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Background: MicroRNAs play important roles in testicular development and spermatogen-
esis. Previous research has indicated that the level of miR-200a was significantly upregulated 
in patients with different spermatogenic impairments. However, the mechanism by which 
miR-200a regulated spermatogenic impairments remains unclear.
Methods: Leydig cells were treated with triptolide (TP) to mimic spermatogenic impair-
ments. CCK-8 and flow cytometry were used to detect the proliferation and apoptosis in 
Leydig cells, respectively. In addition, Western blot assay was used to examine ATG7, 
ATG5, p62 protein levels in MLTC-1 cells.
Results: TP dose-dependently upregulated the expression of miR-200a in MLTC-1 cells. In 
addition, TP inhibited the proliferation of MLTC-1 cells via inducing apoptosis and oxidative 
stress; however, these phenomena were notably reversed by miR-200a antagomir. 
Furthermore, luciferase reporter assay identified that ATG7 was the direct binding target of 
miR-200a. TP treatment markedly inhibited the activation of autophagy in MLTC-1 cells via 
inhibition of ATG7. Conversely, downregulation of miR-200a significantly induced autop-
hagy in TP-treated MLTC-1 cells by activation of ATG7. Meanwhile, the cell protective 
effects of miR-200a against TP were reversed by autophagy inhibitor 3MA, indicating that 
autophagy plays an important role.
Conclusion: These results indicated that downregulation of miR-200a could protect MLTC- 
1 cells against TP by inducing autophagy. Therefore, miR-200a might serve as a new 
therapeutic target for the treatment of male hypogonadism.
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Introduction
Hypogonadism is a condition characterized by testosterone deficiency and impair-
ment of spermatogenesis.1 Hypogonadism affects approximately 6% of males.2 

Male reproduction ability mainly relies on androgens, which are largely secreted 
by testicular Leydig cells.3 Testosterone is a steroid hormone, which is mainly 
produced by Leydig cells.4 Moreover, hypogonadism often leads to some comor-
bidities, such as obesity, insulin resistance (IR), type-2 diabetes mellitus (T2DM), 
and skeletal muscle wasting.5 Meanwhile, the number of Leydig cells in the adult 
human testis will reduce with increasing age.6 Therefore, improving the treatment 
of hypogonadism contributes to maintaining the sexual function of males.

Triptolide (TP) was isolated from Tripterygium wilfordii Hook F, which is 
a diterpenoid triepoxide.7 There is evidence that TP exhibits anti-tumor, 
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immunosuppressive and anti-inflammatory properties,7,8 and 
also that impairment of spermatogenesis is associated with 
longer treatment duration with TP.9 In addition, Lue et al. 
found that TP could induce infertility in the adult rats, indi-
cating that TP could increase the deformity rate of sperm.10

MicroRNAs (miRNAs) are a class of endogenous non-
coding RNA molecules with 18–22 nucleotides.11 

MiRNAs can directly bind to the 3′UTR region of its 
target genes, and regulate the expression of targeted 
genes.12 In addition, miRNAs participate in various patho-
logical processes including cell differentiation, cell survi-
val, apoptosis, and protein metabolism.13 Evidence has 
shown that some miRNAs are abundantly expressed in 
various type of male germ cells.14 Abu-Halima et al. 
found that the level of miR-200a was notably upregulated 
in patients with different spermatogenic impairments.15 

However, the mechanism by which miR-200a regulated 
spermatogenic impairments remains unclear. Hence, this 
study aimed to investigate the role of miR-200a in sper-
matogenic impairments using an in vitro cell model.

Materials and Methods
Cell Culture and Cell Transfection
The mouse leydig MLTC-1 and TM3 cell lines were 
purchased from American Type Culture Collection 
(ATCC, Rockville, MD, USA). Cells were cultured in 
complete media (DMEM medium containing 10% fetal 
bovine serum and 1% penicillin/streptomycin) and incu-
bated in an incubator with 5% CO2 at 37°C. The passage 
number of cell lines was 3.

MiR-200a agomir and miR-200a antagomir were 
obtained from GenePharma (Shanghai, China). MLTC-1 
or TM3 cells were plated into 6-well plates at a density of 
4 x 105 cells per well overnight at 37°C. Then, cells were 
transfected with miR-200a agomir or miR-200a antagomir 
for 24 h at 37°C using Lipofectamine 2000 reagent 
(Thermo Fisher Scientific, Waltham, MA, USA) according 
to the manufacturer’s instructions.

