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Abstract
The World Health Organization has recognized that testicular function is temperature dependent. Testicular heat exposure 
caused by occupational factors, lifestyle, and clinical diseases can lead to different degrees of reproductive problems. The 
aim of this study was to reveal the transcriptional regulatory network and its potential crucial roles in mediating the effects 
of testicular heat exposure. Testicular tissue was collected from a group of mice subjected to scrotal heat exposure as well as 
a control group. RNA was isolated from both groups and used for high-throughput sequencing. Using differential transcrip- 
tome expression analysis, 172 circRNAs, 279 miRNAs, 465 lncRNAs, and 2721 mRNAs were identified as significantly 
differentially expressed in mouse testicular tissue after heat exposure compared with the control group. Through Gene 
Ontology (GO) term and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses, differentially expressed 
lncRNAs and mRNAs were found to have potentially important functions in meiotic cell cycle (GO:0051321), cytoplasm 
(GO:0005737), membrane raft (GO:0045121), MAPK signaling (mmu04010), purine metabolism (mmu00230), and 
homologous recombination (mmu03440). Some of the most upregulated and downregulated lncRNAs and circRNAs were 
predicted to be associated with numerous miRNAs and mRNAs through competing endogenous RNA regulatory network 
analysis, which were validated with molecular biology experiments. This research provides high-throughput sequenc- 
ing data of a testicular heat exposure model and lays the foundation for further study on circRNAs, miRNAs,  
and lncRNAs that are involved in male reproductive diseases related to elevated testicular temperature.
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Introduction

Environment and lifestyle are currently considered to be 
related to the pathogenesis of idiopathic male infertility 
(Krzysciak et al. 2020; Marcho et al. 2020). Sperm matura-
tion requires adequate nutritional support and the absence of 
certain substances—such as essential amino acids and trace 
elements—which can lead to spermatogenesis disorders 
and reduce the fertilization ability (Lammi and Qu 2018). 
Sperm production depends on high levels of testosterone; 
many plastic products contain estrogen-like substances, such 

as bisphenol A, which can lead to decreased gonadotropin 
secretion and increase the rate of sperm deformities (Cariati  
et  al. 2019). Long-term exposure to radiation sources,  
such as computers, mobile phones, and microwave ovens, 
can affect the amount of sperm a male produces, resulting in 
decreased sperm motility and even male infertility (Santini 
et al. 2018; Jaffar et al. 2019). Nicotine in tobacco can affect 
the development of spermatogenic cells by passing through 
the blood–testosterone barrier; it can then cause DNA 
breaks in sperm and worsen sperm deformities (Mohamed 
and Abdelrahman 2019; Zhou et al. 2019). Low androgen 
levels induced by alcohol can lead to testicular atrophy and 
abnormal sperm count, morphology, and function (Horibe 
et al. 2019). Spermatogenesis is particularly sensitive to 
temperature; indeed, elevated testicular temperature (heat 
exposure) can reduce spermatogenesis and sperm motility, 
increase sperm malformation rates, and damage the testicular 
morphology (Hamilton et al. 2018; Rao et al. 2019; Shahat 
et al. 2020). In-depth studies on the etiology and mechanism 
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of idiopathic male sterility have an important guiding role in 
clinical work.

Spermatogenesis is a complex, orderly process of fine 
regulation in which spermatogonia develop into mature 
sperm through continuous mitosis, meiosis, and cell differ-
entiation (Cai et al. 2019; Dunleavy et al. 2019; Cannarella 
et al. 2020). The World Health Organization has recognized 
that normal testicular function is temperature dependent. 
In most mammals, including humans, testes are located in 
the scrotum, where the average temperature is 33.3 °C. The 
structural characteristics of the scrotum and inverse heat 
exchange mechanisms of testicular blood vessels maintain 
the relatively low temperature in the testis (Molina and 
Anderson 2018). However, scrotal temperature regulation 
is limited. When the testis is exposed to a high temperature 
for longer than the scrotal regulation range, spermatogen-
esis will inevitably be damaged, resulting in a decline in 
the concentration and vitality of sperm, an increase in the 
abnormal sperm rate, and spermatogenesis disorders (Zhang 
et al. 2018b). The effects and molecular mechanisms of heat 
stress on reproductive medicine need to be further studied.

