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Abstract: Background: Triptolide has been shown to exert various pharmacological effects on systemic autoim-
mune diseases and cancers. However, its severe toxicity, especially reproductive toxicity, prevents its widespread 

clinical use for people with fertility needs. Noncoding RNAs including lncRNAs and circRNAs are novel regulatory 
molecules that mediate a wide variety of physiological activities; they are crucial for spermatogenesis and their dys-

regulation might cause male infertility. However, whether they are involved in triptolide-induced reproductive toxic-
ity is completely unknown.  

Methods: After exposure of mice to triptolide, the total RNAs were used to investigate lncRNA/circRNA/mRNA 
expression profiles by strand-specific RNA sequencing at the transcriptome level to help uncover RNA-related 

mechanisms in triptolide-induced toxicity.  

Results: Triptolide significantly decreased testicular weight, damaged testis and sperm morphology, and reduced 

sperm motility and density. Remarkable deformities in sperm head and tail were also found in triptolide-exposed 
mice. At the transcriptome level, the triptolide-treated mice exhibited aberrant expression profiles of 

lncRNAs/circRNAs/mRNAs. Gene Ontology and pathway analyses revealed that the functions of the differentially 
expressed lncRNA targets, circRNA cognate genes, and mRNAs were closely linked to many processes involved in 

spermatogenesis. In addition, some lncRNAs/circRNAs were greatly upregulated or inducibly expressed, implying 
their potential value as candidate markers for triptolide-induced male reproductive toxicity.  

Conclusion: This study provides a preliminary database of triptolide-induced transcriptome, promotes understanding 
of the reproductive toxicity of triptolide, and highlights the need for research on increasing the medical efficacy of 

triptolide and decreasing its toxicity. 

Keywords: Triptolide, lncRNA, circRNA, RNA sequencing, spermatogenesis, male infertility. 

1. INTRODUCTION 

 Triptolide is a unique diterpene triepoxide isolated from the 
Chinese medicinal plant Tripterygium wilfordii Hook f., which is 
used to treat various rheumatological [1] and dermatological condi-
tions [2]. Recently, triptolide has been reported to exert efficient 
antitumor activity in various human cancers [3-6], and is very 
promising as a potential new anticancer drug. However, exposure to 
triptolide could result in injury of various organs in animals and 
humans [7]. It has also been reported to cause subfertility and infer-
tility by disturbing spermatogenesis and sperm function in rodents 
[8-10]. These side effects prevent its widespread clinical use for 
those with fertility needs. There is thus an urgent need to uncover 
the mechanisms underlying triptolide-induced reproductive toxicity 
and to identify measures for decreasing triptolide’s toxicity. 

 Long noncoding RNAs (lncRNAs), which are novel regulatory 
molecules of >200 bp in length, participate in most pathophysi-
ological processes and human diseases. Global genome expression 
profiles of lncRNAs have indicated that many lncRNAs are highly 
enriched and exclusively expressed in testes and/or spermatogenic 
cells [11-13]. Recent studies have also shown that functional  
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deficiency of key lncRNAs could decrease the sperm count in mice, 
and even cause male infertility in Drosophila [14, 15], suggesting 
that lncRNAs play crucial roles in spermatogenesis. lncRNAs could 
also act as indicators of stress due to environmental pollutants and 
boost our understanding of the pharmacological or toxicological 
mechanisms of drugs and toxicants [16, 17]. However, it has re-
mained unclear whether the abnormal expression and/or regulation 
of lncRNAs is involved in triptolide-induced infertility. 

 Circular RNAs (circRNAs) are the products of a unique type of 
alternative splicing, by which the 3′-end of an exon is spliced to the 
5´-end of an upstream exon [18]. The production of circRNAs is 
probably a highly regulated cell/tissue/age-type-specific process, 
and among lncRNAs, these molecules are of particular interest in 
gene regulation. They might thus become biomarkers for diseases 
of male infertility and exposure to pollutant stress [19, 20]. In a 
recent report, it was described that key circRNAs participate in 
testis development or spermatogenesis [21]. Because triptolide 
could lead to abnormal spermatogenesis, we were interested in 
whether circRNAs intervened in triptolide-induced reproductive 
toxicity. 