Real-Time Quantitative Polymerase Chain 
Reaction (RT-qPCR)
Total RNA was extracted using RNAiso Plus (Takara 
Biotechnology, Co. Ltd, Dalian, China) according to the 
provided protocol. Then, the PrimeScript™ RT Master 
Mix Kit (Takara Biotechnology) was used to synthesize 
complementary DNA. After that, RT-qPCR was performed 
using a SYBR Green™ Premix Ex Taq™ (Takara 

Biotechnology). The primers used were as follows: U6: 
forward, 5ʹ-CTCGCTTCGGCAGCACAT-3ʹ; reverse, 5ʹ- 
AACGCTTCACGAATTTGCGT-3ʹ. MiR-200a: forward, 
5ʹ-GGAGTTCGTATCGGCTGCGATG-3ʹ; reverse, 5ʹ- 
CGACCGTGTAATCGTCGTTGC-3ʹ. The level of miR- 
200a was normalized to that of U6.

Cell Counting Kit-8 (CCK-8)
TP (purity: 99.79%) was purchased from MedChem 
Express (Monmouth Junction, NJ, USA). TP was dis-
solved in DMSO (10 mM) first; the store solution of TP 
was diluted to the indicated concentration with DMEM. 
MLTC-1 or TM3 cells (5 x 104 cells per well) were plated 
onto 96-well plates and incubated overnight at 37°C. After 
that, cells were treated with TP (30, 90, 120 or 150 nM) 
for 24 h. Later on, cells were incubated with 10 μL CCK8 
reagent (Beyotime, Shanghai, China) at 37°C for another 2 
h. The absorbance was measured at a wavelength of 450 
nm using a microplate reader (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA). The dose of TP was calculated based 
on previous studies.16,17

Flow Cytometric Analysis
Apoptosis in MLTC-1 and in TM3 cells was detected by 
an Annexin V-FITC/PI Apoptosis Detection Kit (Sigma- 
Aldrich, St. Louis, MO, USA). Cells were washed three 
times with pre-cold PBS, and then were resuspended in 
500 μL of binding buffer. After that, cells were stained 
with 5 μL of propidium iodide (PI) and 5 μL of Annexin 
V-FITC at room temperature for 15 min in the dark. 
Subsequently, the number of annexin V-FITC-positive 
cells was determined with a FACS flow cytometer (BD 
Biosciences, Franklin Lakes, NJ, USA).

Trypan Blue Exclusion Assay
For evaluation of cell death, MLTC-1 cells were incubated 
with 0.25% trypan blue solution (Gibco, Paisley, UK). 
Subsequently, viable cells were counted using a hemacyt-
ometer (Neubauer improved, Marienfeld, Germany).

Dual-Luciferase Reporter Assay
The fragment of ATG7 3′-UTR containing the binding site 
of miR-200a was inserted into the pmirGLO dual- 
Luciferase vector, named wild-type (WT)-ATG7. The vec-
tor pmirGLO-200a-MT (mutant) was inserted by the 
ATG7-MT, which contains point mutations of the miR- 
200a seed region binding site. After that, MLTC-1 cells 
were co-transfected with WT-ATG7 or MT-ATG7 plasmid, 
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with miR-200a agomir respectively using Lipofectamine 
2000. After 48 h of incubation, the luciferase activity in 
cell lysate was detected using the Dual Luciferase 
Reporter Assay System (Promega, Madison, WI, USA) 
according to the manufacturer’s protocol.

Immunofluorescence Assay
MLTC-1 cells were fixed with PBS containing 4% parafor-
maldehyde for 1 h, and then permeabilized with 0.1% Triton 
X-100 for 30 min. After that, cells were blocked with 1% 
bovine serum albumin for 2 h, and then incubated overnight 
with an antibody against LC3B (1:100; 10 μg/mL, Abcam 
Cambridge, MA, USA) at 4°C. Later on, cells were incu-
bated with horseradish peroxidase-conjugated secondary 
antibody (1:1000, Abcam) at room temperature for 1 h, 
and then observed under a confocal microscopy (Olympus 
CX23 Tokyo, Japan). The nucleus was stained with DAPI 
for 5 min. Autophagy inhibitor 3-Methyladenine (3MA) 
was purchased from Sigma Aldrich (St. Louis, MO, USA).