Recent studies have demonstrated that noncoding RNA 
participates in the biological response to heat and cold stress 
(Yang et al. 2017; Quan et al. 2020; Wang et al. 2020). The 
long noncoding RNA (lncRNA) MSTRG.80946.2 par-
ticipates in fatty acid metabolism during exposure to cold 
stress by modifying the downstream signaling pathway of 
ACP1, TSPY1, and Tsn (Ji et al. 2020). lncR9A, lncR117, 
and lncR616 function as competing endogenous RNAs for 
miRNA-398 to regulate CSD1 expression during cold resist-
ance in winter wheat (Lu et al. 2020). In the summer, high 
temperatures can lead to markedly decreased concentrations 
of unsaturated fatty acids in milk from dairy cows by regu-
lating the competing endogenous signals of circular RNAs 
(circRNAs) (Wang et al. 2020). After being stimulated with 
heat stress, the chironomid Diamesa tonsa, a cold stenother-
mal insect, produces lncRNA to affect heat shock protein 
70 kDa (HSP70) protein expression by functioning as a ribo-
somal sponge to maintain a steady state of living (Bernabo 
et al. 2020). The pathological process caused by heat stress 
in human umbilical vein endothelial cells can be mediated 
by several miRNAs and their targets (Liu et al. 2017). The 
transcriptome and molecular functions of noncoding RNA 
in heat-induced injury to testicular tissue have not yet been 
reported in detail.

To investigate the roles of noncoding RNA in mediating 
the effects of testicular heat exposure, we analyzed the dif-
ferential transcriptome expression of circRNAs, miRNAs, 
lncRNAs, and mRNAs, and their molecular functional regu-
latory pathways through high-throughput sequencing, Gene 
Ontology (GO) term and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analyses, competing endog-
enous RNA regulatory networks, and molecular biology 

experiments. This research is the first that has explored the 
signaling pathways for noncoding RNA that mediate the 
effects of testicular heat exposure in a mouse model at the 
transcriptome level.

Materials and methods

Mouse testicular heat exposure model and histology

Male ICR mice were purchased from SPF (Beijing) Biotech-
nology Co., Ltd. (Beijing, China). Mice were first anesthe-
tized with 0.01 ml/g 5% chloral hydrate (Shanghai Mack-
lin Biochemical Co., Ltd., Shanghai, China), and then the 
scrotum was placed in a water bath for 25 min at 33 °C for 
the control group or 43 °C for the high-temperature group 
(Akintayo et al. 2020). Mice were sacrificed 24 h after tes-
ticular heat exposure, and the testes and epididymides were 
separated from the mouse body and used for histology and 
RNA isolation. This study was approved by the laboratory 
animal management and ethics committee of Bengbu Medi-
cal College (No. 2020024, April 3, 2020).

For histological detection, mouse testes and epididymides 
were incubated in 4% paraformaldehyde for 24 h, dehy-
drated, and embedded in paraffin. The paraffin-embedded 
tissues were cut into 5-μm sections, which were mounted 
on glass slides, dewaxed, and rehydrated. The sections were 
then stained with hematoxylin and eosin (H&E) (Service 
Biological Technology, Wuhan, China). The sections were 
dehydrated and then sealed with neutral gum. Finally, the 
slides were observed under a light microscope and photo-
graphed. This experiment was performed using three bio-
logical replicates.

RNA isolation and high‑throughput sequencing

Total RNA was extracted from the testis after heat exposure 
using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions. The integrity of 
the isolated RNA was determined by agarose electrophore-
sis, and the concentration of total RNA and potential DNA/
protein contamination were analyzed using a NanoDrop 
ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA). 
Total RNA was obtained after removing ribosomal RNA 
(rRNA) using the RiboZero Magnetic Gold Kit (Epicentre, 
an Illumina Company, Madison, WI, USA). The KAPA 
Stranded RNA-Seq Library Prep Kit (Illumina, San Diego, 
CA, USA) and the NEB Multiplex Small RNA Library Prep 
Set (Illumina) were used to generate sequencing libraries 
for circRNAs/lncRNAs/mRNAs and miRNAs, respectively. 
These libraries were sequenced using a NovaSeq 6000 (Illu-
mina) to obtain raw sequencing data. Then, the Q30 values 
and ratios of mapping for transcripts were analyzed to verify 
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the quality of raw sequencing data. This experiment was 
performed using three biological replicates.

