]

	



Kawata, R.; Kagawa, T.; Koya, Y.; Kajiyama, H.; Oda, S.; Yokoi, T. Exploration of small RNA biomarkers for testicular injury in the serum exosomes of rats. Toxicology 2020, 440, 152490. [Google Scholar] [CrossRef]

	



Zhang, R.; Zuo, Y.; Cao, S. Upregulated microRNA-423-5p promotes oxidative stress through targeting glutathione S-transferase mu 1 in asthenozoospermia. Mol. Reprod. Dev. 2021, 88, 158–166. [Google Scholar] [CrossRef] [PubMed]

	



Zou, L.; Cheng, G.; Xu, C.; Liu, H.; Wang, Y.; Li, N.; Zhu, C.; Xia, W. The role of miR-128-3p through MAPK14 activation in the apoptosis of GC2 spermatocyte cell line following heat stress. Andrology 2021, 9, 665–672. [Google Scholar] [CrossRef]

	



Huang, Z.; Shi, J.; Gao, Y.; Cui, C.; Zhang, S.; Li, J.; Zhou, Y.; Cui, Q. HMDD v3.0: A database for experimentally supported human microRNA-disease associations. Nucleic Acids Res. 2019, 47, D1013–D1017. [Google Scholar] [CrossRef]

	



Ding, N.; Zhang, Y.; Huang, M.; Liu, J.; Wang, C.; Zhang, C.; Cao, J.; Zhang, Q.; Jiang, L. Circ-CREBBP inhibits sperm apoptosis via the PI3K-Akt signaling pathway by sponging miR-10384 and miR-143-3p. Commun. Biol. 2022, 5, 1339. [Google Scholar] [CrossRef]

	



Salas-Huetos, A.; Blanco, J.; Vidal, F.; Godo, A.; Grossmann, M.; Pons, M.; F-Fernández, S.; Garrido, N.; Anton, E. Spermatozoa from patients with seminal alterations exhibit a differential micro-ribonucleic acid profile. Fertil. Steril. 2015, 104, 591–601. [Google Scholar] [CrossRef]

	



Kamijo, S.; Hamatani, T.; Sasaki, H.; Suzuki, H.; Abe, A.; Inoue, O.; Iwai, M.; Ogawa, S.; Odawara, K.; Tanaka, K.; et al. MicroRNAs secreted by human preimplantation embryos and IVF outcome. Reprod. Biol. Endocrinol. 2022, 20, 130. [Google Scholar] [CrossRef]

	



Corral-Vazquez, C.; Blanco, J.; Salas-Huetos, A.; Vidal, F.; Anton, E. Normalization matters: Tracking the best strategy for sperm miRNA quantification. Mol. Hum. Reprod. 2017, 23, 45–53. [Google Scholar] [CrossRef]

	



Bizuayehu, T.; Babiak, I. Heterogenic Origin of Micro RNAs in Atlantic Salmon (Salmo salar) Seminal Plasma. Int. J. Mol. Sci. 2020, 21, 2723. [Google Scholar] [CrossRef] [PubMed]

	



Alves, M.B.R.; Arruda, R.P.d.; Batissaco, L.; Garcia-Oliveros, L.N.; Gonzaga, V.H.G.; Nogueira, V.J.M.; Almeida, F.D.S.; Pinto, S.C.C.; Andrade, G.M.; Perecin, F.; et al. Changes in miRNA levels of sperm and small extracellular vesicles of seminal plasma are associated with transient scrotal heat stress in bulls. Theriogenology 2021, 161, 26–40. [Google Scholar] [CrossRef] [PubMed]

	



Xu, B.; Chen, M.; Ji, X.; Yao, M.; Mao, Z.; Zhou, K.; Xia, Y.; Han, X.; Tang, W. Metabolomic profiles reveal key metabolic changes in heat stress-treated mouse Sertoli cells. Toxicol. Vitr. 2015, 29, 1745–1752. [Google Scholar] [CrossRef]

	



Li, B.; Fan, J.; Chen, N. A Novel Regulator of Type II Diabetes: MicroRNA-143. Trends Endocrinol. Metab. TEM 2018, 29, 380–388. [Google Scholar] [CrossRef] [PubMed]

	



Vacante, F.; Denby, L.; Sluimer, J.; Baker, A. The function of miR-143, miR-145 and the MiR-143 host gene in cardiovascular development and disease. Vasc. Pharmacol. 2019, 112, 24–30. [Google Scholar] [CrossRef]

	



Cordes, K.R.; Sheehy, N.T.; White, M.P.; Berry, E.C.; Morton, S.U.; Muth, A.N.; Lee, T.-H.; Miano, J.M.; Ivey, K.N.; Srivastava, D. miR-145 and miR-143 regulate smooth muscle cell fate and plasticity. Nature 2009, 460, 705–710. [Google Scholar] [CrossRef]

	



Ma, W.-Y.; Song, R.-J.; Xu, B.-B.; Xu, Y.; Wang, X.-X.; Sun, H.-Y.; Li, S.-N.; Liu, S.-Z.; Yu, M.-X.; Yang, F.; et al. Melatonin promotes cardiomyocyte proliferation and heart repair in mice with myocardial infarction via miR-143-3p/Yap/Ctnnd1 signaling pathway. Acta Pharmacol. Sin. 2021, 42, 921–931. [Google Scholar] [CrossRef] [PubMed]

	



Xu, D.; Jiang, J.; He, G.; Zhou, H.; Ji, C. miR-143-3p represses leukemia cell proliferation by inhibiting KAT6A expression. Anticancer Drugs 2022, 33, e662. [Google Scholar] [CrossRef]

	



