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Abstract
Background: Silica nanoparticles (SiNPs) are found in environmental particulate matter and are proven to
have adverse effects on fertility. The relationship and underlying mechanisms between miRNAs and
apoptosis induced by SiNPs during spermatogenesis is currently ambiguous.

Experimental design: The present study was designed to investigate the role of miRNA-450b-3p in the
reproductive toxicity caused by SiNPs. In vivo, 40 male mice were randomly divided into control and
SiNPs groups, 20 per group. The mice in the SiNPs group were administrated 20 mg/kg SiNPs by tracheal
perfusion once every 5 days, for 35 days, and the control group were given the equivalent of a normal
luminal saline. In vitro, spermatocyte cells were divided into 0 and 5 μg/mL SiNPs groups, after passaged
for 30 generations, the GC-2spd cells in 5 μg/mL SiNPs groups were transfected with miRNA-450b-3p and
its mimic and inhibitor.

Results: In vivo, the results showed that SiNPs  damaged tissue structures of testis, decreased the
quantity and quality of the sperm, reduced the expression of miR-450b-3p, and increased the protein
expressions of the MTCH2, BID, BAX, Cytochrome C, Caspase-9, and Caspase-3 in the testis. In vitro,
SiNPs obviously repressed the viability and increased the LDH level and apoptosis rate, decreased the
levels of the miR-450b-3p, signi�cantly enhanced the protein expressions of the MTCH2, BID, BAX,
Cytochrome C, Caspase-9, Caspase-3; while the mimic of miR-450b-3p reversed the changes induced by
SiNPs, but inhibitor further promoted the effects induced by SiNPs.

Conclusion: The result suggested that SiNPs could induce the spermatocyte apoptosis by inhibiting the
miR-450b-3p expression to target promoting the MTCH2 resulting in activating mitochondrial apoptotic
signaling pathways in the spermatocyte cells.

Background
Silica nanoparticles (SiNPs) are found in environmental particulate matter (PM), and it is the major
inorganic component of PM2.5(1). SiNPs are also one of the most widely used in engineered
nanomaterials and listed as one of the top �ve nanomaterials in consumer products(2). The unique
physicochemical properties of SiNPs are extensively utilized in biomedical and biotechnological �elds,
such as drug delivery, gene therapy, diagnosis, and imaging(3–5). With increasing environmental
pollution and the rapid application of SiNPs, their toxicity and toxic mechanisms have raised signi�cant
concerns, which will be helpful for risk assessment.

Environmental pollution has been proven to have an adverse effect on fertility. It was reported that
atmospheric pollution was connected to the clinical and sub-clinical symbols of infertility, such as poor
sperm quality(6). Infertility remains a major clinical problem that occurs in 10 to 15% of couples
worldwide, and male factor infertility accounts for 40 to 50% of all infertility cases(7). Previous studies
have shown that SiNPs could penetrate the blood-testis barrier(8) and decrease semen quality and count
of sperm in mice(9). However, many of these studies focused on the pathways and proteins related to
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apoptosis and autophagy(10, 11), and there are relatively few studies that focus on the epigenetic
regulations of the toxic mechanisms of SiNPs on reproduction.

MicroRNAs (miRNAs) are noncoding RNAs with nearly 22-nucleotide-long(12). miRNA expression during
spermatogenesis could regulate the expressions of mRNAs in the testis(13). It was reported that miR-
34b/c and miR-449a/b/c clusters in the sperm are essential for fertilization and pre-implantation
development in vivo(14). Mir-141, miR-429, and miR-7-1-3p increased in the seminal plasma of patients
with non-obstructive azoospermia(15). SiNPs could induce apoptosis via loss of mitochondrial
membrane potential and Caspase-3 activation, while miR-98 plays a key role in modulating this
effect(16). Silica nanoparticles and MeHg co-exposure could induce expressions of miRNAs in zebra�sh
signi�cantly(17). Exposure to Silica nanoparticles also exerted altered the expression of apoptosis-
associated proteins in HaCaT cells(18). Our Previous study showed that SiNPs altered the miRNA pro�le,
and there were �ve upregulated miRNAs and ten down-regulated miRNAs in spermatocyte cells, and miR-
138 and miR-2861 were related to the death receptor pathways of apoptosis(10). However, the underlying
mechanisms behind some miRNA in SiNPs induced male reproductive toxicity are still unclear.

It was reported that mitochondrial carrier homolog 2 (MTCH2) is a mitochondrial outer membrane protein
that is essential for embryonic development(19). Recent research has shown that MTCH2 is highly
expressed in rat testis and primarily related to the apoptosis of spermatocytes(20). Based on the above
studies, the present study was designed to �rstly investigate the effects of SiNPs on the expressions of
miR-450b-3p, MTCH2 and mitochondrial apoptosis pathway in mice, further study the relationship
between the miRNA and MTCH2 and the MTCH2 role in mitochondrial apoptosis pathway of mouse
spermatocytes via transfecting mimic and inhibitor of miR-450b-3p in vitro, so as to clarify the role of
miRNA in the reproductive toxicity caused by SiNPs.

Results

Characterization of the silica nanoparticles
The shape of SiNPs was near-spherical, and the size was uniform (Fig. 1). The average diameter of the
SiNPs was 65.72 ± 7.29 nm. The SiNPs exhibited remarkable monodispersity and stability in ultrapure
water, DMEM, and saline. Our data demonstrated that SiNPs have good dispersibility in testing medium.
The characterization of SiNPs was performed, which is similar to our previous study(10). The results of
Zeta potential and surface area of the SiNPs in the ultrapure water, DMEM, and saline are shown in
Table 1.



Page 5/24

Table 1
Hydrodynamic size and zeta potential of SiNPs in different medium at different time points(Means ± S.D.)