 Here, we explored the lncRNA/circRNA-related mechanisms of 
triptolide-induced male reproductive toxicology by investigating 
lncRNA/circRNA/mRNA expression profiles at the transcriptome 
level by strand-specific RNA sequencing.  
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2. MATERIALS AND METHODS  

2.1. Chemicals 

 Triptolide (>98% purity) was purchased from EFEBIO Co., 
Ltd. (Shanghai, China). All other chemicals obtained from local 
companies were of analytical purity. 

2.2. Animals and Treatments 

 Ten-week-old male C57BL/6J mice (body weight 25.0 ± 1.5 g) 
were obtained from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China). All mice were kept at constant 
temperature (22 ± 2 °C) and relative humidity (40%-60%) with a 
12/12-h light/dark cycle and were allowed to acclimate for 1 week 
before the experiments. The mice were divided randomly into two 
groups. The triptolide group (n = 6) was subjected to the intragas-
tric (i.g.) administration of triptolide at 50 μg/kg body weight/day. 
The control group (n = 6) was fed saline (0.9% NaCl). The mice 
were killed by cervical dislocation 35 days after treatment. Testes 
and epididymal spermatozoa were quickly isolated and harvested 
for further study. All the experiments were carried out in accor-
dance with the guidelines of the Institutional Animal Ethics Com-
mittee (IAEC) of Nanchang University (Nanchang, China). 

2.3. Sperm Functional Parameter Analysis 

 Sperm suspensions were obtained from cauda epididymis and 
then the sperm were allowed to swim out into high-saline (HS) 
solution (135 mM NaCl, 5 mM KCl, 1 mM MgSO4, 2 mM CaCl2, 
20 mM HEPES, 5 mM glucose, 10 mM lactic acid, and 1 mM Na-
pyruvate at pH 7.4 with NaOH) in a 5% CO2/air incubator (Heal 
Force, Hong Kong, China) at 37 °C for 15 min, as described previ-
ously [22]. Sperm concentration, motility, and morphology were 
analyzed in a Makler counting chamber (Sefi Medical Instruments, 
Haifa, Israel) by a computer-assisted semen analysis system 
(CASA; Hamilton Thorne, Danvers, MA, USA). At least 200 sper-
matozoa were counted for each assay. 

2.4. Histological Staining 

 The mouse testes were isolated and immediately fixed in 4% 
formaldehyde solution, embedded in paraffin, sectioned at a thick-
ness of 5 μm, and then stained with hematoxylin and eosin (H&E). 
Hepatic pathological changes were observed under a light micro-
scope (Olympus, Tokyo, Japan) at 200× magnification. 

2.5. RNA Isolation 

 Total RNAs were extracted from the testes using TaKaRa 
MiniBEST Universal RNA Extraction Kit (TaKaRa, Dalian, 
China), in accordance with the manufacturer’s protocol. The con-
centration and purity of the total RNA samples were evaluated us-
ing a NanoPhotometer (IMPLEN, Munich, Germany) with optical 
density measurements at A260/A280= 1.8 - 2.2. The integrity of RNA 
was examined using the 2100 Bioanalyzer (Agilent Corporation, 
Palo Alto, CA, USA) and by electrophoresis in 1.5% agarose gel to 
meet sequencing requirements. 

2.6. Deep Sequencing and Bioinformatic Analysis 

 After the rRNA had been depleted from total RNA using Ribo-
Zero™ rRNA Removal Kit (Illumina, San Diego, CA, USA), next-
generation sequencing library was constructed in accordance with 
the manufacturer’s protocol (NEBNext

®
 Ultra™ Directional RNA 

Library Prep Kit for Illumina
®

). Sequencing was carried out using a 
2 × 150 paired-end (PE) configuration. The sequences were proc-
essed and analyzed by GENEWIZ, Inc. (Suzhou, China). After the 
raw data produced by the Illumina HiSeq™ X Ten platform had 
been subjected to quality control tests, the clean data were aligned 
to a reference genome using the software Hisat2 (v2.0.1). Then, 
HTSeq (v0.6.1) was used to estimate gene and isoform expression 
levels from the paired-end clean data. Differential expression analy-
sis was performed using the DESeq Bioconductor package, a model 

