
Toxicology Research

PAPER

Cite this: Toxicol. Res., 2016, 5, 1453

Received 26th May 2016,
Accepted 15th July 2016

DOI: 10.1039/c6tx00236f

www.rsc.org/toxicology

Silica nanoparticles induce start inhibition of
meiosis and cell cycle arrest via down-regulating
meiotic relevant factors
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Yanbo Li,a,b Ji Wang,*a,b Zhiwei Suna,b and Xianqing Zhou*a,b

Silica nanoparticles have been shown to induce reproductive toxicity, but the mechanism is unknown. To

investigate the toxic mechanism of SiNPs, 60 male mice were randomly divided into three groups: a

control group, a saline group and a SiNPs group, with two evaluation time points (45 and 75 days after

the first dose) per group. Mice in the SiNPs group were treated with SiNPs at a dose of 2.0 mg kg−1 every

three days, a total of 15 times in 45 days, mice in the saline group were given the same volume of physio-

logical saline, and the control group was treated with nothing. Then, half of the mice in each group were

sacrificed for tissue samples on days 45 and 75. In vitro, GC-2spd cells were exposed to various concen-

trations of SiNPs for 24 h. The results showed that SiNPs damaged seminiferous epithelium, leading to a

decrease in sperm quality and an increase in the sperm abnormality rate. Moreover, expressions of

Sohlh1/cyclin A1/cyclin B1/CDK1/CDK2 were greatly down-regulated and the ROS level in the testicular

tissue of the mice was significantly increased on day 45. However, these changes were reversed by day

75. In vitro, SiNPs induced G0/G1-phase cell cycle arrest and proliferation inhibition in GC-2spd cells.

These results suggested that SiNPs might induce cell cycle arrest and inhibit cell proliferation by down-

regulating expressions of meiotic regulators, whereas DNA damage caused by oxidative stress may be

associated with meiosis and sperm production. In addition, damage to the male reproductive system

caused by SiNPs may be reversible.

Introduction

Natural silica nanoparticles are the main inorganic particulate
matter pollution sources in air. With the rapid development
of nanotechnology, as an important class of nanomaterials,
SiNPs are widely used in products such as plastics, biopesti-
cides, food additives, and cosmetics,1–3 and are also used in
biomedical fields, such as drug delivery vectors, gene transfec-
tion reagents and cell markers,4–9 thus the biological safety of
nanomaterials has attracted increasing attention. Studies have
shown that nanoparticles can enter into organisms through
inhalation, ingestion, or skin contact,10 then reach a potential
sensitive target via the circulation of blood and lymph.11–13

Kim et al. found that 4 weeks after the abdominal injection of
magnetic nanoparticles packaged by SiNPs in mice, the par-
ticles were found in the tissues of brain, liver, heart, lung,
spleen, kidney, prostate and uterus.14 SiNPs have also been
shown to pass through a variety of physiological barriers to
induce toxicity in lungs, the cardiovascular system, liver and
reproductive organs.15–18 Previous studies have shown that
SiNPs inhibit the hatching rate, which results in a direct delay
in embryo development, leading to persistent effects on larval
behavior.19 Research by Zhao et al.20 showed that the preg-
nancy rate of female rats and the average number of fetal rats
decreased significantly after intratracheal instillation of SiNPs.
Furthermore, SiNPs could damage the quantity and quality of
sperm in the epididymis by causing oxidative stress and
damaging the structure of mitochondria, resulting in energy
metabolism dysfunction.21 However, there is little information
about the effects of SiNPs on the cell cycle of spermatogenic
cells and the process of meiosis. The present study was
designed to investigate the effects of SiNPs on the cell cycle
and meiosis with C57 mice and GC-2spd cell lines. Our study
provides new experimental evidence for the potential mecha-†These authors contributed equally to this work.
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nisms by which nanoparticles affect the male reproductive
system.

Materials and methods
Animals and experimental design

C57 male mice at the age of six weeks were obtained from
the animal laboratory of Capital Medical University in Beijing
(Animal production license number: SCXK2012-0001)
(Beijing, China) (Ethical review number: AEEI-2014-068); the
mean weight of mice was in the range 18.1–22.0 g. Mice were
maintained in a standard plastic cage (26 cm × 15 cm ×
15 cm) with a stainless steel mesh lid. All animals were
raised in a constant environment (12 : 12 light/dark cycle) at a
temperature of 22 ± 2 °C and a humidity of 60 ± 10%. The
bedding for the mice was changed twice every week. All of
the mice were provided with food and drinking water
ad libitum. The animal experiments were all conducted in
accordance with the institutional guidelines for animal
welfare. All surgery was performed under anesthetic, and all
efforts were made to minimize animals’ suffering. The proto-
cols were approved by Capital Medical University Institutional
Animal Care and Use Committee (Ethical review number:
AEEI-2014-068).