High‑throughput sequencing data analysis

To analyze circRNA/lncRNA/mRNA transcripts, the tran-
scriptional abundance and fragments per kilobase of gene/
transcript model per million mapped fragments (FPKM) of 
gene expression levels were calculated by the StringTie and 
Ballgown software programs, respectively (Mortazavi et al. 
2008; Frazee et al. 2015; Pertea et al. 2015). miRNA lev-
els were determined by miRDeep2, and differential expres-
sion calculations for miRNA in counts per million reads 
(CPM) were obtained using the edgeR software (Robinson 
et al. 2010; Friedlander et al. 2012;). The following cut-offs 
were used to identify significantly differentially expressed 
transcripts: fold change ≥ 1.5 and p ≤ 0.05, with q ≤ 1.00 to 
correct the p value calculation. The obvious differences in 
the expression profile are displayed with a volcano plot and 
a heatmap. GO term (http:// geneo ntolo gy. org/) and KEGG 

pathway analyses (https:// www. kegg. jp/) were used to exam-
ine the molecular mechanisms involved in testicular heat 
exposure.

Quantitative real‑time PCR and western blotting.

The expression levels of circRNAs, lncRNAs, and 
mRNAs were analyzed by quantitative real-time PCR. 
In brief, the PrimeScript™ RT reagent kit (TaKaRa, 
Otsu, Japan) was used to generate complementary DNA 
(cDNA) from 500 ng of total RNA. Subsequently, the 
TB Green™ Premix Ex Taq™ II kit (TaKaRa) was 
used to determine target gene expression. The target 
gene expression level was normalized to β-actin using 
the comparative  2−ΔΔ Ct method (Yao et al. 2014). The 
sequences of primers used to amplify target genes are 
shown in Table S1; the β-actin primers were reported in  
our previous study (Hu et al. 2019b). This experiment 
was performed using three biological replicates and three  
technical replicates.

Fig. 1  Testicular heat exposure 
damages spermatogenesis. a–d 
Mouse scrota were exposed 
for 25 min to either a 33 °C 
(control group) or a 43 °C 
(high-temperature group) water 
bath. After 24 h, the testis (a 
and c) and epididymis (b and d) 
were subjected to hematoxylin 
and eosin staining to examine 
morphological changes. In the 
testis of 43 °C treatment (c), 
arrows indicate enlarged germ 
cells and arrowheads indicate 
vacuolated germ cells. In the 
epididymis of 43 °C treatment 
(d), arrows indicate pyknotic 
spermatozoa

Table 1  RNA quantification and 
quality assurance

Sample ID OD260/280 
ratio

OD260/230 
ratio

Concentra-
tion (ng/μl)

Volume (μl) Quantity (ng) QC purity 
pass or fail

33 °C-1 1.96 2.41 709.88 40 28,395.20 Pass
33 °C-2 1.97 2.35 859.54 30 25,786.20 Pass
33 °C-3 1.98 2.37 845.34 40 33,813.60 Pass
43 °C-1 1.95 2.31 1014.30 40 40,572.00 Pass
43 °C-2 1.93 2.34 818.00 40 32,720.00 Pass
43 °C-3 1.93 2.36 978.87 40 39,154.80 Pass
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The protein expression level was analyzed by western 
blotting (Liang et al. 2013). In brief, radioimmunoprecipi-
tation assay (RIPA) buffer (Millipore, Bedford, MA, USA) 
with a proteinase inhibitor cocktail (Roche, Mannheim, Ger-
many) was used to homogenize the tissue and isolate protein.  
Proteins were separated with sodium dodecyl sulfate– 
polyacrylamide gel electrophoresis (Beyotime Biotechnology,  
Beijing, China). Separated proteins were then transferred 
to nitrocellulose membranes (Beijing Labgic Technology, 
Beijing, China). Then, nitrocellulose membranes with pro-
teins were treated with an antibody against RAB7 (ABclonal 
Technology, Wuhan, China) and β-actin (ABclonal Technol-
ogy, Danvers, MA, USA). This experiment was performed 
using three biological replicates.