TIME Ultrapure water DMEM medium   Saline  

Hydrodynamic

size(nm)

Zeta
potential

(mV)

Hydrodynamic

size(nm)

Zeta
potential

(mV)

Hydrodynamic

size(nm)

Zeta
potential

(mV)

0 h 79.70 ± 5.39 -34.71 ± 
6.41

72.67 ± 10.3 -20.48 ± 
1.47

75.86 ± 0.92 -36.45 ± 
4.37

6 h 81.12 ± 4.21 -33.3 ± 7.62 86.89 ± 13.1 -25.81 ± 
5.00

74.34 ± 0.69 -30.7 ± 
0.65

12 h 92.65 ± 14.99 -28.59 ± 
4.49

157.92 ± 12 -23.96 ± 
2.94

75.45 ± 1.46 -27.6 ± 
0.29

24 h 112.71 ± 
14.54

-32.20 ± 
6.46

325.07 ± 
50.37

-22.47 ± 
2.21

74.85 ± 1.13 -28.3 ± 
3.02

Changes of the quality and quantity of sperm caused by the SiNPs.

The results showed that sperm morphology in the control group is normal (Fig. 2a), while in the SiNPs
group had different morphological defects in the head, neck, and tail of the sperm (Fig. 2a). Meanwhile,
the sperm abnormalities in the SiNPs group obviously increased when compared with the control group
(p < 0.05)(Fig. 2b). The sperm motility and sperm concentrations in the SiNPs groups were signi�cantly
lower than those of the control groups (p 0.05)(Fig. 2c, d).

Effects of SiNPs on the tissue structure and spermatogenic cell apoptosis in testis

The tissue structures of testis in the control groups were normal morphology, the seminiferous tubules
with spermatogenic cells arranged regularly, the lumens were �lled with amounts of sperms; while in the
SiNPs groups, the damages of the seminiferous tubules were observed, there were the depletion and
exfoliation of spermatogenic cells and vacuolation in lumens (Fig. 3a).

The data from the TUNEL staining showed that the relative �uorescence intensity in the SiNPs group was
increased compared with their control group, which means spermatogenic cell apoptosis in lumens of
testis was obviously higher than that of control group (p 0.05)(Fig. 3b, 3c).

The protein expressions of changes of MTCH2 and mitochondrial apoptotic signaling pathway in testis

The present results showed that SiNPs signi�cantly affected the protein expressions of MTCH2 and
mitochondrial apoptotic signaling pathways in testes of mice (p 0.05)(Fig. 4). The protein expression
level of MTCH2 in the SiNPs group was higher than that of the control group (p 0.05)(Fig. 4a, b). The
protein expressions of BID, BAX, Cytochrome C, Caspase-9, and Caspase-3 in mitochondrial apoptosis
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signaling pathway in the SiNPs group signi�cantly increased when compared to control group (p 0.05)
(Fig. 4a, b).

Prediction and veri�cation of the miR-450b-3p and veri�cation of the target genes of the miR-450b-3p in
vivo and in vitro

Results from the document searching showed that the MTCH2 might be the target genes of miR-450b-3p
(Fig. 5a, Table S1). Starbase was used to predict the relationships between the miR-450b-3p and MTCH2
(Fig. 5a). We found that the combination of the mir-450b-3p and MTCH2 is 6mer and identi�ed its
binding region on the chromosome. Bottini et al. veri�ed the targeting relationship between the mir-450b-
3p and MTCH2, through the Ago-CLIP experiment(21). To verify the relationship between the miR-450b-3p
and MTCH2,we �rstly examined the levels of miR-450b-3p and MTCH2 mRNA in testis by RT-PCR. The
results showed that the levels of miR-450b-3p in the SiNPs group was lower than that of the control group
(p 0.05), while the level of MTCH2 mRNA was higher than that of the control group (p 0.05)(Fig. 5b, c).

To further verify the relationship among the miR-450b-3p, MTCH2, and mitochondrial apoptotic signaling
pathway, the mimic and inhibitor of miR-450b-3p were used in vitro via transfection. The results showed
that the level of the miR-450b-3p was downregulated after exposure of the GC-2spd to the SiNPs for 30
generations when compared to that in the control group (p 0.05)(Fig. 5d). While the inhibitor of miR-450b-
3p further decreased the expression level of miR-450b-3p, and the mimic of miR-450b-3p antagonized the
expression decrease of miR-450b-3p caused by SiNPs when compared to those in 5 µg/mL SiNPs group
(p 0.05) (Fig. 5d). Besides, there were no signi�cant differences in miR-450b-3p level among the 5 µg/mL
SiNPs group and 5 µg/mL SiNPs with two negative control groups (Fig. 5d), which means that the
solvents of mimic and inhibitor had no signi�cant effect on the levels of miR-450b-3p (Fig. 5d). The
mRNA levels of the MTCH2, BID, BAX, Cytochrome C, Caspase-9, and Caspase-3 in the SiNPs group
signi�cantly increased when compared to control group (p 0.05); while in the mimic of miR-450b-3p
group, the mRNA levels of MTCH2, BAX, Cytochrome C, Caspase-9, and Caspase-3 obviously decreased
when compared to the 5 µg/mL SiNPs group, but BID had no signi�cant difference than that in the
5 µg/mL SiNPs. In addition, the mRNA levels of MTCH2, BID, BAX, Cytochrome C, Caspase-9, and
Caspase-3 in the inhibitor of the miR-450b-3p group were higher than those in the 5 µg/mL SiNPs
(p 0.05) (Fig. 5e).

Cytotoxicity of the SiNPs on the spermatocyte cells in vitro

To determine the cytotoxicity of the SiNPs on the spermatocyte cells through modi�ed expression levels
of the miR-450b-3p, cell viability, and LDH activity were determined. The results showed that the viability
of the GC-2spd cell in the 5 µg/mL SiNPs group was lower than that in the control group (p 0.05)(Fig. 6a),
the LDH level and apoptosis rate in 5 µg/mL SiNPs group were higher than those in the control group
(p 0.05)(Fig. 6b, c d). While the mimic of the miR-450b-3p group signi�cantly reversed the decrease of
cell viability and relieved the increases of LDH level and apoptosis rate caused by SiNPs when compared
to the 5 µg/mL SiNPs group (p 0.05); but the inhibitor of the miR-450b-3p further repressed the decrease
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of cell viability, and promoted the increases of LDH level and apoptosis rate induced by SiNPs compared
to the 5 µg/mL SiNPs group (p 0.05) (Fig. 6).