After a week of adaptation to laboratory conditions,
60 male mice with body weights ranging from 18.1–22.0 g
were randomly divided into three groups: a normal control
group, a saline control group and an SiNPs group with
20 mice per group; each group had two evaluation time points
(45 d and 75 d after the first dose). The control group was
designed in order to detect whether the method of intra-
tracheal instillation caused mechanical damage to the animals,
and was treated with nothing. Mice in the SiNPs group were
administered SiNPs at 2.0 mg kg−1, and mice in the saline
group were given the same volume of physiological saline
using a method of intratracheal instillation, once every three
days, a total of 15 times in 45 days. SiNPs used in this study
had an average diameter of 58 nm and were dissolved in
saline; these were obtained from the College of Chemistry,
Jilin University. In order to avoid unnecessary suffering, mice
were sacrificed using 7 ml kg−1 chloral hydrate (5%) on days
45 and 75 after the first dose. Then, testicles and epidi-
dymides were collected; the testicles on the left were fixed for
histology analysis, and the others were stored at −80 °C for
other assessments.

Silica nanoparticles

The Stöber method was used to prepare Silica nano-
particles.22 Transmission electron microscopy (TEM) (JEOL
JEM2100, Japan) was used to measure the sizes of silica
nanoparticles. The size distribution was measured using
Image J software (National Institutes of Health, USA). The
hydrodynamic sizes and zeta potential of silica nano-
particles were analyzed with a Zetasizer (Malvern Nano-
ZS90, Britain).

Histological assessment of testis

The testes were fixed in 10% neutral buffered formalin solu-
tion. Then, samples were treated by dehydrating with graded
ethanol and placed in xylene for transparency. The histo-
logical structures of testes in mice were observed under a light
microscope (Olympus BX53, Japan) at a magnification of 10 ×
40 after paraffin embedding and HE staining. Six samples
were randomly selected from each group, and ten visual fields
for each sample were used to count the numbers of spermato-
genic cells and measure the diameters of seminiferous
tubules using cross-bonded method. Spermatogenetic cells
include spermatogonia, primary spermatocytes, secondary
spermatocytes and spermatids.23,24 Spermatogonia closely
adhere to the basal lamina. This is characterized by a large,
spherical nucleus and the diameter is about 12 μm. The
primary spermatocyte is a round-shaped cell with a diameter
of about 18 μm. It is the biggest cell of the spermatogenetic
cells, and the chromatin is like coarse mesh. Secondary sper-
matocytes are smaller in size than the primary spermatocytes;
this stage is rarely observed. A spermatid is a small round cell,
with a diameter of about 8 μm and large spherical nuclei,
seen closer to the lumen of tubule. Then, the average values
of 60 visual fields in each group were calculated using a stat-
istical method.

Epididymis semen quality evaluation

An auto system for sperm analysis (Hamilton Thorne IVOS-II,
USA) was used to determine the sperm concentration and
sperm motility rate according to the manufacturer’s proto-
cols. The epididymides were quickly placed in a Petri dish
with preheated Dulbecco’s Modified Eagle’s Medium
(DMEM, 2 mL), and cut into pieces in order to release the
sperm into the DMEM, then maintained at 37 °C for 5 min.
Ten μL of the sperm suspension was added to the auto
system for sperm analysis, and the date of activity for the
sperm and sperm concentration were automatically recorded
on the computer. Furthermore, we analyzed the sperm mal-
formation rate with an optical microscope (Olympus
BX53 Japan). A drop of sperm suspension was drawn and
smeared on a slide, then stained for 1 hour with 1% eosin
after fixation for 10 min with methanol, then washed with
water. We counted the number of malformed sperm among
1000 sperms using a high-magnification microscope. The
rate of sperm malformation = the number of malformed
sperm ÷ 1000 × 100%.

