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Abstract

With increasing air pollution, silica nanoparticles (SiNPs), as a main inorganic member of PM; 5, have gained increasing
attention to its reproductive toxicity. Most existing studies focused on the acute exposure, while data regarding the chronic
effect of SiNPs on reproduction is limited. Therefore, this study was designed to evaluate the chronic toxicity of SiNPs on
spermatocyte cells. The cells were continuously exposed to SiNPs for 1, 10, 20 and 30 generations at dose of 5 pg/ml SiNPs for
24 h per generation after attachment. The results showed that with the increasing generations of the exposure, SiNPs
decreased the viability of spermatocyte cells, induced apoptosis and increased the level of reactive oxygen species in
spermatocyte cells. Moreover, SiNPs increased the protein expression of GRP-78, p-PERK, IRElw, ATF6 and Cleaved caspase-3
in spermatocyte cells, suggesting that SiNPs improved unfolded protein response (UPR) and apoptosis. The present results
indicated that the long-term and low-dose exposure to SiNPs could induce apoptosis by triggering ROS-mediated UPR in

spermatocyte cells.
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Introduction

In recent decades, the incidence of infertility has raised sharply
[1]. It has been reported that about 40% of infertility was caused
by male factor [2]. In addition, numerous studies have proved that
environmental pollution is associated with increased infertility
and spermatogenesis disorder [3-5]. As air pollution increases,
silica nanoparticles (SiNPs), the main inorganic components of

PM,5 [6, 7], are present in large quantities in the environment.
Therefore, with the aggravation of environmental pollution, the
effect of SiNPs on male reproductive function deserves to be
stressed.

After respiratory exposure, SiNPs can migrate from lung to
the extrapulmonary organs [8, 9]. SiNPs were also appeared
in the cytoplasm and nucleus of spermatocyte cells after
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intravenously injected [10]. Therefore, SiNPs might induce the
damage of male reproductive system. A study in 2014 illustrated
that exposure to nanoparticles resulted in decreased sperm
motility, decreased number of Leydig cells and altered sperm
morphology in rats [11]. Subsequently, researchers found that
exposure to SiNPs could impair spermatogenesis, decrease
sperm motility and sperm concentration and increase sperm
malformation in rainbow trout and mice [12, 13]. Our previous
studies have also shown that SiNPs damage spermatogenic cells
and lower the quality and quantity of sperm in rats [14, 15].
Therefore, more attention should be paid to the mechanism of
SiNPs-induced lesion in spermatogenic cells.

The unfolded protein response (UPR) may play a very impor-
tant role in SiNPs’ reproductive toxicity. UPR happens in a kind
of endoplasmic reticulum (ER) [16]. The over accumulation of
unfolded or misfolded proteins in the ER can cause ER stress
and trigger UPR [16]. Researchers found that SiNPs could increase
the protein expression of BiP in Huh7 cells [17] and induce
UPR through the activation of the EIF2AK3 and ATF6 UPR path-
ways in hepatocytes [18]. Moreover, SiNPs could induce apoptosis
through reactive oxygen species (ROS)-mediated ER stress [19].
In our previous studies, it is proved that SiNPs could induce
apoptosis in spermatogenic cells by activating the death receptor
pathway resulting from oxidative stress in male mice [14]. Fur-
thermore, SiNPs induce apoptosis through microRNA-2861 tar-
geting fas/fasl/ripk1 in the death receptor pathway via oxidative
stress of spermatocyte cells [20]. Above all, SiNPs can induce
apoptosis in spermatogenic cells via oxidative stress. UPR can
be triggered by oxidative stress [19]. However, the role of UPR in
SiNPs-induced apoptosis in spermatogenic cells remains unclear.

In previous studies, the damage of male reproductive func-
tion was focused on acute exposure to SiNPs [12, 21], while
studies on the chronic effects of SiNPs are limited. Therefore,
to get a further insight into the effect of long-term exposure
to low-dose SiNPs on reproduction, this study was designed to
evaluate the toxicity of exposure to SiNPs for 30 generations
in spermatocyte cells and the role of UPR in SiNPs-induced
apoptosis.

Materials and Methods
Experimental design

Spermatocyte cells (GC-2spd) were obtained from Guangzhou
Jennio Biotech Co., Ltd. The cells were cultured in 10 ml mixture
consisting of 9 ml DMEM (Genview, USA) medium, 1 ml fetal
bovine serum (Gibco, USA) with 1000 U penicillin and 1000 pg
streptomycin in a 5% CO, humidified environment at 37°C. Sper-
matocyte cells were seeded in 100 mm diameter cell culture
plates at each passage. Three similar plates were used in each
group. For tests, the cells were seeded in six-well plates [except
Cell CountingKit-8 (CCK8) assay using 96-well plates] at a density
of 1 x 10° cells/ml. Six replicate wells were used in each detec-
tion. The cells were divided into two groups (control group and
5 pg/ml SiNPs group) in the stable growth phase. The cells in
control group were cultured in an equivalent volume of DMEM
without SiNPs. The cells in 5 pg/ml SiNPs group were exposed
to SiNPs for 24 h after attachment in each generation, and
were, respectively, passed for 1, 10, 20 and 30 times in total. In
addition, after exposure to SiNPs for 30 generations, the cells
in 5 pg/ml SiNPs group were treated with 10 mM of 4-phenyl
butyric acid (4PBA, an inhibitor of ER stress and UPR) for 6 h to
detect the role of ER stress in reproductive toxicity induced by
SiNPs.
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SiNP preparation and characterization