Changes of protein expressions of in the MTCH2 signaling pathways in vitro

The protein expression of the MTCH2, BID, BAX, Cytochrome C, Caspase-9, and Caspase-3 were measured
by western blot analysis. In vitro, compared with the control group, the expression of the MTCH2, BID,
BAX, Cytochrome C, Caspase-9, and Caspase-3 were signi�cantly increased in the SiNPs group (p 0.05),
while the mimic of miR-450b-3p relieved the increases induced by SiNPs (p 0.05). The inhibitor of miR-
450b-3p further promoted the protein expression increases of MTCH2, BID, BAX, Caspase-9, and Caspase-
3 caused by SiNPs (p 0.05) compared to 5 µg/mL SiNPs group, while Cytochrome C has no signi�cant
change between the 5 µg/mL SiNPs group and 5 µg/mL SiNPs group with inhibitor group although there
was an increasing tendency (p 0.05)(Fig. 7a-c).

Discussion
This investigation has shown that SiNPs destroyed the histological structures of the testis, decreased
sperm numbers and motility, increased sperm malformation rates, and led to spermatogenic cell
apoptosis of the testis in mice; the results in vitro also showed that the SiNPs caused the apoptosis and a
viability decrease in the GC-2 spermatocyte line. The current results from both the in vivo and in vitro
suggested that the SiNPs exposure could affect the sperm quality and quantity by damaging the
histological structures of the testis and inducing the adverse effects on spermatogenesis. The present
results are similar to the study from Xu et al. (22), who found that SiNPs could cause reversible damages
to the sperms and testicular structures. The apoptosis of the sperm cells induced by the SiNPs was also
previously reported by Özgür ME(16, 23).

To further explore the mechanisms of reproduction toxicity induced by SiNPs, we measured the protein
expressions of the MTCH2 mitochondrial apoptosis signaling pathway in the testicular tissues of mice.
The results showed that the SiNPs signi�cantly increased the protein expression of the MTCH2, BID, BAX,
Cytochrome C, Caspase-9, and Caspase-3, which suggested that the SiNPs activated the MTCH2 and
mitochondrial apoptosis signaling pathway in vivo. MTCH2, a mitochondrial outer membrane protein(24),
was mostly related to the apoptosis of spermatocytes(20). It was reported that MTCH2 could facilitate
the recruitment of the truncated BID to mitochondria(24). BID could indirectly activate BAX/BAK and thus
allowing them to undergo unimpeded, spontaneous activation in the mitochondrial outer membrane,
leading to apoptosis initiation(25). Studies have suggested that, when activated, Bak and Bax, create
discontinuity or pores in the outer mitochondrial membrane, to mediate the release of Cytochrome C(26).
Caspase-9 is a vital apoptosis initiator, while Caspase-3 is an apoptosis executioner(27). Therefore, SiNPs
could activate the MTCH2-mediating the mitochondrial signaling pathway and therefore lead to
apoptosis of the spermatocyte.

miRNAs play a crucial role in SiNPs -induced male reproduction toxicity. A previous study from Xu et al.
showed that miR-98 exerts an important role in the apoptosis of germ cells caused by SiNPs(16). Our
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previous study found that SiNPs could change the miRNA pro�le of the spermatocytes exposed to the
SiNPs for 30 generations and lead to the expression changes of 15 miRNAs, including 5 upregulated
miRNAs and 10 downregulated miRNAs. Among the 15 miRNAs, the expressions of the miRNA-450b-3p
were downregulated(10). The miRNA database prediction tool Starbase was used to predict the
relationships between the miR-450b-3p and MTCH2(21, 28), which showed that the target gene of the
miR-450-3p is MTCH2. The present results showed that the MTCH2 could mediate the mitochondrial
apoptosis pathway of the spermatocytes. The above results indicated that the effects of the SiNPs on
reproduction toxicity might be induced by miRNA and that miRNA-450b-3p might play an important role
in the apoptosis of the spermatocytes via the mitochondrial apoptosis pathway. Therefore, the miRNA-
450b-3p was chosen for further investigation of its functions in the toxicity of the spermatocytes caused
by SiNPs.

The GC-2 spermatocyte cells were transfected for studying the function of the miRNA-450b-3p in these
cells after exposure to the SiNPs. The present results showed that SiNPs downregulated the expression of
the miR-450b-3p both in vivo and in vitro, and upregulated the mRNA and protein expression levels of the
MTCH2, BID, BAX, Cytochrome C, Caspase-9, and Caspase-3 in the GC-2spd cells. In contrast, mimic of
the miR-450b-3p upregulated the expression of the miR-450b-3p, and signi�cantly antagonized the
upregulated levels of the mRNA and protein expression in the MTCH2, BID, BAX, Cytochrome C, Caspase-
9, and Caspase-3, and relieved both the decrease of the viability and the increase of the apoptosis in the
GC-2spd cells induced by the SiNPs. Conversely, inhibition of the miR-450b-3p further downregulated the
expression of the miR-450b-3p, and upregulated the mRNA and protein expression levels of the MTCH2,
BID, BAX, Cytochrome C, Caspase-9, and Caspase-3, and further decreased the cellular viability and
increased the apoptosis of the GC-2spd cells when compared with the levels induced by SiNPs. The
results indicated that the SiNPs could induce the apoptosis of the spermatocyte cells by inhibiting the
expression of the miR-450b-3p to target improving MTCH2 expression resulting in the activation of the
mitochondrial apoptosis pathway. This investigation had, for the �rst time, focused on the effects of
SiNPs on male reproductive toxicity by verifying the relationship between the miR-450-3p and MTCH2 in
the spermatocyte cells. Poorly studies have reported the expression of miR-450b-3p and the relationship
among miR-450b-3p, MTCH2, and apoptosis. Zhao et al. found that miR-450b-3p could inhibit cell
proliferation by targeting HER3(29). Arigoni found that miR-135b could control cancer cell growth by
targeting MTCH2(30). Li et al. (31) demonstrated that miR-125b-2 regulated testosterone secretions by
targeting Papolb, and increased the DNA copy number of sperm mitochondria to in�uence the semen
quality. In male mice, miR-34b/c and − 449a/b/c led to sperm aggregation and agglutination, luminal
obstruction, and sperm granulomas in male mice(32). In Sertoli cells, the miR-202-3p controls the
apoptosis via targeting LRP6 and Cyclin D1 of the Wnt/β-catenin signaling pathway(33). Humans found
that several kinds of environmental chemicals, including SiNPs, could alter the expressions of
miRNAs(34–36). Xu et al. found that SiNPs could affect the expression of mir-98 in GC-2, and mir-98
regulated the expression of the Caspase-3 in GC-2(16). The results showed that the toxicity of the SiNPs
on the reproductive function might be induced by miRNA.
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Moreover, miRNAs are thought to be functionally important in regulating apoptosis. Their abnormal
expression could alter the expression in target genes. miR-450b-3p exists in abundance in the testis in
mice. Therefore, miRNA-450b-3p might be considered as the biomarker of the SiNPs-induced apoptosis of
the spermatocyte cells, as determined by the mitochondrial signaling pathways in this investigation,
which may be useful for the early detection and early warning of the reproductive toxicity of SiNPs.