Competing endogenous RNA network

Any RNA transcripts (circRNAs, lncRNAs, and mRNAs) 
with miRNA binding sites can compete for and mutually 
affect the same miRNA; these species are known as compet-
ing endogenous RNAs (Salmena et al. 2011). The binding of 
targets and miRNA was predicted using TargetScan (http:// 
www. targe tscan. org/ mamm_ 31/) and miRanda (http:// www. 
micro rna. org/ micro rna/ home. do). Some of the top upregu-
lated and downregulated lncRNAs and circRNAs were veri-
fied by quantitative real-time PCR. Then, competing endog-
enous RNA regulatory networks for the confirmed lncRNAs/
circRNAs and miRNA–mRNA partners were constructed by 
the competing endogenous RNA hypothesis.

Statistical analysis

Student’s t-test was used to analyze the quantitative real-time 
PCR and high-throughput sequencing data. p < 0.05 was 

considered a statistically significant difference. Bar graphs 
present data as the mean ± standard error of the mean.

Results

Establishing a mouse testicular heat exposure 
model and transcriptome profiling

To explore the function of noncoding RNA in mediating the 
effects of testicular heat exposure, mice were first subjected 
to scrotal heat exposure for 25 min at 33 °C in the control 
group and for 25 min at 43 °C in the high temperature group 
(Fig. 1a–d). After 24 h, some spermatogenic cells in the tes-
tis of the high-temperature group were enlarged (Fig. 1c) and 
vacuolated and spermatozoa in the epididymis were pyknotic 
(Fig. 1d). Total RNA was isolated from about 0.05 g testicu-
lar tissue and assessed for RNA integrity (Fig. S1), quantity, 
and quality assurance (Table 1). A Q30 value > 80% usually 
indicates very high sequencing quality; the Q30 values for 
circRNA/lncRNA/mRNA (Table 2) and miRNA (Table 3) 
transcripts were > 90%. Furthermore, the ratios of mapping 
for circRNA, lncRNA, and mRNA transcripts were > 80% 
(Table 4), and miRNA transcripts were > 60% (Table 5), 
values that indicate good match rates. The high-throughput 
sequencing data are available from NCBI with GEO acces-
sion numbers GSE165696 for circRNAs, lncRNAs, and 
mRNAs, and GSE165697 for miRNAs.

Differentially expressed transcriptome exploration

After passing quality control, the high-throughput sequenc-
ing data were subjected to differential expression analy-
sis to compare testicular tissue from the control and 

Table 2  Statistical table of 
Q value for transcripts of 
circRNA, lncRNA, and mRNA

Sample ID Reads number Total number of base Base number (Q ≥ 30) Q30 (%)

33 °C-1 113,004,908 16,950,736,200 15,534,310,203 91.64
33 °C-2 101,845,254 15,276,788,100 14,024,002,649 91.80
33 °C-3 116,532,258 17,479,838,700 16,072,557,472 91.95
43 °C-1 102,375,830 15,356,374,500 14,094,678,623 91.78
43 °C-2 134,089,540 20,113,431,000 18,520,828,731 92.08
43 °C-3 96,619,844 14,492,976,600 13,218,412,469 91.21

Table 3  Statistical table of Q 
value for transcripts of miRNA

Sample ID Reads number Total number of base Base number (Q ≥ 30) Q30 (%)

33 °C-1 7,660,607 390,690,957 367,088,414 93.96
33 °C-2 9,581,674 488,665,374 459,260,722 96.98
33 °C-3 11,057,375 563,926,125 530,826,671 94.13
43 °C-1 8,655,505 441,430,755 414,444,169 93.89
43 °C-2 10,513,351 536,180,901 500,589,009 93.36
43 °C-3 12,174,657 620,907,507 573,330,149 92.34
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high-temperature groups. There were obvious differences 
in the circRNA (Fig. 2a, b), miRNA (Fig. 3a, b), lncRNA 
(Fig. 4 a,b), and mRNA (Fig. 5a, b) expression profiles, as 
shown with volcano plots and heatmaps. Overall, 172 circR-
NAs (91 upregulated and 81 downregulated), 279 miRNAs 
(138 upregulated and 141 downregulated), 465 lncRNAs 
(96 upregulated and 369 downregulated), and 2721 mRNAs 
(2003 upregulated and 718 downregulated) were identified  
as significantly differentially expressed in the high-temperature  
compared with the control group using the cut-offs  
of fold change ≥ 1.5 and p ≤ 0.05, with a q ≤ 1.00 cut-off 
applied to correct the p value calculation. The frequency 
distribution of the fold changes was also examined for cir-
cRNAs, miRNAs, lncRNAs, and mRNAs. A 2–five fold 
change was most common for circRNAs and miRNAs, while 
a 1.5–two fold change was most common for lncRNAs and 
mRNAs (see Table 6 [upregulated transcripts] and Table 7 
[downregulated transcripts]).