The determination of expressions in meiotic regulating factors

The protein expressions of meiosis-regulating factors, Sohlh1/
cyclin A1/cyclin B1/CDK1/CDK2, were determined by Western
blot analysis. The proteins in testicular tissue were extracted
using a protein extraction kit (KeyGen, China) and measured
using the bicinchoninic acid (BCA) protein assay (Dingguo
Changsheng Biotech Co. Ltd, China). Equal amounts of
lysate proteins (40 μg) were electrophoresed by SDS polyacryl-
amide gel electrophoresis (12% separation gels) and trans-
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ferred to polyvinylidene fluoride (PVDF) membranes (Milli-
pore, USA). The membranes were blocked with 5% BSA for
2 h at room temperature and subsequently incubated over-
night at 4 °C with rabbit-anti-Sohlh1 (1:500; Abcam, USA),
rabbit-anti-cyclin A1 (1:500, Bioss, China), rabbit-anti-cyclin
B1 (1:500, Bioss, China), rabbit-anti-CDK1 (1:500, Bioss,
China), rabbit-anti-CDK2 (1:500, Bioss, China), and rabbit-
anti-β-actin (1:1000; Santa Cruz, USA). Then, PVDF mem-
branes were washed three times with TBST for 10 min each
time, and incubated with a horseradish peroxidase-conju-
gated goat-anti-rabbit IgG (1:5000; Proteintech, USA) for 1 h
at room temperature. Finally, an ECL chemiluminescence
reagent (Pierce, USA) was used to detect the protein bands
(normalized with those of β-actin). Image Lab™ Software
(Bio-Rad, USA) was used for densitometric analysis of protein
bands.

The measurement of reactive oxygen species level

The reactive oxygen species (ROS) level of testicular tissue
was measured through the fluorescence intensity of dichloro-
fluorescein (DCF), using 2,7-dichlorofluoresceindiacetate
(DCFH-DA, Nanjing Jiancheng Bioengineering Institute,
China), which was the most sensitive reactive oxygen detec-
tion probe and is widely used in ROS measurement. Firstly,
the testicular tissues were accurately weighed, and ground in
ice, and proteins in the centrifugal supernatant fluid were
quantified using the bicinchoninic acid (BCA) method
(Dingguo Changsheng Biotech Co. Ltd, China). Then,
centrifugal supernatants were diluted and incubated after
addition of DCFH-DA for 30 minutes at 37 °C. Lastly, the
fluorescence intensity of each sample was measured at
525 nm with a fluorescence microplate reader (TriStar LB941,
Germany).

Cell culture and experimental design in vitro

The mouse spermatocyte GC-2spd cells were obtained from
Guangzhou Jennio Biotech Co., Ltd. The cells were incubated
in a complete medium, which is composed of DMEM
(Genview, USA), 10% fetal bovine serum (FBS, Gibco, USA), 100
U per mL penicillin, and 100 μg per mL streptomycin at 37 °C
in a 5% CO2 humidified environment. When cells were
exposed to SiNPs at concentrations of 0, 3.125, 6.25, 12.5, 25,
50 and 100 μg ml−1 for 24 h, cell viability was respectively
100%, 97.3%, 94.7%, 90.37%, 81.89%, 64.57%, 49.14%
(Fig. 5). On the basis of the above results, concentrations of
SiNPs at 6.25, 12.5, 25 and 50 μg ml−1 were chosen for sub-
sequent experiments. All experiments were repeated three
times for statistical analysis. Suspensions of SiNPs were dis-
persed using a sonicator (160 W, 20 kHz, 5 min) before
experiments.

The determination of cell viability

The effects of SiNPs on cell viability were assessed using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay as previously described.25 The GC-2spd cells were

seeded into 96-well plates at a density of 3 × 104 cells per well
and incubated for 24 h. Then, they were washed with phos-
phate-buffered saline (PBS) and treated with various concen-
trations of SiNP suspensions (0, 3.125, 6.25, 12.5, 25, 50 and
100 μg mL−1) for another 24 h. Subsequently, the cells were
washed three times with PBS and treated with 5 mg mL−1 MTT
(10 μl) for 4 h. Finally, the optical density at 492 nm was deter-
mined using a microplate reader (Thermo Multiskan MK3,
USA) after addition of 150 μl of dimethylsulfoxide (DMSO,
AppliChem).