ROS Analysis
Intracellular ROS levels of MLTC-1 cells were determined 
by staining of cells with 2ʹ,7ʹ-dichlorodihydrofluorescein 

diacetate (DCFH-DA; Sigma Aldrich). The fluorescence 
was detected by flow cytometry as described in previous 
studies.18,19

Western Blot Assay
Total proteins were quantified using a BCA protein assay kit 
(Beyotime Institute of Biotechnology, Beijing, China). 
Protein lysates (30 μg loading) were separated by 10% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
After that, the gels were transferred onto polyvinylidene 
difluoride (PVDF) membrane (Millipore, Billerica, MA, 
USA), followed by blocking with 5% skimmed milk in 
TBST for 1 h at room temperature. Later on, the membrane 
was incubated in primary antibodies against ATG7 (1:1000), 
p-ERK (1:1000), ERK (1:1000), ATG5 (1:1000), p62 
(1:1000), Bax (1:1000), Bcl-2 (1:1000), active caspase 3 
(1:1000), active caspase 9 (1:1000), LC3B (1:1000) and β- 
actin (1:1000) at 4°C overnight, followed by incubating with 
a secondary antibody (1:5000). Subsequently, signals were 
visualized using a KeyGEN Enhanced ECL detection kit 
(KeyGEN, Nanjing, China). All antibodies were obtained 
from Abcam (Cambridge, MA, USA). The concentration of 
primary antibodies used in Western blot was 1 μg/mL.

Figure 1 Downregulation of miR-200a attenuated TP-induced cytotoxicity in MLTC-1 cells. (A) The chemical structure of triptolide. (B) MLTC-1 cells were treated with TP 
(30, 90, 120, or 150 nM) for 24 h. CCK-8 assay was used to detect cell viability. (C) MLTC-1 cells were treated with TP (90, 120, or 150 nM) for 24 h. RT-qPCR was used to 
determine the level of miR-200a in cells. (D) MiR-200a level in MLTC-1 cells transfected with miR-200a agomir or miR-200a antagomir was analyzed by qRT-PCR. (E) MLTC- 
1 cells were transfected with miR-200a antagomir (5, 10, or 20 nM) first, and then exposed to 120 nM TP for 24 h. CCK-8 assay was used to detect the cell viability. These 
experiments were repeated three times. **P<0.01 compared with control group; ##P<0.01 compared with TP (120 nM) group. 
Abbreviations: TP, triptolide; CCK-8, Cell Counting Kit-8; NC, negative control.
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ELISA Assay
ELISA kits (Nanjing Jiancheng Bioengineering Institute, 
Jiangsu, China) were used to detect the levels of MDA, 
SOD, GSH in cell culture supernatants.

Statistical Analysis
All data were repeated in triplicate. Data are presented as the 
mean ± standard deviation (S.D.). All statistical analyses were 
performed using GraphPad Prism software (version 7.0, La 
Jolla, CA, USA). The results of CCK-8, RT-qPCR, trypan blue 
exclusion, immunofluorescence, Western blot, flow cytometry, 
ROS detection and ELISA assays were analyzed by one-way 
analysis of variance (ANOVA) followed by Tukey’s tests 
(multiple comparisons). In addition, the result of dual- 
luciferase reporter assay was analyzed by two-way ANOVA 
followed by Tukey’s tests (multiple comparisons). *P < 0.05 
was considered to be statistically significant.

Results
Downregulation of miR-200a Attenuated 
TP-Induced Cytotoxicity in Leydig Cells
To assess the effect of TP on the proliferation of MLTC-1 
cells, CCK-8 assay was used. The chemical structure of 
TP is shown in Figure 1A and CCK-8 data indicated TP 
inhibited the proliferation of MLTC-1 cells in a dose 
dependent manner (Figure 1B). In addition, the level of 
miR-200a was significantly upregulated in TP-treated cells 
(Figure 1C). As expected, miR-200a agomir markedly 
increased the level of miR-200a in MLTC-1 cells, while 
miR-200a antagomir exhibited a completely opposing 
effect (Figure 1D). Furthermore, downregulation of miR- 
200a attenuated the cytotoxicity of TP on MLTC-1 and 
TM-3 cells (Figure 1E and Supplementary Figure 1A). 
These data indicated that downregulation of miR-200a 
could attenuate TP-induced cytotoxicity in Leydig cells.