based on negative binomial distribution. After adjustment by Ben-
jamini and Hochberg’s approach for controlling the false discovery 
rate, a P-value threshold of <0.05 for genes was set to define differ-
ential expressed ones. lncRNA-targeted genes were predicted based 
on cis and trans regulatory principles. The cis regulation by 
lncRNAs could be predicted by the software Bedtools (v2.17.0) and 
regulation in trans was analyzed via Blast (v 2.2.28+). CIRI (V2.0) 
software and CircBase were used to identify and screen the 
circRNAs, and the expression levels of circRNAs were calculated 
using spliced reads per billion mapping (SRPBM). Gene Ontology 
(GO; http://www.geneontology.org) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG; http://www.genome.jp/kegg/) path-
way analyses were applied to determine the functional roles of the 
differentially expressed lncRNA targets, cognate mRNAs of 
circRNAs, and mRNAs. GO terms and KEGG pathways with cor-
rected P-values < 0.05 were considered to be significantly associ-
ated with the differentially expressed genes. 

2.7. Quantitative Polymerase Chain Reaction (qPCR) 

 One microgram of total RNA was reverse-transcribed to cDNA 
using PrimeScript™ RT reagent kits with gDNA Eraser (TaKaRa 
Bio Inc., Otsu, Japan), in accordance with the manufacturer’s pro-
tocol. The qPCR procedure was performed with denaturation at 
98°C for 60 s, followed by 40 cycles of denaturation at 98°C for 5 
s, annealing at 58°C for 20 s, and extension at 72°C for 20 s. qPCR 
was conducted with the StepOnePlus™ Real-Time PCR System 
(Applied Biosystems, Foster City, CA, USA) using the SYBR Pre-
mix DimerEraser Kit (TaKaRa), in accordance with the manufac-
turer’s instructions. The expression level of the β-actin gene was 
used as an internal control to normalize the related gene expression 
levels. Samples were run at least three times with good reproduci-
bility. The primer sequences for the lncRNAs/circRNAs/mRNAs 
used for qPCR are shown in Table 1. All the primers were designed 
with Primer Premier 5 (Biosoft International, Palo Alto, CA, USA) 
and produced by GENEWIZ, Inc. (Suzhou, China). 

2.8. Statistical Analysis 

 The data are expressed as the mean ± Standard Error of the 
Mean (SEM). All the statistical analyses were performed using 
GraphPad Prism (GraphPad Software, San Diego, CA, USA). Com-
parisons between the control and triptolide-treated groups were per-
formed using t-tests. P < 0.05 was regarded as statistically significant 
and P < 0.01 was considered extremely statistically significant. 

3. RESULTS 

3.1. Effects of Triptolide on Testis and Sperm Morphology and 
Physiological Sperm Parameters 

 To confirm triptolide induced reproductive toxicity in vivo, 
histological changes of testes and sperm, and sperm functional  
parameters were investigated. As shown in Fig. (1A and 1B), trip-
tolide led to significant histological changes in the testis, such as a 
decrease of spermatogenetic cells, lumen shrinkage, vacuolation, 
and other morphological abnormalities. After exposure of mice to 
triptolide for 35 days, there was no significant difference in the 
body weights of mice in the two groups (Fig. 1C), the testicular 
weight decreased significantly (P < 0.05) in the triptolide group 
compared with that in the control group (Fig. 1D). In addition, there 
were remarkable increases in sperm head and tail abnormalities 
(45.75%) (Fig. 1E, 1F and 1G) and significant reductions in sperm 
motility and density after triptolide exposure (Fig. 1H and 1I). 

3.2. lncRNA, circRNA, and mRNA Expression Profiles 

 In the present study, upon comparison with the control group, 
differentially expressed lncRNAs/circRNAs/mRNAs in the testes 
were detected 35 days after the exposure of mice to triptolide. Our 
data revealed that there were 33,057 detectable lncRNAs and 
11,956 circRNAs in testes. As shown in Fig. (2), 344 lncRNAs 
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Table 1. qPCR primers of examined genes. 