Conclusion
SiNPs reduced the expressions of miR-450b-3p, increased the protein expressions of the MTCH2, BID,
BAX, Cytochrome C, Caspase-9, and Caspase-3 in testis and GC-2spd cell in vitro, while the mimic of miR-
450b-3p reversed the changes induced by SiNPs, but inhibitor further promoted the effects induced by
SiNPs. The results suggested that miR-450b-3p could target and regulate the expression of MTCH2,
SiNPs induce the spermatocyte apoptosis by inhibiting the expression of the miR-450b-3p to target
promoting the expression of MTCH2, thereby resulting in activating the mitochondrial apoptosis signaling
pathways of the spermatocyte cells. This suggested that miR-450b-3p might play important roles in the
apoptosis of spermatogenic cells via MTCH2-mediating the mitochondrial signaling pathways induced
by the SiNPs. The miRNA-450-3p might be considered as the biomarker for male reproductive toxicity
induced by SiNPs.

Methods
Animals and treatment

Forty-�ve-week-old clean grade male ICR mice whose weights ranged from 20-22g were obtained from
Vital River Laboratory Animal Technology Co. Ltd (Beijing, China). The mice put into standard plastic
boxes (26 cm ×15 cm ×15 cm), 5 mice per box, with hygienic laboratory conditions at 20 ± 2 ℃ with a 12
h photoperiod and relative humidity of 60 ± 10%, with a 12:12 hour light/dark cycle. Animals were fed
pellets food and water ad libitum, following the procedures of the Animal Experiments and Experimental
Animal Welfare Committee of Capital Medical University (ethical review number: AEEI-2019-003).

After adapting to the lab conditions for one week, 40 healthy adult male mice were randomly divided into
either a saline control group or SiNPs group and there were 20 mice per group. The mice in the SiNPs
group were administrated with 20mg/kg SiNPs by tracheal perfusion once every 5 days for a total of 35
days. The dosage of 20 mg/kg was based on previous studies of acute toxicity studies(22). The mice in
the saline control group were given equivalently volumes of normal saline. After 35 days, the mice were
sacri�ced using tribromoethanol anesthesia, and the blood, testis, and epididymides collected from each
animal for analysis. After 1 h at room temperature, the blood samples were centrifuged for 15 min at
3000 rpm (Eppendorf, 5415D, USA), then the serum samples were amassed and stored at -80℃ for future
analysis, one side of the testis was �xed for the histopathological experiment, and the other side was
stored at -80℃ and liquid nitrogen.



Page 10/24

Determination of the SiNPs characterization

The con�guration of the SiNPs was veri�ed using the transmission electron microscope (TEM) (JEOL
JEM 2100, Japan), and their hydrodynamic size and zeta potential of SiNPs were detected in distilled
water, saline, and Dulbecco’s modi�ed eagle’s medium (DMEM) using a Zetasizer (Nano ZS90; Malvern,
UK). Before addition of the SiNPs to the culture medium, a sonicator (160 W, 20 kHz, 5 min) (Bioruptor
UDC-200, Belgium) was used to suspend SiNPs to minimize their aggregation.

Analysis of the sperm quality and quantity

Sperms were extracted from the epididymides and immediately incubated in Dulbecco’s Modified Eagle
Medium (2 mL) at 37 ℃ for 5 min, then their concentrations and motility were measured using semen
analyzer (Hamilton Thorne IVOS-II; Hamilton Thorne Research, Beverly, MA, USA). A smear of the sperm
suspension was made on the glass. To determine the sperm deformation, the number 1000 sperms under
a high magnification microscope (Olympus BX53, Japan) by counting. Sperm were scored as normal or
abnormal using the Kruger strict criteria. Sperm morphology was observed and imaged under a light
microscope (Olympus BX53, Japan).

The sperm abnormality=The abnormality sperm number/1,000×100%

Histopathological analysis of the testis

After animals were sacrificed with tribromoethanol anesthesia, the testis from a side of the mice in all
groups were fixed in 4 % paraformaldehyde, embedded in paraffin blocks, sectioned and stained with
hematoxylin and eosin (HE) for histological examination. The testis sections were observed using the
Qupath (The University of Edinburgh, Scotland) software.

Detection of spermatozoa cell apoptosis in the testis

Cell apoptosis in the testis was analyzed using the method of terminal deoxyribonucleotide transferase-
mediated nick end labeling (TUNEL). Each group of testis sections were stained using the TUNEL assay
kit (KeyGen, Nanjing, China). In apoptotic cells, Biotin-labeled dUTP could be linked to the 3′-OH end of the
DNA fragments with the TdT enzyme. Fluorescence microscopy can detect �uorescein-isothiocyanate
(FITC), which the labeled streptavidin binds to biotin during the biotin-streptavidin ampli�cation. The
testis sections were �rst dewaxed, and then the sections were dealt with Proteinase-K working �uid for
permeabilization and then reacted with the TdT working solution (mixture of dUTP and the TdT-enzyme).
The testis sections were stained with streptavidin �uorescein; meanwhile, the nucleus were stained by
DAPI (ThermoFisher, USA). The testis sections of each group were imaged using laser scanning confocal
microscopy (A1R HD25, Nikon, Japan). Ten visual �elds from each group were selected randomly to
examine the relative �uorescence intensity and count the number of TUNEL-positive cells per tubule. The
relative �uorescence intensity was analyzed using ImageJ software (National Institutes of Health,
Bethesda, MD, USA).
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Protein expressions detection of MTCH2 and apoptotic signaling pathway in the testis

To expound the in�uence of the SiNPs on the expression of the cellular factors involved in the MTCH2
and apoptotic signaling pathway, the protein levels of MTCH2, BID, BAX, Cytochrome C, Caspase-9, and
Caspase-3 in the testis were determined with western blot analysis.