The analysis of the cell cycle

To study the cell cycle dynamics of GC-2spd cells, the numbers
of cells at different cell-cycle phases were determined by a cell-
cycle detection kit (KeyGen, China). The cells were cultivated
in 6-well plates for 24 h. After the cells were exposed to SiNPs
for another 24 h, they were treated with 75% ethanol (cooled at
−20 °C for 24 h in advance) at 4 °C for fixation. The cell sus-
pension was treated with 100 µL RNase at 37 °C for
30 minutes, followed by staining with 400 µL propidium
iodide (PI) for 30 minutes at 4 °C in the dark. The stained cell
suspensions were analyzed by flow cytometry (Beckman
Coulter, USA).

The analysis of cell proliferation

The GC-2spd cells (2 × 106 cells per group) were rinsed with
PBS, and cells were marked with carboxyfluorescein diacetate,
with succinimidyl ester (CFDA-SE) probe diluent (KeyGen,
China) at 37 °C for 15 min after centrifugation at 1000 rpm
for 5 min. Then, cells were washed twice with PBS and
incubated in the 6-well plates for 24 h. After that, the cells
were exposed to SiNPs for another 24 h. The cells were re-
suspended with 500 μL PBS, and the average fluorescence
intensity of cells was measured by flow cytometry (Beckman
Coulter, USA).

The determination of DNA damage

DNA damage was assessed using a single-cell gel electro-
phoresis (SCGE) kit (Research Bio-lab, China). The GC-2spd
cells were exposed to varying concentrations of SiNPs for
24 h, then suspended in PBS. The cell suspensions (10 µL)
and low-melting-point agarose (LMPA, 90 µL) were separ-
ately preheated to 38 °C and then mixed; the mixture was
dripped onto the first gel layer, which was previously added
and hardened on slides, and then immediately covered with
a clean cover slip at 4 °C for 5 minutes to form the second
gel layer. A third gel layer without cells was added on the
second gel layer. These slides were submerged in fresh pre-
chilled cell lysate for 2 h in the dark at 4 °C, and then the
slides were moved to a horizontal gel electrophoresis tank
with fresh alkaline electrophoresis liquid for unwinding for
30 minutes in the dark at room temperature. After 30 min
electrophoresis at 25 V (300 mA), the slides were stained
with GelRed (nucleic acid gel stain) for 4 min, and a fluo-
rescence microscope connected to a camera was used to
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observe the phenomenon of cell trailing. A total of 100
cells were randomly scored per sample. Finally, CASP was
used for image analysis to measure the tailing rate, tail
length, tail moment, and olive tail moment of cells in
comet assay.

Statistical analysis

Statistical analysis was performed using the SPSS 17.0 soft-
ware. In vivo, an independent-samples T-test was used to
analyze the differences between control and saline groups
and between saline and SiNPs groups. In vitro, one-way ana-
lysis of variance (ANOVA) was used to analyze differences in
multiple groups, followed by the least significant difference
(LSD) test for two groups. All experiments were repeated
three times. Data were expressed as the mean ± standard
error (S.E.). All significant differences were considered at the
level of p < 0.05.

Results
Characterization of silica nanoparticles

The results showed that SiNPs appeared near-spherical and
well dispersed in distilled water, Dulbecco’s Modified
Eagle’s Medium (DMEM, a kind of cell culture medium)
and physiological saline. The size distribution of SiNPs is
approximately normal, and the average diameter is 57.66 ±
7.30 nm (Fig. 1). The results were similar to our previous
research.26

The changes in the histological structures of testicles and
spermatogenic cell numbers

On day 45, the lumen of seminiferous tubules in testicles was
obvious in the control and saline groups; 5–8 layers of
spermatogenic cells were closely and orderly arranged in the
seminiferous tubules. In the lumens, there were a large number

of mature sperms. However, in the SiNPs group, the semini-
ferous tubules became sparse, gaps appeared between spermato-
genic cells, and the layers of spermatogenic cells and mature
sperms decreased. Exfoliation of spermatogenic cells was
observed in a part of the lumens (Fig. 2A(a1–c1)). Microscopic
studies of the SiNP-treated animals showed a significant
reduction in the number of primary spermatocytes and sper-
matids compared to the saline group on day 45 after the first
dose (p < 0.05). The diameter in the SiNPs group on day 45 is
153.3 ± 3.27 μm, which is much smaller than that in the
control group (221.7 ± 6.21 μm) (p < 0.05) and saline group
(227.0 ± 4.13 μm) (p < 0.05) (Fig. 2B). The changes induced by
SiNPs that were observed on day 45 were reversed on day 75
(p > 0.05) (Fig. 2).