Gene ID Tm(°C) Length (bp) Primers (5ʹ́→3ʹ) 

ENSMUSG00000099722(lnc1) 60 192 
F: TCCAGCTTCACCTTGTCACG  

R: ACGTCTGTTCCGTCATTCCA 

ENSMUSG00000106652(lnc2) 60 93 
F: GCACAGTGAGAGGAGCATTG  

R: GATCGGCACCTGATTGGTCT 

ENSMUSG00000105299(lnc3) 60 222 
F: GGCAACCAGAATCTAGCACT  

R: GCTGTACATTTTCCTCGGGC 

ENSMUSG00000099869(lnc4) 60 118 
F: GGAGGGCTGGGATTCACAC  

R: TCCTCCTCATGCACTTTCACA 

ENSMUSG00000021130(lnc5) 60 134 
F: GGGTTTAGTGGGGTCAGTCC  

R: AGGGTGGAAAAGAACGTCCA 

ENSMUSG00000092341(lnc6) 60 103 
F: TTCAAGGGGCCAGAGAATCC  

R: CTTCCCAATCCCCACACTGAA 

mmu_circ_0000335(cicr1) 60 146 
F: GAAGCGACCCAGTCAATCCT  

R: CATGTGAGCCTCCTCTACGC 

mmu_circ_0000947(cicr2) 60 161 
F: GTGGTGTTTGCTATGCTGGC  

R: GAGAAGACCGACCCGTTTGT 

Prm1 60 207 
F: GCTCACAGGTTGGCTGGCTCG  

R: TGGTGTATGAGCGGCGGCGA 

Prm2 60 337 
F: GAGCGCGTAGAGGACTATGG  

R: CAGACATCGACATGGAATGG 

Tnp1 60 81 
F: ACCAGCCGCAAGCTAAAGAC  

R: GCTTCCACCTCTCTTGACGC 

Tnp2 60 253 
F: CACACCAGTAACCAGTGCAAT  

R: TAGCTCTGTGAGTCCGTTTCC 

β -actin 60 154 
F: GGCTGTATTCCCCTCCATCG  

R: CCAGTTGGTAACAATGCCATGT 

 

 

Fig. (1). Effect of triptolide on testis and sperm morphology and physiological sperm parameters. The mice received either physiological saline solution (con-

trol) or administered triptolide with i.g. of 50 μg/kg Body weight/day. Mice were euthanized by cervical dislocation at 35 days after treatment. Testes and 

spermatozoa from the cauda epididymis were harvested quickly. After testis sections were stained with hematoxylin and eosin (H&E), testis morphology (A) 

(B) was observed under optical microscope. Body (C) and testicular weights (D) were measured using an electronic balance. Sperm morphology (E) (F) was 

also observed under optical microscope. Sperm abnormality rate (G) Sperm motility (H), and sperm density (I) were analyzed using a CASA system. At least 

200 spermatozoa were counted for each assay. Data are presented as the mean ± SE, (n = 6). **P < 0.01 compared with control. 
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Fig. (2). lncRNA/cicrRNA/mRNA expression profiles after triptolide exposure. The differentially expressed genes were analyzed using DEGseq software 

based on the FPKM method (≥ 2.0-fold-change with P < 0.05). The number of differentially expressed genes (A). Differentially expressed lncRNAs (B), 

cicrRNAs (C) and mRNAs (D) in testes. 

 
were upregulated and 143 were downregulated by triptolide (≥2.0-
fold change, P < 0.05). For circRNAs, 374 were upregulated and 
206 were downregulated after triptolide exposure. Simultaneously, 
2551 mRNAs were upregulated and 1,028 were downregulated by 
triptolide treatment. We speculated that these dysregulated 
lncRNAs/circRNAs/mRNAs might be good candidate markers for 
triptolide-induced male reproductive toxicity and would be worthy 
of further study. Detailed information on all of the differentially 
expressed lncRNAs/circRNAs/mRNAs is provided in Supplemen-
tary Tables S1-S3. 

3.3. GO Analysis and KEGG Pathway Analysis 

 The expression of numerous lncRNAs/circRNAs/mRNAs re-
vealed significant dysregulation after the exposure of mice to trip-
tolide for 35 days. To uncover the functions of abnormal 
lncRNAs/circRNAs/mRNAs, bioinformatic enrichment analyses of 
GO terms and KEGG pathways were performed. GO analysis 
showed that the genes with aberrant lncRNA targets are mainly 
involved in the following biological processes: genetic imprinting, 
nodal signaling pathway, regulation of bone mineralization, bio-
mineral tissue development, DNA methylation, DNA alkylation, 
and RNA metabolic and biosynthetic processes. Differentially ex-
pressed circRNA cognate genes mainly participate in post-
translational protein targeting endoplasmic reticulum membrane, 

protein localization to endoplasmic reticulum, biological regulation, 
nucleoside metabolic process, chromosome separation, chromo-
some segregation, nuclear division, and organelle fission. The sig-
nificantly enriched GO terms of the differentially expressed 
mRNAs included cellular metabolic process, chromosome organi-
zation, and DNA metabolic process (Table 2).  