The total protein of the testis tissues was extracted using a bicinchoninic acid (BCA) protein assay. Equal
amounts of lysate proteins (40 μg per testis tissue) were electrophoresed in SDS-polyacrylamide gels
(12% separation gels) and transferred to nitrocellulose membranes (Millipore, USA). After being blocked
with 5% bovine serum albumin (BSA) (Epsilon, USA) and being dissolved in Tris-buffered saline (TBS)
containing 0.05% Tween-20 (TBST) for 1 h at room temperature, the membranes were incubated with
rabbit polyclonal antibodies of MTCH2 (1:500, Abcam, UK), BID (1:1000, proteintech, USA), BAX,
Cytochrome C, Caspase-9, and Caspase-3 (1:1000, CST, USA) overnight at 4 ℃, Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (1:1000, CST, USA) was used as an internal control. The membranes
were then washed with TBST and incubated with �uorescent anti-rabbit Ig G secondary antibody (Amyjet,
China) for 1 h at room temperature. After washing with TBST three times, the antibody-bound proteins
were detected with Li- Cor Odyssey system (Li-Cor Biosciences). The densitometric values of the protein
bands were analyzed using Image Studio Lite Software (Li-Cor Biosciences).

Cell cultures and experimental design

Primary mouse spermatocyte cells (GC-2spd) were purchased from Guangzhou Jennio Biotech Company
Limited. The cells were cultivated in Dulbecco's Modi�ed Eagle's Medium (DMEM) (Genview, USA)
furnished with 10 %fetal bovine serum (Gibco, USA), 100 mg/mL streptomycin, 100 U/mL penicillin, and
cultured at 37 ℃ in a 5 % CO2 humidi�ed environment. The cells were seeded into 10-cm (diameter)

dishes at a density of 1 × 105 cells/mL. The spermatocyte cells were divided into two groups, those with 0
mg/mL SiNPs and those with 5 mg/mL SiNPs and the cells in each group were serially passaged for 30
generations. At each generation, the cells in the 5 mg/mL SiNPs group were exposed to SiNPs in a culture
medium for 24 h after cell attachment, and the cells in the 0 mg/mL SiNPs group were exposed to an
equivalent volume of culture medium without the SiNPs. To evaluate the function of the key miRNAs
associated with apoptosis, the spermatocyte cells were transfected with mimic and inhibitor. The mimic
can increase the activity of the miRNAs, whereas the inhibitor can restrain its activity. The transfection
experiment of the mimic and inhibitor involved 6 groups: control group, SiNPs group, mimic transfection
group, mimic negative control group, inhibitor transfection group, and inhibitor negative control group.
The mimic and inhibitor were synthesized by Sangon Biotech Company, Ltd, Shanghai. Each group had
three replicate wells. All experiments were carried out at least three times.

Prediction of target genes of the miRNA

Data about the prediction of the target genes of the miRNA were obtained from MiRWalk
(https://www.umm.uni-heidelberg.de/apps/ zmf/mirwalk),RNA22 (https://cm.jefferson.edu/rna/22), RNA-
hybrid (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/), Micro T (http://diana.imis.athena-
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innovation.gr/DianaTools/index.php?r=microT_CDS/index), miRMap (https://mirmap.ezlab.org/), and
PITA (https://genie.weizmann.ac.il/pubs/mir07/), RNAhybrid (http://alk.ibms.sinica.edu.tw/cgi-
bin/RNAhybrid/RNAhybrid.cgi ) from CapitalBio Technology Corporation (Beijing, China). Starbase
(http://starbase.sysu.edu.cn./) was then used to verify the target genes of the miRNA.

Transfection

Spermatocyte cells in the 5μg/mL group were transfected with four groups of the vectors: miRNA-450b-
3p mimic group, mimic negative control group, inhibitor group, and inhibitor negative control group. The
mimic of the miRNA-450b-3p (AUUGGGAACAUUUUGCAUGCAU), the mimic of the negative control of
miRNA-450b-3p (GGAUAUUCAAGUGAUCUCAUGU), the inhibitor of miRNA-450b-3p
(AUGCAUGCAAAAUGUUCCCAAU), and the inhibitor of the negative control of miRNA-450b-3p
(CAGUACUUUUGUGUAGUACAA) were devised and synthesized by Sangon Biotech Company. Ltd
(Shanghai). After exposure to the SiNPs for 30 generations, cells at a density of 1 × 105 were allowed to
adhere to a six-hole plate for 24 h. After the cells were washed thrice with PBS, they were cultured in 1750
μL DMEM for transfection. The 117.5 μL of the Opti-MEM (Gibco, USA) and 7.5 μL of the mimic, mimic
negative control, inhibitor, and inhibitor negative control were �rst mixed for 5 min, respectively, and 117.5
μL of the Opti-MEM and 7.5 μL of the EndoFectinTM-MAX transfection array (GeneCopocia, Inc.,
Guangzhou, China) were mixed for 5 min. The two mixed solutions described above, were again mixed
together for 20 min. Then the cells were cultured for 24 h, and �nally, the cells were collected for
detection.

Detection of the expression levels of the miRNA and mRNA

The total RNA was extracted from the GC-2spd cells and testis by the Trizol method according to the
manufacturer's instructions (Trizol; Applygen Technologies Inc., Beijing, China). RT-PCR of the miRNA was
conducted using the All-in-OneTM miRNA qRT-PCR Detection Kit (GeneCopocia, Inc., Guangzhou, China).
The RT-PCR of the mRNA was conducted using a RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scienti�c, USA) and KAPA SYBRR FAST Universal qPCR Kit (Kapa Biosystems, USA), separately. U6
and GAPDH were regarded as the references. The relative expression levels of the miRNA and mRNA were
represented as 2(-△△Ct).