The changes of epididymal sperm parameters

As shown in Table 1, on day 45 after the first dose, the
sperm concentration, motility rate and malformation rate in
the epididymis exhibited no significant difference between
the control group and saline group (p > 0.05). In the SiNPs
group, the sperm concentration and motility rate were
much lower and the sperm malformation rate was much
higher than that in the saline group (p < 0.05). In addition,
there was no difference in the epididymal sperm para-
meters among the three groups on day 75 (p > 0.05). Fur-
thermore, there were no significant differences in any of
the measurements in vivo between the control and saline
groups, which indicated that the method of intratracheal
instillation does not damage the reproductive system of
male mice.

The changes in protein expressions of meiotic regulating
factors

To further understand the effect of SiNPs on the start and
process of meiosis, we examined the protein expressions of a
helix-loop-helix transcription factor (Sohlh1) and cell cycle
control factors by Western blot assay. As shown in Fig. 3, in
the SiNPs group, the expressions of Sohlh1, cyclin A1, cyclin-
dependent kinases 1 (CDK1), cyclin-dependent kinases 2
(CDK2), and cyclin B1 in testicular tissues decreased obviously
on day 45 (p < 0.05), while the protein expressions showed no
significant difference on day 75 compared to the saline group
(p > 0.05).

Levels of reactive oxygen species (ROS)

ROS generation is proportional to the fluorescence inten-
sity of DCF (2′,7′-dichlorofluorescein), so changes in ROS
can be reflected by the fluorescence intensity of DCF. As
shown in Fig. 4, ROS levels of the SiNPs group increased
significantly (p < 0.05). The fluorescence intensity in the
SiNPs group is much higher than for the other groups on
day 45, but there is no significant difference between
these two groups on day 75. These results demonstrated
that SiNPs could increase ROS levels and induce oxidative
stress.

Fig. 1 Transmission electron microscope image of silica nanoparticles
Silica nanoparticles appeared near-spherical and well dispersed with an
average diameter of 58 nm.
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The change in cell viability

Cell viability was measured to evaluate the possible toxicity of
SiNPs on the mouse spermatocyte cells (GC-2spd cell lines).
The results showed a gradual reduction as the SiNP level
increased in a dose-dependent manner, compared with the
control group (Fig. 5). GC-2spd cells were exposed to SiNPs at
concentrations of 0, 3.125, 6.25, 12.5, 25, 50 and 100 μg ml−1,

and cell viability respectively decreased to 100%, 97.3%,
94.7%, 90.37%, 81.89%, 64.57%, 49.14%, which was signifi-
cantly lower than that in the control group, except for the
3.125 and 6.25 μg ml−1 SiNPs groups.

The changes in cell cycle and cell proliferation

The distribution of GC-2spd cells in different phases of the
cell cycle was analyzed through flow cytometry. The results of

Fig. 2 Effects of silica nanoparticles on the structure of testicular tissue in mice A(a1–c2): 45 d (d is short for day) control group 400× (a1),
45 d saline group 400× (b1), 45 d SiNPs group 400× (c1); 75 d control group 400× (a2), 75 d saline group 400× (b2), 75d SiNPs group
400× (c2); thin black arrow represents spermatogonium; thick black arrow represents spermatocyte; black triangle represents spermatid;
thick white arrow represents enlargement of gap. White triangle represents exfoliation of spermatogenic cells. (B) Numbers of spermato-
genic cells and diameters of spermatogenesis tubules (Mean ± S.E.). *indicates significant difference compared to control and saline group
(p < 0.05).
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cell cycle analysis showed that the percentage of GC-2spd cells
in the G0/G1 phase increased and the percentage in the
S phase declined in a dose-dependent manner compared to
the control group, and obvious differences were measured in
the 25 and 50 μg ml−1 SiNPs groups (Fig. 6). The fluorescence
of cells marked with CFDA-SE is uniform and stable, and the
fluorescence of daughter cells will decline by half every time a
cell divides. So, a stronger fluorescence intensity showed
slower cell proliferation. In this study, the results of cell pro-
liferation showed that the average fluorescence intensity
increased significantly after exposure to 50 μg ml−1 SiNPs,
compared with the control group (Fig. 7).