 KEGG pathway analysis of the differentially expressed lncRNA 
target genes identified the main categories of apoptosis, estrogen 
signaling pathway, GnRH signaling pathway, calcium signaling 
pathway, cAMP signaling pathway, systemic lupus erythematosus, 
mismatch repair, autophagy, and PI3K-Akt signaling pathway and 
other pathways. Analysis of circRNA cognate genes showed that 
they are involved in the Fanconi anemia pathway, ubiquitin-
mediated proteolysis, and thiamine metabolism pathway. Metabolic 
process, ErbB signaling pathway, actin cytoskeleton, RNA degrada-
tion and transport, RNA degradation and transport, apoptosis, cell 
cycle, and MAPK signaling pathway were affected by triptolide 
exposure, as shown by mapping the differentially expressed mRNA 
genes to the KEGG database (Table 3). 

3.4. qPCR Confirmation  

 We randomly selected six lncRNAs and two circRNAs from the 
pool of lncRNAs/circRNAs with fold change > 2.0 and analyzed 
their expression levels by a qPCR in testes to validate the reliability 
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of our sequencing data. We also further investigated the expression 
levels of four spermatogenesis-required mRNA genes (Prm1, Prm2, 
Tnp1, and Tnp2), which were selected from 54 differentially ex-
pressed mRNAs enriched for the spermatogenesis GO term (Table 
4). As shown in Fig. (3), the qPCR results were consistent with the 
sequencing data and showed the same trend of dysregulation for 
each lncRNA/circRNA/mRNA (Fig. 3). 

4. DISCUSSION 

 In a clinical context, T. wilfordii extract has been shown to 
result in impaired fertility in men [23]. One of its active elements, 
triptolide, was found to exert a powerful sterilization effect for 
males and was tested in animal studies as a candidate male contra-
ceptive agent [10]. This has prevented triptolide from being widely 
used to treat immune system diseases and being developed as an 
anticancer drug for those who wish to have children. Therefore, in 
the present study, our aim is to explore the mechanisms of triptol-
ide-induced reproductive toxicity using mice as a model for analy-
ses at the global transcriptome level. Our results revealed that testis 
weight and morphology in the triptolide-treated group were notably 
different from those in the control group. Furthermore, sperm motil-

ity and density in the cauda epididymis were dramatically impaired 
35 days after treating mice with triptolide. Similar results were 
previously reported in triptolide-exposed rats [24]. Exposure of rats 
to triptolide from 5 to 70 days was also reported to lead to testis 
damage and impaired spermatogenesis [8, 9, 25, 26]. These findings 
suggest that triptolide-induced male infertility is rooted in de-
creased sperm production, abnormal morphology of the testis and 
sperm, and dysfunction of mature sperm, such as impaired sperm 
motility. Following triptolide withdrawal, the recovery of male 
fertility was relatively slow, suggesting that triptolide damaged not 
only germ cells in testis but also epididymal sperm [25]. 

 lncRNAs are described as working in a cis manner when their 
effects are restricted to the chromosome from which they are tran-
scribed, while they work in a trans manner when they affect genes 
on other chromosomes [27]. Based on this principle, we obtained 
23,064 lncRNA target genes and predicted their functions based on 
the GO and KEGG databases. The circRNAs can perform similar 
functions in their cognate genes because the circular and linear 
RNAs are homologous [28]. The cognate linear RNAs of differen-
tially expressed circRNAs were used to evaluate their potential 
functions by GO and KEGG analyses. The results showed that dif-

Table 2. Top 10 GO terms of differently expression genes. 

lncRNA Targets� CicrRNA Cognate Genes� mRNAs�

Genetic imprinting Posttranslational protein Cellular metabolic process 

Regulation of bone mineralization Biological regulation Macromolecule metabolic process 

DNA methylation involved in embryo development Nuclear division Macromolecule metabolic process 