Figure 2 Downregulation of miR-200a attenuated TP-induced cell death in MLTC-1 cells. MLTC-1 cells were transfected with miR-200a antagomir (0, 5, or 10 nM) first, and 
then exposed to 120 nM TP for 24 h. (A) Apoptotic cells were measured with Annexin V and PI double staining. (B) Trypan blue staining assay was used to detect cell death. 
These experiments were repeated three times. **P<0.01 compared with control group; ##P<0.01 compared with TP (120 nM) group. 
Abbreviations: TP, triptolide; PI, propidium iodide.
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Downregulation of miR-200a Attenuated 
TP-Induced Apoptosis of Leydig Cells
To further explore the protective effect of miR-200a 
antagomir in TP-treated Leydig cells, flow cytometry 
was applied. As indicated in Figure 2A and supplemen 
tary Figure 1B, TP significantly induced apoptosis of 
Leydig cells, which was notably reversed after trans-
fection with 10 nM miR-200a antagomir. In addition, 
trypan blue staining assay indicated that downregula-
tion of miR-200a markedly blocked TP-induced cell 
death in Leydig cells (Figure 2B and supplementary 
Figure 1C). These data suggested that downregulation 
of miR-200a could attenuate TP-induced cell death in 
Leydig cells.

ATG7 Was a Direct Binding Target of 
miR-200a
The online bioinformatics tools miRDB (http://www.mirdb. 
org) and microRNA (http://www.microrna.org/microrna/ 
home.do) were used to identify the target genes of miR- 
200a. As shown in Figure 3A, miR-200a had 
a complementary sequence to ATG7. In addition, dual- 
luciferase reporter assay indicated that miR-200a agomir sup-
pressed the luciferase activity of ATG7-WT in MLTC-1 cells, 
but it did not affect the luciferase activity of ATG7-MT 
(Figure 3B). In addition, miR-200a agomir notably decreased 
the expressions of ATG7 and phosphorylation of ERK in 
MLTC-1 cells (Figure 3C–E). All these results illustrated 
that ATG7 was a direct binding target of miR-200a.

Figure 3 ATG7 was a direct binding target of miR-200a. (A) The putative binding sites of miR-200a on ATG7 and the mutated sequences are shown. (B) Luciferase activity 
in MLTC-1 cells following co-transfection with ATG7-WT/MT 3ʹ-UTR plasmid and miR-200a agomir was measured using dual luciferase reporter assay. (C) Western analysis 
of ATG7 and p-ERK protein levels in MLTC-1 cells. (D and E) The relative expressions of ATG7 and p-ERK in MLTC-1 cells were quantified by normalizing to β-actin and 
ERK. These experiments were repeated three times. **P<0.01 compared with the NC group. 
Abbreviation: NC, negative control.
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Downregulation of miR-200a Triggered 
Autophagy in TP-Treated MLTC-1 Cells
To investigate MLTC-1 cell autophagy, immunofluorescent 
assay was used. As shown in Figure 4A, TP significantly 
inhibited the formation of LC3B puncta in MLTC-1 cells, 
indicating that TP could inhibit autophagy. In contrast, 
downregulation of miR-200a increased the accumulation 
of LC3B in TP-treated MLTC-1 cells, compared with TP 
treatment group; however, that effect was abolished in the 
presence of 3MA (Figure 4A). In addition, Western blot 
data indicated that TP decreased the expressions of ATG7, 
ATG5 and LC3B II and increased the level of p62 in MLTC- 
cells, while these phenomena were reversed by miR-200a 
antagomir (Figure 4B–F). However, the inductive effect of 
miR-200a antagomir on autophagy in TP-treated MLTC-1 
cells was reversed by 3MA (Figure 4B–F). These data 

suggested that downregulation of miR-200a could trigger 
autophagy in TP-treated MLTC-1 cells.