Table 1 Effects of silica nanoparticles on sperm quality and quantity of epididymis in mice (Mean ± S.E.)

Sperm concentration (×104 mL−1) Sperm motility rate (%) Sperm abnormality rate (%)

45D 75D 45D 75D 45D 75D

Control 128.25 ± 10.53 89.5 ± 11.2 76.31 ± 3.25 53.92 ± 5.25 2.36 ± 0.29 2.03 ± 0.17
Saline 124.0 ± 11.47 99.8 ± 9.59 63.00 ± 5.95 58.92 ± 8.95 1.78 ± 0.10 1.95 ± 0.13
SiNPs 83.80 ± 3.33* 89.0 ± 7.02 33.3 ± 5.49* 40.47 ± 7.01 6.42 ± 0.44* 2.40 ± 0.25

45D indicates 45 days after the first dose, and 75D indicates 75 days after the first dose. After 45 days, mice were no longer treated with SiNPs
and saline. * indicates significant difference compared to saline group (p < 0.05).

Fig. 3 Effects of silica nanoparticles on expressions of regulators in testes of mice (A): effects of silica nanoparticles on the expressions of Sohlh1,
cyclin A1, cyclin B1, CDK1, CDK2 on day 45 (B): effects of silica nanoparticles on the expressions of Sohlh1, cyclin A1, cyclin B1, CDK1, CDK2 on day
75. β-Actin was the internal control (C): relative densitometric analysis of the protein bands was carried out and presented (Mean ± S.E.).

Fig. 4 Effects of silica nanoparticles on ROS levels in testicular tissues
of mice (Mean ± S.E.) * indicates significant difference compared to
control and saline group (p < 0.05).
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DNA damage

Comet assay is a sensitive and intuitionistic method for
detecting DNA damage. SiNPs dose-dependently increased
the numbers of DNA damaged cells (Fig. 8). Compared
with the control group, the degree of DNA damage in the
6.25 μg ml−1 SiNPs group showed no significant difference.
However, the length of tail and the percentage of tail DNA
increased obviously in 12.5, 25, 50 μg ml−1 SiNPs groups,
and the tail moment (TM) and Olive tail moment (OTM)
significantly increased in the 25 and 50 μg ml−1 SiNPs
groups (Table 2).

Fig. 5 Effects of silica nanoparticles on the cell viability of GC-2spd
lines (Mean ± S.E.) * indicates significant difference compared to control
group (p < 0.05).

Fig. 6 Cycle arrest of GC-2spd cells induced by silica nanoparticles (A) control group, (B) 6.25 μg mL−1 SiNPs group, (C) 12.5 μg mL−1 SiNPs group,
(D) 25 μg mL−1 SiNPs group, (E) 50 μg mL−1 SiNPs group, the cycle of GC-2spd cells treated with various concentrations of SiNPs for 24 h was
measured by flow cytometry. The red, green, and yellow areas represent the G0/G1, S, and G2/M phases, respectively. (F) The proportions of G0/G1,
S, and G2/M phase cells after exposure to silica nanoparticles (Mean ± S.E.) * indicates significant difference compared to control group (p < 0.05).
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Fig. 7 Proliferation inhibition in GC-2spd cells induced by silica nanoparticles (A) proliferation of cells labelled with CFDA-SE was depicted by flow
cytometry (B) histograms of proliferation showed that average fluorescence intensities in cells increased with the SiNP level, which indicated that
proliferation was inhibited in the 50 μg mL−1 SiNPs group. The peak abscissa values were the average fluorescence intensities of cells (Mean ± S.E.).
* indicates significant difference compared to control group (p < 0.05). Neg ctrl: negative control; Ctrl: control.