Syncytium formation Chromosome separation Chromosome organization 

Bio-mineral tissue development Nuclear chromosome segregation DNA metabolic process 

Gene expression by genetic imprinting Nucleoside metabolic process Nitrogen compound metabolic  

DNA methylation/demethylation Nuclear division Aromatic compound metabolic 

Regulation of ossification Organelle fission Heterocycle metabolic process 

Nodal signaling pathway Ras protein signal transduction Macromolecule modification 

RNA biosynthetic/metabolic process Protein K63-linked ubiquitination Protein metabolic process 

 �
Table 3. Top 10 KEGG pathways of differently expression genes. 

lncRNA Targets� CicrRNA Cognate Genes� mRNAs�

Apoptosis Thiamine metabolism Metabolic process 

Estrogen signaling pathway Sulfur relay system ErbB signaling pathway 

GnRH signaling pathway Fanconi anemia pathway Actin cytoskeleton 

Calcium signaling pathway Ubiquitin mediated proteolysis RNA degradation and transport 

cAMP signaling pathway - Apoptosis 

Systemic lupus erythematosus - Systemic lupus erythematosus 

Mismatch repair - GnRH signaling pathway  

Autophagy - Ribosomal pathways 

PI3K-Akt signaling pathway - Cell cycle 

Cytokine-cytokine receptor interaction - MAPK signaling pathway 
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ferently expressed lncRNA targets/circRNA cognate genes/mRNAs 
mainly affected many spermatogenesis-related biological processes 
and pathways. 

 Previous studies have suggested that the nodal signaling path-
way [29], thiamine metabolism [30], Fanconi anemia pathway [31], 
and DNA methylation [32] are closely related to spermatogenesis. 
Our GO/KEGG analyses showed that all of the above pathways 

were disturbed by triptolide-induced differentially expressed genes 
in testes, implying that these dysregulated pathways might lead to 
aberrant spermatogenesis after triptolide exposure. In addition, our 
results indicated that triptolide could serve as a chemical stress 
factor that appears to block normal meiosis, such as chromosome 
separation, chromosome segregation, nuclear division, organelle 
fission, and chromosome organization, thereby contributing to trip-

Table 4. Dysregulated spermatogenesis related mRNAs. 

Gene ID Up/Down Gene ID Up/Down Gene ID Up/Down 

Herc2 Up Ggt1 Up Herc4 Up 

Psme4 Up Akap9 Up Tle3 Up 

Mlh1 Up Gsr Up Tex19.2 Down 

Pax5 Up Dnmt3a Up Tex19.1 Down 

Gmcl1 Up Wipf3 Up Slc22a16 Down 

Asz1 Up Ttll5 Up Adam18 Down 

Kit Up Spata5 Up Adad1 Down 

Sbf1 Up Arid4a Up Ccdc33 Down 

Adad1 Up Tbpl1 Up Tdrd7 Down 

Cdk16 Up Styx Up Txndc8 Down 

Slco4c1 Up Sod1 Up Hist1h1a Down 

Odf2 Up Adam18 Up Gal3st1 Down 

Wt1 Up Gata4 Up H2afx Down 

Bik Up Dnaja1 Up Tnp2 Down 

Arid4b Up Ggnbp1 Up Prm2 Down 

Prdx4 Up Wt1 Up Ggnbp1 Down 

Spag16 Up Ift81 Up Tnp1 Down 

Tdrd9 Up Morc1 Up Prm1 Down 

 

 

Fig. (3).  Validation of sequencing data using qPCR. Total RNA was isolated from testes after exposure of mice to triptolide for 35 days, and then qPCR was 

performed to detect the RNA expression levels. β-actin gene was used as loading control to normalize RNA expression levels. Data are expressed as the mean 

± SE (n = 3). 
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tolide’s reproductive toxicity. All of these processes are indispensa-
ble for the correct production of sperm [33, 34], but were disrupted 
by triptolide. We found that the differentially expressed mRNAs 
were particularly associated with the actin cytoskeleton as a KEGG 
pathway. Interestingly, cytoskeletal organization is extremely rig-
orously controlled and essential for the production of fertile sperm 
[35]. It can be disturbed by stress factors such as osmotic pressure 
and other chemicals, resulting in morphological defects, decreased 
sperm motility, and even aspermatogenesis [36, 37]. Similar to the 
findings from the present study, data from Wang et al. demon-
strated that triptolide induced cytoskeletal dysfunction mainly 
through the dysregulation of actin dynamics and disruption of cell-
cell adherens junctions [38]. 