Downregulation of miR-200a Attenuated 
TP-Induced Oxidative Stress in MLTC-1 
Cells via Inducing Autophagy
We next explored the effect of miR-200a antagomir on oxida-
tive stress in TP-treated MLTC-1 cells by detecting the rele-
vant biomarkers. As shown in Figure 5A–D, TP markedly 
increased the levels of ROS and MDA, and decreased the 
activities of SOD and GSH in MLTC-1 cells; however, these 
TP-induced changes were reversed by miR-200a antagomir.

We next investigated whether cell autophagy was 
involved in these processes. As indicated in Figure 5A–D, 
the inhibitory effects of miR-200a antagomir on oxidative 
stress in TP-treated MLTC-1 cells were significantly 

Figure 4 Downregulation of miR-200a triggered autophagy in TP-treated MLTC-1 cells. MLTC-1 cells were transfected with 10 nM miR-200a antagomir first, and then 
exposed to 120 nM TP for 24 h. Cells were treated with 5 mM 3MA prior to 12 h of the miR-200a antagomir treatment. (A) LC3B puncta were observed by 
immunofluorescence using a confocal microscope. (B) Western analysis of ATG7, ATG5, p62 and LC3B protein levels in MLTC-1 cells. (C–F) The relative expressions of 
ATG7, ATG5, p62 and LC3B in MLTC-1 cells were quantified by normalizing to β-actin. These experiments were repeated three times. **P<0.01 compared with control 
group; ##P<0.01 compared with TP (120 nM) group; ^^P<0.01 compared with TP + miR-200a antagomir group. 
Abbreviations: TP, triptolide; 3MA, 3-methyladenine.
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abolished by 3MA. These data indicated that downregula-
tion of miR-200a could attenuate TP-induced oxidative 
stress in MLTC-1 cells via inducing autophagy.

Downregulation of miR-200a Attenuated 
TP-Induced Apoptosis in MLTC-1 Cells 
via Inducing Autophagy
Since miR-200a antagomir could inhibit apoptosis and 
induce autophagy in TP-treated MLTC-1 cells, we sought 
to investigate the interaction between autophagy and apop-
tosis. As shown in Figure 6A, treatment with 3MA signifi-
cantly abolished the protective effect of miR-200a antagomir 
in TP-treated MLTC-1 cells. In addition, the inhibitory effect 

of miR-200a antagomir on apoptosis in TP-treated MLTC-1 
cells was abolished by the treatment with 3MA (Figure 6B). 
Western blot data showed the effect of miR-200a antagomir 
on the expressions of Bax, active caspase 3, active caspase 9, 
and Bcl-2 was reversed by 3MA as well (Figure 6C–G). All 
these results revealed that downregulation of miR-200a 
could attenuate TP-induced apoptosis in MLTC-1 cells via 
inducing autophagy.

Discussion
Evidence has shown that TP could result in degenerative 
changes in seminiferous tubules and epididymides and lead 
to a significant reduction in the weights of testis and 
epididymis.20 In addition, TP could induce reproductive 

Figure 5 Downregulation of miR-200a attenuated TP-induced oxidative stress in MLTC-1 cells via inducing autophagy. MLTC-1 cells were transfected with10 nM miR-200a 
antagomir first, and then exposed to 120 nM TP for 24 h. Cells were treated with 5 mM 3MA prior to 12 h of the miR-200a antagomir treatment. (A) Intracellular ROS 
generation was assessed by flow cytometry. (B–D) Levels of MDA, SOD, and GSH in cells were detected with ELISA. These experiments were repeated three times. 
**P<0.01 compared with control group; ##P<0.01 compared with TP (120 nM) group; ^^P<0.01 compared with TP + miR-200a antagomir group. 
Abbreviations: TP, triptolide; 3MA, 3-methyladenine.
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toxicity in Leydig cells via triggering apoptosis and accu-
mulation of ROS.21 Excessive amounts of ROS can result in 
lasting oxidative stress and can induce cell apoptosis.22,23 In 
addition, oxidative stress could affect normal spermatozoa 
production by impairing the steroidogenic capacity of the 
testis.22 As we know, MDA is used as an important biomar-
ker for examining oxidative stress, while SOD and GSH are 
important antioxidants.24 In this study, we found that TP 
significantly increased the levels of ROS and MDA, and 
decreased the activities of SOD and GSH in MLTC-1 cells. 
Meanwhile, TP markedly increased the expressions of Bax 
and active caspase 3 in MLTC-1 cells. These data indicated 
that TP significantly induced apoptosis and oxidative stress 
in MLTC-1 cells, which were consistent with previous 
studies.21,25 Xiong et al. found that ectopic expression of 
miR-200a significantly inhibited motility traits of sperm.26 