GO term and KEGG pathway analyses for mRNA

The molecular mechanisms involved in mediating the effects 
of testicular heat exposure were analyzed by GO term and 
KEGG pathway analyses. The GO terms of biological pro-
cess (BP), cellular component (CC), and molecular func-
tion (MF) for upregulated and downregulated mRNAs are 
shown in Tables S2–S7, and the top 10 terms are shown 
in Figs. 6a and 7a. The number of upregulated and down-
regulated mRNAs for the KEGG pathway analysis were 
152 and 29, respectively (Tables S8 and S9), and the top 10 
pathways are shown in Fig. 6b and 7b. Regarding upregu-
lated mRNAs, the most enriched GO terms for BP/CC/MF 
and KEGG pathways were negative regulation of cellular 
process (GO:0048523), cytoplasm (GO:0005737), amide 

binding (GO:0033218), and MAPK signaling (mmu04010) 
(Fig. 6a and b). Regarding downregulated mRNAs, the most 
enriched GO terms for BP/CC/MF and KEGG pathways 
were cell cycle (GO:0007049), microtubule cytoskeleton 
(GO:0015630), motor activity (GO:0003774), and purine 
metabolism (mmu00230) (Fig. 7a and b).

Prediction of lncRNA targets

GseaPrerank of gene set enrichment analysis was performed 
to elucidate the potential function of the target genes of the 
top 10 upregulated and downregulated lncRNAs after tes-
ticular heat exposure (Mootha et al. 2003; Subramanian 
et al. 2005). For GO term analysis, the top 10 differentially 
expressed lncRNAs have a potential function in the meiotic  
cell cycle (GO:0051321), DNA repair (GO:0006281), 
condensed chromosome kinetochore (GO:0000777), 
membrane raft (GO:0045121), DNA dependent ATPase 
activity (GO:0008094), and extracellular matrix binding 
(GO:0050840) (Figs. 8, S2,S3). For KEGG pathway analy-
sis, the top 10 differentially expressed lncRNAs were classi- 
fied into spliceosome (mmu03040), homologous recombi-
nation (mmu03440), RNA transport (mmu03013), nod-like 
receptor signaling pathway (mmu04621), and lysosome 
(mmu04142) (Fig. 9). These results suggest that the differ-
entially expressed lncRNAs mediate the effects of testicular 
heat exposure through changes in DNA metabolism.

Verification of select differentially expressed 
lncRNA and circRNA

The expression of the most upregulated and downregu-
lated lncRNAs and circRNAs based on deep-sequencing 
data were verified by quantitative real-time PCR. Of the 

Table 4  Mapping summary for 
transcripts of circRNA, lncRNA 
and mRNA

Sample ID Raw pairs Trimmed mtRNAs rRNAs Mapped Unmapped

33 °C-1 51,187,915 51,187,520 1.30% 0.18% 89.32% 10.68%
33 °C-2 67,044,770 67,043,898 1.23% 0.18% 88.86% 11.14%
33 °C-3 48,309,922 48,309,552 1.11% 0.16% 89.86% 10.14%
43 °C-1 56,502,454 56,502,186 1.02% 0.13% 85.97% 14.03%
43 °C-2 50,922,627 50,922,446 1.32% 0.22% 84.73% 15.27%
43 °C-3 58,266,129 58,255,019 1.75% 0.32% 84.72% 15.28%