 To ensure that minimum transcriptional and translational activ-
ity occurs in mature sperm, sperm RNA is discharged due to loss of 
most of the cytoplasm. As a result, the level of RNA in sperm is 
about 1% of that in somatic cells, which indicates that RNA me-
tabolism or turnover plays a considerable role in spermiogenesis 
and sperm maturation [39]. In our study, RNA metabolism-related 
GO terms (RNA metabolism and biosynthesis, RNA degradation, 
and transport) were disturbed by triptolide. It has been reported that 
triptolide is an inhibitor of RNA polymerase I and II-dependent 
transcription, leading predominantly to the downregulation of short-
lived mRNA [40], which might contribute to RNA turnover. Fur-
thermore, demethylation and de novo methylation of DNA occur 
and are well controlled during spermatogenesis; aberrant alterations 
in DNA methylation could induce abnormal male reproductive 
performance including infertility [41, 42]. Here, lncRNA targets 
that were differentially expressed due to triptolide struck a balance 
of DNA methylation levels, suggesting that an epigenetic mecha-
nism may be involved in triptolide-induced reproductive toxicity. It 
is worth mentioning that genetic imprinting was also reported to be 
affected by triptolide, which might result from changes in DNA 
methylation since DNA methylation is pivotal in the process of 
imprinting [43]. Moreover, abnormal morphological features in the 
testis, such as a decrease of spermatogenetic cells, lumen shrinkage, 
vacuolation, and a decreased number of sperm, provided evidence 
of the disruption of apoptosis, autophagy, and the cell cycle. In-
deed, it has been reported that triptolide-induced toxicity acts on 
apoptosis, autophagy, and the cell cycle [7].  

 Previous studies have reported that the cAMP/PKA pathway 
participates in the regulation of enzymes involved in estrogen syn-
thesis [44]. Our data also showed that triptolide could disturb the 
cAMP signaling pathway and reports of triptolide-induced repro-
ductive toxicity revealed that triptolide induced a reduction of cellu-
lar cAMP concentration [45, 46], indicating that disruption of the 
cAMP/PKA pathway contributed to reproductive dysfunction. Tak-
ing these findings together, many interacting pathways or biological 
processes appear to contribute in combination to the male subfertil-
ity caused by triptolide. 

 In the present study, we found the dysregulation of 54 spermato-
genesis-related mRNA genes. Many of these genes, such as Tnp1, 
Tnp2, Prm1, and Prm2, were downregulated. Spermiogenesis is the 
key step in spermatogenesis, which is strictly regulated and has been 
proposed to play a vital role in shaping the sperm head. During 
spermiogenesis, Tnp1 and Tnp2 (transition proteins) appear in step-
12 and -13 spermatids, steps in which the histones are displaced by 
these transition proteins. Mice with Tnp1 and/or Tnp2 deficiency 
were reported to exhibit teratozoospermia and subfertility, and even 
infertility [47, 48]. Our data revealed that triptolide decreased the 
expression levels of both Tnp1 and Tnp2, which might contribute to 
triptolide-induced sperm deformity, especially in chromatin conden-
sation during spermiogenesis. Next, the transition proteins are re-
placed by protamines such as Prm1 and Prm2. The presence of both 
Prm1 and Prm2 is required for proper spermatid maturation and male 
fertility [49, 50]. Here, triptolide was also shown to disturb protamine 
expression levels. Taking these findings together, the disorder of 

crosstalk among all spermatogenesis-related genes could result in 
triptolide-induced male infertility. 

CONCLUSION 

 In summary, to the best of our knowledge, our study is the first 
to obtain genome-wide lncRNA/circRNA/mRNA expression pro-
files in mice with triptolide-induced subfertility, which was 
achieved using strand-specific RNA sequencing in testes. This 
study provides a solid theoretical foundation and preliminary data-
base for further research into the molecular mechanisms by which 
lncRNAs/circRNAs play significant roles in triptolide-induced 
reproductive toxicity. Additionally, mice with triptolide-induced 
infertility might serve as a good model for revealing the functional 
noncoding RNAs involved in spermatogenesis. 
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