Yan, X.; Chen, X.; Liang, H.; Deng, T.; Chen, W.; Zhang, S.; Liu, M.; Gao, X.; Liu, Y.; Zhao, C.; et al. miR-143 and miR-145 synergistically regulate ERBB3 to suppress cell proliferation and invasion in breast cancer. Mol. Cancer 2014, 13, 220. [Google Scholar] [CrossRef]

	



Sofikitis, N.; Giotitsas, N.; Tsounapi, P.; Baltogiannis, D.; Giannakis, D.; Pardalidis, N. Hormonal regulation of spermatogenesis and spermiogenesis. J. Steroid Biochem. Mol. Biol. 2008, 109, 323–330. [Google Scholar] [CrossRef]

	



Dimitriadis, F.; Tsiampali, C.; Chaliasos, N.; Tsounapi, P.; Takenaka, A.; Sofikitis, N. The Sertoli cell as the orchestra conductor of spermatogenesis: Spermatogenic cells dance to the tune of testosterone. Hormones 2015, 14, 479–503. [Google Scholar] [CrossRef] [PubMed]

	



Menezes, E.S.B.; Badial, P.R.; El Debaky, H.; Husna, A.U.; Ugur, M.R.; Kaya, A.; Topper, E.; Bulla, C.; Grant, K.E.; Bolden-Tiller, O.; et al. Sperm miR-15a and miR-29b are associated with bull fertility. Andrologia 2020, 52, e13412. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 08809 g001 550] 





Figure 1. Heat stress leads to reduced spermatogenesis. (A) Core body temperature and testicular temperature of mice. (B) Changes in testis and epididymis index in mice after heat stress (25 min at 43 °C). (C) Morphological characteristics of the testes and epididymis of mice on the 7th day after heat stress. (D) Hematoxylin eosin staining of testicular tissue sections in mice after heat stress. (E,F) Morphological characteristics (E) and quantity statistics (F) of sperm in mice on the 7th day after heat stress. (G) Analysis of sperm motility of mice on the 7th day after heat stress. Results are presented as “means ± SD”. n = 3. * p < 0.05. 
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Figure 2. Testicular heat stress leads to abnormal meiosis. (A) Volcanic map shows genes differentially expressed in testes of HS group and NC group. (B) The distribution of differentially expressed genes on chromosomes. (C) The heat map shows the clustering results of samples based on differentially expressed genes; the labeled mRNAs belong to high expression mRNAs (Top 500 highly expressed mRNAs). (D,E) Gene ontology (GO) analysis results of up-regulated genes (D) and down-regulated genes (E) after heat stress. (F) Gene set enrichment analysis (GSEA) of biological processes related to “meiotic”. (G) The relative expression of meiob, meioc and mael in the testis of mice after heat stress, n = 5. 
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Figure 3. Expression profile of miRNAs in heat-stressed testis. (A) Volcanic map shows miRNAs differentially expressed in testes of HS group and NC group, the labeled miRNAs belong to high expression miRNAs (top 100 highly expressed miRNAs). (B) The heat map shows the clustering results of samples based on differentially expressed miRNAs. (C) Detection of miRNA expression by RT-qPCR (top 100 highly expressed miRNAs and |log2 fold change| ≥ 1), n = 3. (D) Sequence characteristics of differentially expressed miRNAs. (E) Characteristics of seed sequences of differentially expressed miRNAs. (F) GO analysis results of target genes of differentially expressed miRNAs. 
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Figure 4. Co-expression regulatory network of miRNA–mRNA in mice testis. (A) The sankey diagram shows the co-expression network and GO analysis results of differentially expressed miRNA and mRNA after heat stress. (B) GSEA of “meiotic cell cycle”. (C) Cluster analysis of differential expression of mRNAs in “meiotic cell cycle” (red font in (B)). 
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Figure 5. Cell expression characteristics of differentially expressed miRNAs. (A,B) The heat map shows the clustering analysis results of different cell group samples based on differentially expressed mRNA (A) and miRNAs (B). (C) Clustering analysis results of different cell group samples based on miR-127-3p, miR-152-3p, miR-7-5p, miR-378a-3p, miR-92a-3p, miR-143-3p and miR-30d-5p (same as Figure 3C, top 100 highly expressed miRNAs and |log2 fold change| ≥ 1). (D,E) The scatter plot shows the results of principal component analysis (PCA) of samples from different cell groups based on differentially expressed mRNA (D) and miRNAs (E). (F,G) miRNAs related to azoospermia ((F), data from Human microRNA Disease Database (HMDD, http://www.cuilab.cn/hmdd/, accessed on 28 November 2022) and their expression (G) in heat-stressed testis, n = 3. 
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Figure 6. miR-143-3p can be used as a potential marker of testicular heat stress. (A–D) GO analysis results of target genes of miR-143-3p (A), miR-152-3p (B), miR-378a-3p (C) and miR-92a-3p (D). (E) Composition of differentially expressed miRNAs. (F,G) Correlation between the relative expression of miR-143-3p and sperm density (F) and sperm motility (G), n = 12. 
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Figure 7. miR-143-3p inhibits Sertoli cell proliferation. (A,B) EdU staining (A) and positive cell count (B) after transfection of miR-143-3p mimic into Sertoli cells (TM4 cell line), n = 3. (C) Relative expression levels of PCNA and BCL2 after transfection of miR-143-3p mimic into Sertoli cells, n = 3. (D) Correlation between the expression level of miR-143-3p and BCL2 in Sertoli cells, n = 9. (E) The expression level (RNA-seq) of PCNA and BCL2 in testis under heat stress. Results are presented as “means ± SD”, n = 3. * p < 0.05. 
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Figure 8. miRNAs that play a potentially important role in testicular heat stress injury. 
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