Table 5  Mapping summary for 
transcripts of miRNA

Sample ID Raw reads Trimmed Mapped reads Mapped Unmapped

33 °C-1 7,660,607 7,190,937 5,973,589 83.07% 16.93%
33 °C-2 9,581,674 8,819,640 7,305,127 82.83% 17.17%
33 °C-3 11,057,375 10,321,127 8,554,328 82.88% 17.12%
43 °C-1 8,655,505 6,844,021 5,091,965 74.40% 25.60%
43 °C-2 10,513,351 7,787,060 5,280,469 67.81% 32.19%
43 °C-3 12,174,657 9,013,740 5,464,436 60.62% 39.38%
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Fig. 2  Circular RNA (circRNA) 
expression profiles. a Volcano 
plot for differentially expressed 
circRNAs. Red, gray, and 
green represent upregulated, 
not differentially expressed, 
and downregulated circRNAs, 
respectively. b Heatmap for 
differentially expressed circR-
NAs. Red and green represent 
upregulated and downregulated 
circRNAs, respectively
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Fig. 3  MicroRNA (miRNA) 
expression profile. a Volcano 
plot for differentially expressed 
miRNAs. Red, gray, and green 
represent upregulated, not dif-
ferentially expressed, and down-
regulated miRNAs, respectively. 
b Heatmap for differentially 
expressed miRNAs. Red and 
green represent upregulated 
and downregulated miRNAs, 
respectively
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Fig. 4  Long noncoding RNA 
(lncRNA) expression profile. 
a Volcano plot for differen-
tially expressed lncRNAs. 
Red, gray, and green represent 
upregulated, not differentially 
expressed, and downregulated 
lncRNAs, respectively. b Heat-
map for differentially expressed 
lncRNAs. Red and green repre-
sent upregulated and downregu-
lated lncRNAs, respectively
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Fig. 5  Messenger RNA 
(mRNA) expression profile. a 
Volcano plot for differentially 
expressed mRNAs. Red, gray, 
and green represent upregulated, 
not differentially expressed, and 
downregulated mRNAs, respec-
tively. b Heatmap for differen-
tially expressed mRNAs. Red 
and green represent upregulated 
and downregulated mRNAs, 
respectively
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12 selected differentially expressed lncRNAs (upregulated: 
AC167229.2, Gm19705, BC021767, C430049B03Rik, 
Gm13067, and Gm14221; downregulated: 4930405N21.
RIK, AC154404.1, Gm10619, Gm16976, Speer9-ps1, 
and Zfp89), only Gm14221 showed an opposite expres-
sion trend, namely upregulated based on high-throughput 
sequencing and downregulated based on quantitative real-
time PCR (Fig. 10a). The other lncRNAs showed consistent 
expression trends (Fig. 10a). The change in expression of the 
12 selected differentially expressed circRNAs (upregulated: 
Rras2, Scfd2, Lyst, Mad1l1, Bbx, Cnot6l, and Fam160b1; 
downregulated: 4932438A13Rik, Lrp1b, Phkb, Rbm33, and 
Rint1), except for Lrp1b and Rbm33, was consistent between 
high-throughput sequencing and quantitative real-time PCR 
(Fig. 10b).

Construction of a competing endogenous RNA 
regulatory network

The top three upregulated and downregulated lncRNAs 
(upregulated: Gm19705; downregulated: 4930405N21Rik 
and Speer9-ps1) and circRNAs (upregulated: Scfd2; down-
regulated: Phkb and Rint1) were used to construct the com-
peting endogenous RNA regulatory network by integrating 
the miRNA and mRNA transcriptomes using TargetScan and 
miRanda (Fig. S4). Many reproduction-related genes were 
involved in the competing endogenous RNA regulatory net-
work, such as Rab7, Tardbp, Gpx5, and Mgat1 (Fig. S4 and 
11a). Furthermore, RAB7 protein expression was inhibited 
by overexpression of miRNA-1187 (miR-1187) and rescued 
by overexpression of Gm19705, which further indicated that 
Gm19705 may serve as a competing endogenous RNA for 
miR-1187 to regulate RAB7 expression in testicular heat 
exposure (Fig. 11b). The molecular mechanisms by which 

noncoding RNA mediate the effects of testicular heat expo-
sure need to be further explored in future studies.