Detection of cell viability and lactate dehydrogenase

After being exposed to 5μg/mL of SiNPs for 30 generations, the GC-2spd cells were seeded into 96 wells
at a density of 7000 cells per well. Then, the mimic, mimic NC, inhibitor, and inhibitor NC of the miRNA-
450b-3p were transfected for 24 h. After culturing for 24 h, 10 mL of Cell Counting Kit-8(CCK8) (Dojindo,
Japan)was added to the cells, and then, they were incubated for 4 h. The absorbance was detected at
450nm using a microplate reader (Thermo Multiskan MK3, USA). In order to indicate whether the cell
membrane was damaged, lactate dehydrogenase (LDH) leakages were detected using the LDH Kit
(KeyGEN BioTECH, Nanjing, China), as its instructions. After GC-2spd cells were transfected, we assessed
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the supernatants by detecting their absorbance at 440nm using a microplate reader (Thermo Multiskan
MK3, USA).

Detection of the GC-2spd cells apoptosis in testis

After being exposed to 5μg/mL of SiNPs for 30 generations, the GC-2spd cells were seeded into 6 wells at
a density of 1 × 105 cells per well. Then, we transfected the mimic, mimic NC, inhibitor, and inhibitor NC of
the miRNA-450b-3p for 24 h. Using the PBS washing GC-2spd cells for three times and then centrifuging
the cells at 1500 rpm for 5 min and then they were suspended in 500 μL of binding buffer. There was 5 μL
Annexin V-FITC and 5 μL PI added to the cells in the dark. Analysis apoptosis of the cells by �ow
cytometry.

Protein expression analysis of MTCH2 and apoptotic signaling pathway in the GC-2spd cells in vitro

To expound the in�uence of the SiNPs and the miRNA-450b-3p on the expression of the cellular factors
involved in the MTCH2 and apoptotic signaling pathway, the protein levels of the MTCH2, BID, BAX,
Cytochrome C, Caspase-9, and Caspase-3 in GC-2spd cells were determined through western blot
analysis.

After transfect of the mimic, mimic NC, inhibitor, and inhibitor NC of the miRNA-450b-3p, the proteins in
the GC-2spd cells were extracted and quanti�ed using a bicinchoninic acid (BCA) protein assay (Dingguo
Biotechnology, China). The equal amount of lysate proteins (20 μg per cells group) were electrophoresed
in SDS-polyacrylamide gels (12 % separation gels) and transferred to nitrocellulose membranes
(Millipore, USA). After being blocked with 5% bovine serum albumin (BSA) (Epsilon, USA) and being
dissolved in Tris-buffered saline (TBS) containing 0.05% Tween-20 (TBST) for 1 h at room temperature,
the membranes were incubated with rabbit polyclonal antibodies of MTCH2 (1:500, Abcam, UK), BID
(1:1000, proteintech, USA), BAX, Cytochrome C, Caspase-9, and Caspase-3 (1:1000, CST, USA) overnight
at 4 ℃, rabbit-anti-β-Actin (1: 1000; Santa Cruz, USA) was used as an internal control. The membranes
were then washed with TBST and incubated with �uorescent anti-rabbit Ig G secondary antibody (Amyjet,
China) for 1 h at room temperature. After washing with TBST three times, the antibody-bound proteins
were detected with Li- Cor Odyssey system (Li-Cor Biosciences). The densitometric values of the protein
bands were analyzed using Image Studio Lite Software (Li-Cor Biosciences).

Statistical analysis

All the experimental data were analyzed by using the SPSS 17.0 software. Independent-sample t tests
was used to analyze the data in the experiments. The values of p < 0.05 was considered as statistically
signi�cant. Data were expressed as means ± standard deviation (S.D.).

Declarations
Funding



Page 14/24

This study was supported by the National Natural Science Foundation of China (Grant No. 31770441).

Availability of data and materials

The datasets during and/or analysis during the current study available from the corresponding author on
reasonable request.

Authors’ contributions

All authors read and approved the manuscript. GQZ did most of the experiments and prepared tables and
�gures; JHL, XYL, YJS, YZ, LQG performed animal experiments; GQZ and JHL performed cells
experiments; JW and YY prepared for the experiment; WG reviewed the manuscript; ZWS coordinated the
laboratory work, and XQZ designed the study and reviewed the manuscript; All authors read and approved
the �nal manuscript.

Ethics approval

All animal procedures described in this study were conducted in accordance with the procedures of the
Animal Experiments and Experimental Animal Welfare Committee of Capital Medical University (ethical
review number: AEEI-2019-003).

Consent for publication

Not applicable

Competing interests

The authors have no con�ict of interest to declare.

Abbreviations
SiNPs: Silica nanoparticles; GC-2spd cells: spermatocyte cells ;MTCH2: mitochondrial carrier homolog 2;
BID: BH3-only proteins; Caspase-9: cysteinyl aspartate-specific proteinase- 9; Caspase-3: cysteinyl
aspartate-specific proteinase-3; PM: particulate matter; miRNAs: microRNAs; RT-PCR: Reverse
Transcription-Polymerase Chain Reaction; Ago-CLIP: Argonaute-crosslinking and immunoprecipitation;
LDH: lactate dehydrogenase; CCK8: Cell Counting Kit-8; TEM: transmission electron microscope; DMEM:
Dulbecco's modified Eagle's medium; HE: hematoxylin and eosin; TUNLE: terminal deoxyribonucleotide
transferase-mediated nick end labeling; FITC: �uorescein-isothiocyanate; DAPI: 4',6-diamidino-2-
phenylindole; BSA: bovine serum albumin; TBS: Tris-buffered saline; BCA: bicinchoninic acid; TBST: Tris-
buffered saline containing 0.05% Tween-20;

References



Page 15/24

1. Zhang Y, Hu H, Shi Y, Yang X, Cao L, Wu J, et al. (1)H NMR-based metabolomics study on repeat dose
toxicity of �ne particulate matter in rats after intratracheal instillation. The Science of the total
environment. 2017;589:212-21.