SiNPs were prepared according to the Stéber method. Firstly,
the researchers mixed ethanol solution (50 ml), ammonia (2 ml)
and water (1 ml). Secondly, with continuous stirring (150 r/min),
tetraethyl orthosilicate (2.5 ml) was added and the mixed liquor
was kept at 40°C for 12 h. Thirdly, the particles were isolated by
centrifugation (Eppendorf, 5810R, Germany) with the centrifuge
rotor radius (173 mm) (12 000 r/min, 15 min), washed three times
with deionized water and then dispersed in 50 ml of deionized
water. With the help of transmission electron microscope (TEM)
(JEOL JEM2100, Japan), the shape and distribution of SiNPs were
observed. The size of 500 particles was counted by ImageJ soft-
ware.

The detection of cell viability

The cell viability was measured in the 1st, 10th, 20th and
30th generations by CCK8 (Dingguo Changsheng bioengineering
Institute, China). After exposed to SiNPs, spermatocyte cells were
seeded into the 96-well plate at a concentration of 1 x 10°
cells/ml. The cell viability was then detected at 450 nm by
a microplate reader (Themo Multiscan MK3, USA), and the
absorbance was detected.

The detection of ROS

The species of reactive oxygen were measured in the 1st, 10th,
20th and 30th generations. After exposure to SiNPs, spermatocyte
cells were seeded into the 96-well plate at a concentration of
1 x 10° cells/ml. The cells were washed by phosphate buffer
saline (PBS) and incubated away from light at 37°C with DCFH-
DA working solution for 30 min. Then, the cells were washed
twice with cold PBS. At last, the absorbance was measured by
microplate reader (Themo Multiscan MK3, USA) using the exci-
tation wavelength of 485 nm and the emission wavelength of
525 nm.

Ultrastructure of spermatocyte cells

After exposure to SiNPs for 30 generations, the ultrastructure
of spermatocyte cells was observed. The cells were washed by
PBS, collected and centrifuged, and the cell pellets were fixed in
2.5% glutaraldehyde for 3 h. Subsequently, the fixed pellets were
washed with 0.1 M phosphate buffer, embedded in a 2% agarose
gel, post-fixed in a 4% osmium tetroxide solution, stained with
0.5% uranyl acetate and dehydrated in a graded series of ethanol.
The cell pellets were then embedded in an epoxy resin, and the
resin was polymerized at 60°C for 48 h. The stained ultrathin
sections were imaged by a TEM (JEOL JEM2100, Japan).

The detection of the protein expression

Firstly, the total protein was isolated from spermatocyte cells by
the Total Protein Rapid Extraction Kit (Jiancheng Bioengineering
Institute) and quantified by the protein quantification kit (Key-
Gen Biotechnology). SDS-polyacrylamide gels (12%) were used
to isolate 25 pg of the lysate proteins. And then, the proteins
were transport to the nitrocellulose (NC) membranes (Gelman
Laboratory, USA). After sealing with TBST and BSA for 1.5 h, the
NC membranes were incubated with p-PERK, GRP-78, IREla, ATF6
(1:500, rabbit antibodies, Boster Biological Technology Co., Ltd,
China) and Caspase 3 (1:1000, rabbit antibodies, Cell Signaling
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Technology, Beverly, MA, USA) at room temperature for 1 h and
overnight at 4°C. The membranes were washed and incubated
with the secondary antibody for 1 h (1:15000, anti-rabbit IgG,
ZSGB-BIO, Beijing, China). Ultimately, using the chemilumines-
cence imaging system (Tanon 5200; Tanon, Guangzhou, People’s
Republic of China), the antibody-bound proteins were detected
by the enhanced chemiluminescence reagent (Thermo Fisher
Scientifc, Waltham, MA, USA).

The detection of cell apoptosis

Cells apoptosis was detected by the Annexin V-propidium iodide
(PI) apoptosis detection kit (KeyGen, China). After exposure
to 5 pg/ml SiNPs for 30 generations, the cells were washed,
trypsinized, collected and centrifuged. Then, the cells were
resuspended with a binding buffer, 5 pl Annexin V-FITC and 5 pl
PI. The apoptotic cells were detected by flow cytometry (Becton
Dickinson, USA). Afterwards, based on the properties of forward
and side scattering, the cell population was calculated. The cells
in the quadrant of FITC negative and PI negative were considered
to be living cells, those in the quadrant of FITC positive and PI
negative were early apoptotic cells, those in the quadrant of FITC
positive and PI positive were late apoptotic cells and those in the
quadrant of FITC negative and PI positive were cells fragment.