Discussion

In humans, the common causes of testicular temperature 
increase are occupational factors, lifestyle factors, and clini-
cal diseases (Pastuszak and Wang 2015; Baert et al. 2018; 
Shen et al. 2019). Workers in certain occupations, such as 
welders and boiler workers, are exposed to induced heat 
radiation, which causes the scrotal temperature to rise and 
results in spermatogenic problems due to long-term work in 
a high-temperature environment (Shen et al. 2019). Lifestyle 
factors, such as frequent steam baths, tight pants, and pro-
longed sitting, can increase local scrotal temperature, which 
can affect testicular spermatogenesis and lead to decreased 
fertility (Baert et al. 2018). Clinical diseases, such as vari-
cocele, cryptorchidism, and persistent fever, can lead to an 
increase in testicular temperature, germ cell apoptosis, and 
semen quality decline (Pastuszak and Wang 2015). Thus, 
various heat sources directly or indirectly lead to testicular 
temperature increase, which can negatively affect spermato-
genesis and even induce male infertility. This research was 
dedicated to explore the transcriptional regulatory network 
and its potential role in a mouse testicular heat exposure 
model on the transcriptome level. The findings have laid the 
foundation for further study of noncoding RNA and mRNA 
in male reproductive diseases related to elevated testicular 
temperature. Mouse scrota exposed to 43 °C for 25 min 
had enlarged, vacuolated spermatogenic cells in the testis 
and pyknotic spermatozoa in the epididymis. Total RNA 
was isolated from testicular tissues and prepared for high-
throughput sequencing.

Heat exposure has a cumulative effect on testicular 
injury, which is attenuated by the cooling interval after heat 
exposure (Durairajanayagam et al. 2015). Short-term heat-
stimulation-induced sperm damage can be reversible, but 
long-term heat stimulation leads to irreversible spermato-
genic damage (Zhang et al. 2018a). Studies have shown that 
the mechanism of spermatogenic cell apoptosis induced 
by high temperatures may be related to reactive oxygen 
species, nitric oxide synthase, tumor suppressor proteins, 
transfer of pro-apoptotic factor Bax from the cytoplasm to 
the nucleus, and the release of cytochrome c from mito-
chondria (Badr et al. 2018). After passing quality control, 
the high-throughput sequencing data were evaluated with 
differentially expressed transcriptome exploration, GO term 
and KEGG pathway analyses, and network regulation. Over-
all, 172 circRNAs, 279 miRNAs, 465 lncRNAs, and 2721 
mRNAs were significantly differentially expressed in the 
mouse testicular tissue after heat exposure. Furthermore, 
most circRNAs and miRNAs showed a 2–fivefold change 

Table 6  The frequency distribution of different fold change for upreg-
ulated circRNA, miRNA, lncRNA, and mRNA

Fold change (x) circRNA miRNA lncRNA mRNA

x ≥ 10 35.16% 11.59% 0 0.20%
5 ≤ x < 10 26.37% 10.14% 1.04% 1.20%
2 ≤ x < 5 36.26% 49.28% 31.25% 34.85%
1.5 ≤ x < 2 2.20% 28.99% 67.71% 63.75%

Table 7  The frequency distribution of different fold change for down-
regulated circRNA, miRNA, lncRNA, and mRNA

Fold change (x) circRNA miRNA lncRNA mRNA

x ≥ 10 27.16% 1.42% 0 0
5 ≤ x < 10 29.63% 7.09% 2.17% 0.42%
2 ≤ x < 5 37.04% 77.30% 25.47% 22.98%
1.5 ≤ x < 2 6.175 14.18% 72.36% 76.60%
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Fig. 6  Gene ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analyses of upregulated messenger RNAs 
(mRNAs). a Top 10 enriched GO terms for upregulated mRNAs. BP 

indicates biological process, CC indicates cellular component, and 
MF indicates molecular function. b Top 10 enriched KEGG pathway 
for upregulated mRNAs
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Fig. 7  Gene ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analyses of downregulated messenger 
RNAs (mRNAs). a Top 10 enriched GO terms for downregulated 

mRNAs. BP indicates biological process, CC indicates cellular com-
ponent, and MF indicates molecular function. b Top 10 enriched 
KEGG pathway for downregulated mRNAs
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in expression, while most lncRNAs and mRNAs showed a 
1.5–twofold change in expression. The GO terms cellular 
process (GO:0048523), cytoplasm (GO:0005737), amide 
binding (GO:0033218), and MAPK signaling (mmu04010) 
were enriched for the upregulated mRNAs, while cell cycle 
(GO:0007049), microtubule cytoskeleton (GO:0015630), 
motor activity (GO:0003774), and purine metabolism 
(mmu00230) were enriched for the downregulated mRNAs.