2. Vance ME, Kuiken T, Vejerano EP, McGinnis SP, Hochella MF, Rejeski D, et al. Nanotechnology in the
real world: Redeveloping the nanomaterial consumer products inventory. Beilstein J Nanotechnol.
2015;6:1769-80.

3. Wang Y, Zhao Q, Han N, Bai L, Li J, Liu J, et al. Mesoporous silica nanoparticles in drug delivery and
biomedical applications. Nanomedicine : nanotechnology, biology, and medicine. 2015;11(2):313-27.

4. Yang Y, Li J. Lipid, protein and poly(NIPAM) coated mesoporous silica nanoparticles for biomedical
applications. Adv Colloid Interface Sci. 2014;207:155-63.

5. Mai WX, Meng H. Mesoporous silica nanoparticles: A multifunctional nano therapeutic system. Integr
Biol (Camb). 2013;5(1):19-28.

�. Yu YJ, Lin BG, Liang WB, Li LZ, Hong YD, Chen XC, et al. Associations between PBDEs exposure from
house dust and human semen quality at an e-waste areas in South China-A pilot study.
Chemosphere. 2018;198:266-73.

7. Ji G, Long Y, Zhou Y, Huang C, Gu A, Wang X. Common variants in mismatch repair genes associated
with increased risk of sperm DNA damage and male infertility. BMC Medicine. 2012;10(1).

�. Morishita Y, Yoshioka Y, Satoh H, Nojiri N, Nagano K, Abe Y, et al. Distribution and histologic effects
of intravenously administered amorphous nanosilica particles in the testes of mice. Biochemical and
biophysical research communications. 2012;420(2):297-301.

9. Zhang L, Wei J, Duan J, Guo C, Zhang J, Ren L, et al. Silica nanoparticles exacerbates reproductive
toxicity development in high-fat diet-treated Wistar rats. Journal of hazardous materials.
2019:121361.

10. Ren L, Zhang J, Wang J, Wei J, Liu J, Li X, et al. Silica nanoparticles induce spermatocyte cell
apoptosis through microRNA-2861 targeting death receptor pathway. Chemosphere. 2019;228:709-
20.

11. Ren L, Liu J, Zhang J, Wang J, Wei J, Li Y, et al. Silica nanoparticles induce spermatocyte cell
autophagy through microRNA-494 targeting AKT in GC-2spd cells. Environmental pollution (Barking,
Essex : 1987). 2019;255(Pt 1):113172.

12. Djuranovic S, Nahvi A, Green R. A parsimonious model for gene regulation by miRNAs. Science.
2011;331(6017):550-3.

13. Eisenberg I, Kotaja N, Goldman-Wohl D, Imbar T. microRNA in Human Reproduction: Springer
International Publishing; 2015. 353 p.

14. Yuan S, Tang C, Zhang Y, Wu J, Bao J, Zheng H, et al. mir-34b/c and mir-449a/b/c are required for
spermatogenesis, but not for the �rst cleavage division in mice. Biology open. 2015;4(2):212-23.

15. Wu W, Qin Y, Li Z, Dong J, Dai J, Lu C, et al. Genome-wide microRNA expression pro�ling in idiopathic
non-obstructive azoospermia: signi�cant up-regulation of miR-141, miR-429 and miR-7-1-3p. Hum
Reprod. 2013;28(7):1827-36.



Page 16/24

1�. Xu B, Mao Z, Ji X, Yao M, Chen M, Zhang X, et al. miR-98 and its host gene Huwe1 target Caspase-3
in Silica nanoparticles-treated male germ cells. Scienti�c Reports. 2015;5(1).

17. Hu H, Shi Y, Zhang Y, Wu J, Asweto CO, Feng L, et al. Comprehensive gene and microRNA expression
pro�ling on cardiovascular system in zebra�sh co-exposured of SiNPs and MeHg. Sci Total Environ.
2017;607-608:795-805.

1�. Yang X, Liu J, He H, Li Z, Gong C, Wang X, et al. SiO 2 nanoparticles induce cytotoxicity and protein
expression alteration in HaCaT cells. Particle & Fibre Toxicology. 2010;196(1):1.

19. Zaltsman Y, Shachnai L, Yivgiohana N, Schwarz M, Maryanovich M, Houtkooper RH, et al.
MTCH2/MIMP is a major facilitator of tBID recruitment to mitochondria. Nature Cell Biology.
2010;12(6):553-62.

20. Goldman A, Rodríguez-Casuriaga R, González-López E, Capoano CA, Santiñaque FF, Geisinger A.
MTCH2 is differentially expressed in rat testis and mainly related to apoptosis of spermatocytes. Cell
& Tissue Research. 2015;361(3):869-83.

21. Bottini S, Hamouda-Tekaya N, Mategot R, Zaragosi L-E, Audebert S, Pisano S, et al. Post-
transcriptional gene silencing mediated by microRNAs is controlled by nucleoplasmic Sfpq. Nature
communications. 2017;8(1):1189.

22. Xu Y, Wang N, Yu Y, Li Y, Li YB, Yu YB, et al. Exposure to silica nanoparticles causes reversible
damage of the spermatogenic process in mice. PLoS One. 2014;9(7):e101572.

23. Özgür ME, Ulu A, Özcan İ, Balcioglu S, Ateş B, Köytepe S. Investigation of toxic effects of amorphous
SiO nanoparticles on motility and oxidative stress markers in rainbow trout sperm cells.
Environmental science and pollution research international. 2019;26(15):15641-52.

24. Zaltsman Y, Shachnai L, Yivgi-Ohana N, Schwarz M, Maryanovich M, Houtkooper RH, et al.
MTCH2/MIMP is a major facilitator of tBID recruitment to mitochondria. Nat Cell Biol.
2010;12(6):553-62.

25. Huang K, O'Neill KL, Li J, Zhou W, Han N, Pang X, et al. BH3-only proteins target BCL-xL/MCL-1, not
BAX/BAK, to initiate apoptosis. Cell research. 2019;29(11):942-52.