Fig. 8 DNA damage of GC-2spd cell lines induced by silica nanoparticles DNA damage of GC-2spd cells treated with various concentrations
of SiNPs for 24 h was measured by comet assay. (A) Control group 200×, (B) 6.25 μg mL−1 SiNPs group 200×, (C) 12.5 μg mL−1 SiNPs group 200×,
(D) 25 μg mL−1 SiNPs group 200×, (E) 50 μg mL−1 SiNPs group 200×.
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Discussion

With the continuous improvement of current social industrial-
ization and increasing intensification of environmental pol-
lution, the incidence rate of human reproductive dysfunction
has been increasing unceasingly, human semen quality and
sperm count have fallen significantly, and the number of
infertile men worldwide may amount to at least 30 million.27

Sperm formation depends on the normal process of meiosis.
In the process of meiosis, testicular environmental changes,
both internal and external, caused by adverse environmental
factors, will influence the normal functions of the reproductive
cells. Due to their high chemical purity, large specific surface
area and good dispersibility, silica nanoparticles were widely
used in various fields. SiNPs, as drug and gene therapy
vectors, can promote drugs through biological barriers, as well
as improve drug targeting and bioavailability. Research has
shown that snake-venom-loaded silica nanoparticles have
therapeutic potential against prostate cancer, breast cancer
and multiple myeloma cancer through inducing apoptosis and
growth arrest.28–31 However, previous studies have also
revealed that silica nanoparticles can pass through blood-testis
barriers, induce a harmful effect on the male reproductive
system and lead to a decrease in the quantity and quality of
sperm in mice.21,32 The present study is the first to explore the
effect of SiNPs on the cell cycle of spermatogenic cells and the
process of meiosis. Our results in vivo showed that SiNPs
damaged the histological structures of testicles and further
decreased the quantity and quality of sperms as compared to
the saline group on day 45 after the first dose. This is similar
to the finding of Fan, which showed that SiNPs could damage
the testicular tissue structures of rats and reduce the number
of sperm after inhalation exposure.32 In order to explore the
mechanism of male dyszoospermia, we analyzed the protein
expressions of meiosis regulatory factors in testicular tissues.
The present study showed that SiNPs down-regulated the
protein expressions of Sohlh1, cyclin A1, CDK1, CDK2 and
cyclin B1 in testicular tissue, which resulted in inhibition of
the meiotic process. Sohlh1, a spermatogonium differentiation
factor, controls the start of meiosis. The loss of Sohlh1 would
induce infertility via disrupting spermatogonial differentiation
into spermatocytes.33 A low expression of Sohlh1 suggested
that SiNPs inhibited spermatophore development and the start

of the meiosis process. Cell cycle regulator, cyclin A1, is
expressed predominantly in the testis,34 and it is considered to
mainly function in the meiosis process. CDK2 binds to cyclin
A1 and then promotes entry of cells into the metaphase of
meiosis I.35 A lack of CDK2 protein has been shown to result
in sterility in male mice.36,37 Cyclin A1 also activates cyclin B1
at the meiotic phase of sperm cells to form a CDK1/cyclin B
complex, which is known as a maturation promoting factor
(MPF). MPF promotes cells to complete the G2/M phase trans-
formation.38 Our results suggested that SiNPs could inhibit
the start and process of meiosis through depressing the
protein expressions of meiosis regulatory factors, and thereby
decrease the numbers of spermatogenic cells and sperms.

The conversion of the cell cycle relies on the activation and
expression of a series of cyclins and cyclin-dependent
kinases.39 The normal process of cell proliferation is accom-
plished by orderly cell division cycles; arresting the cell cycle
progression may result in proliferation inhibition.40 The
present results in vitro showed that a large number of GC-2spd
cells were arrested in the G0/G1 phase and cell proliferation
was inhibited by SiNPs. Maybe, due to suppression of meiotic
startup and a lack of meiotic cells, there was no significant
change in the G2/M phase of the cell cycle. The cell cycle is
mainly regulated by cell cycle checkpoint pathways, which
would be activated in response to DNA damage.41 Cells exhibit
a reversible cell cycle arrest in response to low levels of DNA
damage, whereas a sustained cell cycle arrest occurs in
response to a high level of DNA damage.42 We found a large
scale of DNA fragmentation and a gradual reduction in cell via-
bility, with an increase in the SiNP level in a dose-dependent
manner in vitro. Possibly, SiNP-induced DNA damage can lead
to cell cycle arrest and cell proliferation inhibition.

Many studies showed that reactive oxygen species (ROS) can
cause DNA damage because free radicals (intermediate pro-
ducts of ROS) can directly act on nucleic acids and result in
base modification and DNA strand breaks.31,43 The excessive
generation of ROS and oxidative stress are considered to form
an important mechanism of SiNP toxicity; nano materials
induce mitochondrial dysfunction and cell membrane damage
via oxidative stress, leading to cell death.44,45 Our study
showed that the ROS level was increased in the SiNPs group on
day 45; however, there was no significant difference between
the saline group and the SiNPs group on day 75. The results of

Table 2 DNA damage of GC-2spd cells induced by silica nanoparticles (Mean ± S.E.)