circRNAs and lncRNAs have been reported to par-
ticipate in the development of many diseases, such 
as immune disorders, nerve problems, cancer, and 

angiocardiopathy (Hu et al. 2019a; Li et al. 2020a, b; 
Yu et al. 2020). The lncRNA GAS5 suppresses T helper 
17 cells and reduces immune thrombocytopenia by 
facilitating TRAF6-induced STAT3 ubiquitination (Li 
et al. 2020b). The expression level of the circRNA hsa_
circ_0067582 is significantly decreased in human gastric 
cancer; it may serve as a potential biomarker for gastric 
cancer diagnosis (Yu et al. 2020). In the present study, 
we found that many circRNAs and lncRNAs were signifi-
cantly differentially expressed in mouse testicular tissue 
after heat exposure. GseaPrerank analysis revealed that 

Fig. 8  Biological process of Gene Ontology (GO) analysis for target genes of the top 10 upregulated (pink) and downregulated (green) lncRNAs 
was performed by GseaPrerank
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the top 10 upregulated and downregulated lncRNAs due 
to testicular heat exposure were part of various classical 
reproduction-related activities, such as the meiotic cell 
cycle (GO:0051321), DNA repair (GO:0006281), con-
densed chromosome kinetochore (GO:0000777), mem-
brane raft (GO:0045121) homologous recombination 
(mmu03440), RNA transport (mmu03013), spliceosome 

(mmu03040), and nod-like receptor signaling pathway 
(mmu04621). Many classical signaling pathways, espe-
cially DNA metabolism, are mediated by these lncRNAs 
and circRNAs to regulate the effects of testicular heat 
exposure.

Competing endogenous RNA regulatory network anal-
ysis has been widely used in high-throughput sequencing 

Fig. 9  Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis for target genes of the top 10 upregulated (pink) and downregu-
lated (green) lncRNAs was performed by GseaPrerank
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Fig. 10  Verification of the selected top differentially expressed long 
noncoding RNAs (lncRNAs) and circular RNAs (circRNAs) in deep-
sequencing data by quantitative real-time PCR.  Log2 fold change of 
43 °C/33 °C was calculated to compare the expression trend of lncR-

NAs (a) and circRNAs (b) in deep-sequencing data and real-time 
quantitative PCR. Bar graphs present the mean ± standard error of the 
mean

Fig. 11  Construction of compet-
ing endogenous RNA network. 
a The competing endogenous 
RNA regulatory network of 
upregulated lncRNA Gm19705 
was constructed by integrat-
ing microRNA (miRNA) and 
messenger RNA (mRNA) 
using TargetScan and miRanda. 
Red, blue, and green repre-
sent lncRNA, miRNAs, and 
mRNAs, respectively. b The 
lncRNA Gm19705 alleviates 
the repressive effects of miR-
1187 on RAB7 protein expres-
sion. The spermatocyte cell line 
GC-2 was transfected with the 
indicated oligonucleotides and 
plasmids, and isolated protein 
was then detected by western 
blotting
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research to identify circRNA/lncRNA–miRNA–mRNA 
signaling pathways that play important roles in physi-
ological and pathological processes (Bahari et al. 2018; 
Zhao et al. 2019; Yang et al. 2020). Our results showed 
that 465 lncRNAs and 172 circRNAs were significantly 
differentially expression in the heat-exposed testicular 
tissue compared with the control group. When verify-
ing the high-throughput sequencing results with real-
time PCR, 1 of the 12 lncRNAs and 10 of 12 circRNAs 
with the most significant differences between the groups 
showed consistent expression trends with quantitative 
real-time PCR analysis. To further explore the function 
of noncoding RNA in testicular heat exposure, some top 
upregulated and downregulated lncRNAs (Gm19705, 
4930405N21Rik, and Speer9-ps1) and circRNAs (Scfd2, 
Phkb, and Rint1) were chosen to construct a regulatory 
network. It revealed that reproduction-related genes may 
be affected by the Gm19705/Scfd2-miRNA regulatory 
network. For example, Gm19705 reversed the suppres-
sive effect of miR-1187 on RAB7 protein expression 
level. The molecular mechanisms that describe interac-
tions between circRNAs/lncRNAs and targets that regu-
late the testicular tissue after heat exposure need to be 
further studied.

In summary, high-throughput sequencing revealed  
differentially expressed circRNAs, lncRNAs, miRNAs, and 
mRNAs after testicular heat exposure. Various analyses were  
performed, namely, differentially expressed transcriptome 
exploration, GO term and KEGG pathway analyses, and 
regulatory network regulation. These findings have laid 
the foundation for further study of noncoding RNA in 
male reproductive diseases related to elevated testicular 
temperature.
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