Our data found that downregulation of miR-200a inhibited 
apoptosis and oxidative stress in TP-treated MLTC-1 cells, 
indicating that miR-200a may play a critical role in the 
development of hypogonadism.

MiRNAs have been found to exert their functions by 
suppressing the expression of their target genes.27 Our data 

identify ATG7 as a binding target of miR-200a. ATG7 is an 
important autophagy-related protein, which could increase 
autophagy.28 Autophagy, as a self-digestion process, can 
maintain intracellular homeostasis and contribute to cell 
survival.29 In this study, miR-200a agomir significantly 
downregulated the expressions of ATG7 and phosphor- 
ERK. Gao et al. found that dysfunction of autophagy could 
reduce testosterone production in some patients with 
oligospermia.30 In addition, inhibition of autophagy could 
induce oxidative stress and reduce testosterone levels.31 In 
the current study, TP significantly inhibited autophagy in 
MTLC-1 cells via downregulation of ATG7, ATG5 and 
LC3B, which was consistent with previous research.32 

Conversely, downregulation of miR-200a increased the 
expressions of LC3B, ATG7 and ATG5, but decreased the 
expression of p62 in TP-treated Leydig cells, thereby pro-
moting cell autophagy. However, the effects of miR-200a 
antagomir were abolished by 3MA. All these data indicated 
that miR-200a antagomir could active the autophagy in TP- 
treated MTLC-1 cells by targeting ATG7. Nevertheless, it is 
possible that miR-200a regulated other targets in this setting 
and more investigations are needed in future.

Figure 6 Downregulation of miR-200a attenuated TP-induced apoptosis in MLTC-1 cells via inducing autophagy. MLTC-1 cells were transfected with 10 nM miR-200a 
antagomir first, and then exposed to 120 nM TP for 24 h. Cells were treated with 5 mM 3MA prior to 12 h of the miR-200a antagomir treatment. (A) CCK-8 assay was used 
to detect cell viability. (B) Apoptotic cells were measured with Annexin V and PI double staining. (C) Western analysis of Bax, active caspase 3, Bcl-2 and active caspase 9 
protein levels in MLTC-1 cells. (D–G) The relative expressions of Bax, active caspase 3, Bcl-2 and active caspase 9 in MLTC-1 cells were quantified by normalizing to β-actin. 
These experiments were repeated three times. **P<0.01 compared with control group; ##P<0.01 compared with TP (120 nM) group; ^^P<0.01 compared with TP + miR- 
200a antagomir group. 
Abbreviations: TP, triptolide; 3MA, 3-methyladenine; CCK-8, Cell Counting Kit-8; PI, propidium iodide.
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The cytoprotective function of autophagy can inhibit 
cell apoptosis and reduce ROS accumulation.33 Our data 
indicated that downregulation of miR-200a could protect 
Leydig cells from TP-induced apoptosis and oxidative 
stress. However, the inhibitory effects of miR-200a antag-
omir on apoptosis and oxidative stress in TP-treated 
MLTC-1 cells were reversed by the treatment with 3MA. 
These data indicated that downregulation of miR-200a 
could ameliorate apoptosis and oxidative stress in TP- 
treated MLTC-1 cells via triggering autophagy.

Male hypogonadism is the result of deficiency of the 
hormone testosterone.34 The Leydig cells are responsible 
for producing testosterone, and testosterone is critical for 
spermatogenesis.35 Thus, in the future, it is important to 
investigate whether miR-200a could affect the level of 
hormone testosterone in TP-treated MLTC-1 cells.

Conclusion
Our study demonstrates that downregulation of miR-200a 
protects against TP-induced reproductive toxicity via tar-
geting ATG7, suggesting that miR-200a might serve as new 
therapeutic target for the treatment of male hypogonadism.
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