Concentration
(μg mL−1)

Tail length
(μm) Tail DNA%

Tail moment
(μm)

Olive tail
moment

Control 11.38 ± 1.84 12.09 ± 2.26 2.82 ± 0.73 2.56 ± 0.56
6.25 16.46 ± 2.36 15.21 ± 1.92 3.46 ± 0.69 3.50 ± 0.55
12.5 34.65 ± 3.38* 23.28 ± 2.78* 10.29 ± 1.82 8.57 ± 1.18
25 51.18 ± 3.06* 39.86 ± 1.73* 21.85 ± 1.81* 15.67 ± 1.15*
50 116.45 ± 15.01* 42.28 ± 3.48* 58.01 ± 11.24* 37.08 ± 6.02*

The measurement parameters of DNA damage. Tail length: distance from center of nucleoid mass to distal tail end. Tail DNA%: relative
fluorescence intensity of comet tail; a higher tail fluorescent percentage indicated stronger DNA damage. Tail moment (TM): essentially the
product of tail length and tail DNA%. * indicates significant difference compared to the control group (p < 0.05).
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ROS indicated that nanoparticles may harm the male repro-
ductive system, and that the damage recovers over time (by day
75). The present results for the sperm concentration and moti-
lity showed that they remained at a similar level between 45 D
and 75 D within the SiNP treatment group, but the two para-
meters in the 75 D control group decreased when compared to
these in the 45 D control group, which could be because the
sperm parameters were not detected at the same time; as is
already known, the sperm in vitro can survive for only a short
time. The sperm concentration and motility rate in the SiNPs
group on day 45 were lower than those in the control group
and saline group, whereas there was no difference in the two
parameters among the three groups on day 75. Therefore, we
considered that the sperm concentration and motility were
reversibly improved on day 75 after the first dose. In addition,
the recovery of adverse effects induced by SiNPs on the protein
expressions of meiotic regulating factors and the spermato-
genic epithelium in the testicles on day 75 also supports this
conclusion. This is similar to a previous result, which showed
that carbon nanotubes generated oxidative stress in the testis
at day 15, and the damage was repaired by days 60 and 90 in
mice.46 Xu et al.21 also found that SiNPs could increase the
MDA levels of testes in mice by day 35, and that this was
repaired by day 60. Oxidative-stress-mediated DNA fragmenta-
tion is common in the spermatozoa of infertile men.47 Oxi-
dative-stress-mediated injury to the male reproductive system
is a significant contributing factor in 30–80% of cases of male
infertility.48,49 These studies indicate that the oxidative stress
induced by SiNPs in testicle tissues may be associated with
damage to the meiotic process. So, it could be probable that
oxidative stress vanishes, and the above damage was repaired
or recovered as nanoparticles were excreted from the body or
encapsulated in organelles by day 75. Our previous study
showed that SiNPs were encapsulated by organelles in the
testis at day 60.21 Besides, a study by Liu50 et al. showed that
mesoporous hollow silica nanoparticles (MHSNs) accumulated
mainly in mononuclear phagocytic cells of the liver or spleen
in mice, and these particles were excreted from the body after
four weeks. In a word, damage to the male reproductive system
caused by SiNPs may be reversible.

Conclusion

The present study showed that SiNPs inhibited protein
expressions of meiotic regulating factors, Sohlh1, cyclin A1,
CDK1, CDK2, and cyclin B1 in testicular tissues, destroyed tes-
ticular tissue structures, and decreased sperm quantity and
quality in mice after 45-day treatments. However, all these
changes were reversed by day 75. In vitro, SiNPs induced cycle
arrest and proliferation inhibition due to DNA damage and a
decrease in cell viability in GC-2spd lines. These results
suggest that SiNPs might induce cell cycle arrest and prolifer-
ation inhibition by down-regulating the expressions of meiotic
regulatory factors through causing DNA damage resulting from
oxidative stress, leading to inhibition of the start and process

of meiosis and thus decreasing sperm quality, which is shown
in the schematic diagram of this mechanism (Fig. 9). The
present results provide new experimental evidence for the
potential mechanisms of the effect of nanoparticles on the
male reproductive system.
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