2�. Ott M, Norberg E, Zhivotovsky B, Orrenius S. Mitochondrial targeting of tBid/Bax: a role for the TOM
complex? Cell death and differentiation. 2009;16(8):1075-82.

27. Liu D, Tian Z, Yan Z, Wu L, Ma Y, Wang Q, et al. Design, synthesis and evaluation of 1,2-
benzisothiazol-3-one derivatives as potent caspase-3 inhibitors. Bioorg Med Chem.
2013;21(11):2960-7.

2�. Gurtan AM, Ravi A, Rahl PB, Bosson AD, JnBaptiste CK, Bhutkar A, et al. Let-7 represses Nr6a1 and a
mid-gestation developmental program in adult �broblasts. Genes & development. 2013;27(8):941-54.

29. Zhao Z, Li R, Sha S, Wang Q, Mao W, Liu T. Targeting HER3 with miR-450b-3p suppresses breast
cancer cells proliferation. Cancer Biol Ther. 2014;15(10):1404-12.

30. Arigoni M, Barutello G, Riccardo F, Ercole E, Cantarella D, Orso F, et al. miR-135b coordinates
progression of ErbB2-driven mammary carcinomas through suppression of MID1 and MTCH2.
American Journal of Pathology. 2013;182(6):2058.



Page 17/24

31. Li L, Zhu Y, Chen T, Sun J, Luo J, Shu G, et al. MiR-125b-2 Knockout in Testis Is Associated with
Targeting to the PAP Gene, Mitochondrial Copy Number, and Impaired Sperm Quality. International
journal of molecular sciences. 2019;20(1).

32. Yuan S, Liu Y, Peng H, Tang C, Hennig GW, Wang Z, et al. Motile cilia of the male reproductive system
require miR-34/miR-449 for development and function to generate luminal turbulence. Proc Natl
Acad Sci USA. 2019;116(9):3584-93.

33. Yang C, Yao C, Tian R, Zhu Z, Zhao L, Li P, et al. miR-202-3p Regulates Sertoli Cell Proliferation,
Synthesis Function, and Apoptosis by Targeting LRP6 and Cyclin D1 of Wnt/β-Catenin Signaling.
Molecular therapy Nucleic acids. 2019;14:1-19.

34. Cheng TF, Choudhuri S, Muldoon-Jacobs K. Epigenetic targets of some toxicologically relevant
metals: a review of the literature. J Appl Toxicol. 2012;32(9):643-53.

35. Christensen BC, Marsit CJ. Epigenomics in environmental health. Frontiers in genetics. 2011;2:84.

3�. Szyf M. The implications of DNA methylation for toxicology: toward toxicomethylomics, the
toxicology of DNA methylation. Toxicological sciences : an o�cial journal of the Society of
Toxicology. 2011;120(2):235-55.

Figures



Page 18/24

Figure 1

Characterization of SiNPs.
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Figure 2

The effects s of the SiNPs on the quality and quantity of sperm in mice (Mean ± S.D.). a Spermatozoa
smears stained with eosin were observed under a light microscope. Black arrows denoted the sperm with
deformity. b Sperm abnormality. c Sperm concentration. d Sperm motility. *p 0.05 vs control group.
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Figure 3

Effects of the SiNPs on the tissue structure and spermatogenic cell apoptosis of testes in mice (Mean ±
S.D.). a The tissue structure of testis. b The apoptotic cells in testis sections were stained by TUNEL and
DAPI and observed under LSCM. c The relative fluorescence intensity analyzed by image J analysis
software. *p 0.05 vs control group.
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Figure 4

Effects of the SiNPs on the tissue structure and spermatogenic cell apoptosis of testes in mice (Mean ±
S.D.). a The tissue structure of testis. b The apoptotic cells in testis sections were stained by TUNEL and
DAPI and observed under LSCM. c The relative fluorescence intensity analyzed by image J analysis
software. *p 0.05 vs control group.
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Figure 5

Prediction and veri�cation of the miR-450b-3p target gene in mice and GC-2spd cells (Mean ± S.D.). a The
target gene prediction of the miRNA-450-3p. b The expressions of the miRNA-450b-3p in testis. c The
mRNA expression of the MTCH2 in testis. d The expression changes of the miRNA-450b-3p in the GC-
2spd cell after exposure to the SiNPs for 30th generations with miR-450b-3p mimic and inhibitor. e mRNA
levels MTCH2, BID, BAX, Cytochrome C, Capase-9, and Caspase-3 of after exposure to silica nanoparticles
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for 30 generations with miR-450b-3p mimic and inhibitor. *p 0.05 vs control group. #p 0.05 vs 5 μg/mL
SiNPs group.

Figure 6

Prediction and veri�cation of the miR-450b-3p target gene in mice and GC-2spd cells (Mean ± S.D.). a The
target gene prediction of the miRNA-450-3p. b The expressions of the miRNA-450b-3p in testis. c The
mRNA expression of the MTCH2 in testis. d The expression changes of the miRNA-450b-3p in the GC-
2spd cell after exposure to the SiNPs for 30th generations with miR-450b-3p mimic and inhibitor. e mRNA
levels MTCH2, BID, BAX, Cytochrome C, Capase-9, and Caspase-3 of after exposure to silica nanoparticles
for 30 generations with miR-450b-3p mimic and inhibitor. *p 0.05 vs control group. #p 0.05 vs 5 μg/mL
SiNPs group.
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Figure 7

Effects of the SiNPs, miR-450b-3p mimic and inhibitor on the protein expression of the MTCH2 and
apoptotic signaling pathway in GC-2spd cells in vitro (Mean ± S.D.). a The expressions of MTCH2, BID,
BAX, Cytochrome C, Caspase-9, and Caspase-3 in GC-2spd cells. b Densitometric analysis about the
MTCH2 and BID protein bands. β-actin was internal control protein. c Densitometric analysis about the
BAX, Cytochrome C, Caspase-9, and Caspase-3 protein bands. β-actin was internal control protein. *p
0.05 vs control group. #p 0.05 vs 5 μg/mL SiNPs group.
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