Statistical analysis

All the statistical analyses were performed by using the sta-
tistical software SPSS20.0. One-way analysis of variance was
used to analyze differences in multiple groups, followed by the
least significant difference test in two groups for apoptosis. The
independent sample t-test was used to test mean differences
between the control group and the SiNPs group at the same
generations for viability, oxidative stress and UPR. All values
were expressed as mean =+ standard deviation and difference was
signally at P < 0.05.

Results
The characterization of SiNPs

The TEM observation revealed that the shape of SiNPs is sim-
ilar to spherical shape, and the size distribution is uniform
(Fig. 1). The average diameter measured by Image J software is
57.66 + 7.30 nm. SiNPs are of not only good monodispersity
but also stability in DMEM and distilled water over time. The
information of hydrodynamic sizes and zeta potential can be
obtained from our previous study [20].

The changes of viability and oxidative stress in
spermatocyte cells

Cell viability was measured after exposure to SiNPs for 1, 10, 20
and 30 generations. The results showed that the viability in the
control group and the SiNPs group decreased with the increase
of exposure time. However, the decline in the SiNPs group was
more severe. At the 20th and 30th generations, the cell viability in
the SiNPs group was significantly lower than that in the control
group (Fig. 2A).

After exposure to SiNPs for 1, 10, 20 and 30 generations, the
activity of ROS was detected. With the exposure time increase,
the level of ROS was elevated. Furthermore, at the 20th and 30th

Figure 1: The characterization of SiNPs. Notes: The TEM images of SiNPs.

generation, the ROS level in the SiNPs group was significantly
higher than that in the control group (Fig. 2B).

The changes of ultrastructure in spermatocyte cells

The ultrastructure of GC-2spd was observed by TEM after
exposure to SiNPs for 30 generations. The rough ER was
regularly shaped and the mitochondrial cristae were clear
in the control group (Fig.3A and B). In the SiNPs group, the
rough ER swelled, and the mitochondrial crista disappeared
(Fig. 3C and D). Moreover, the SiNPs were found in the cells of
the SiNPs group (Fig. 3E and F).

The changes of unfolded protein reaction in
spermatocyte cells

In order to obtain the status of UPR in spermatocyte cells, the
proteins expression of GRP-78, p-PERK, IREle and ATF6 of GC-
2spd cells were detected in the 1st, 10th, 20th and 30th gener-
ation. With the increase of generation, the proteins expression
of GRP-78, p-PERK, IREle and ATF6 gradually increased. In the
20th generation, only the expression of p-PERK was significantly
higher in the 5 pg/ml SiNPs group than that in the control group.
In the 30th generation, the protein expressions of GRP-78, p-
PERK, IREle and ATF6 were significantly higher in the 5 pg/ml
SiNPs group than those in the control group (Fig. 4).

The changes of spermatocyte cells apoptosis

The apoptosis of spermatocyte cells was detected by flow cytom-
etry and western blot. After exposure to SiNPs for 30 generations,
the level of apoptosis of GC-2spd cells and the expression of
Cleaved caspase-3 in the 5 pg/ml SiNPs group were significantly
higher than those in the control group. Compared with the
5 pg/ml SiNPs group, the apoptosis level of GC-2spd cells and
the expression of Cleaved caspase-3 in the 5 pg/ml SiNPs group
with 4PBA were significantly decreased compared with 5 pg/ml
SiNPs group (Fig. 5), which indicated that 4PBA, a UPR inhibitor,
antagonized SiNPs-induced apoptosis and increased expression
of Cleaved caspase-3 in spermatocyte cells.
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Figure 2: The effects on the viability and oxidative stress in spermatocyte cells after exposure to SiNPs for 1, 10, 20 and 30 generations. Notes: A: Cell viability. B: Reactive
oxygen fluorescence intensity. SiNPs inhibited the cell viability and hasten the development of ROS. *P < 0.05 represents significantly difference between the control

group and the 5 pg/ml SiNPs group in the same generation.

Figure 3: The changes of ultrastructure in spermatocyte cells after exposure to SiNPs for 30 generations. Notes: The figure shows the TEM images of spermatocyte cells.
SiNPs disturbed the ultrastructure of mitochondrion and ER. A, B: The control group. C, D, E, F: The 5 pg/ml SiNPs group. A: The white arrow represents mitochondrion. B:
The white arrow represents ER. C, D: The white arrow represents ER. B: The black arrow represents mitochondrion. E, F: The white arrow represents silica nanoparticles.

Discussion
With the aggravation of environmental pollution, the incidence
of infertility continues to increase, and the quantity and quality
of human sperm declines in worldwide [22, 23]. As one of the
components of environmental pollution, SiNPs exist in low doses
in the environment and are in long-term contact with humans.
Therefore, the chronic toxicity of SiNPs effects on spermatocyte
cells deserves more attention.

This study explored the long-term effects of low-dose SiNPs
on spermatocyte cells. After exposure to SiNPs for 20 and 30
generations, mitochondrial swelling was observed in the sperma-
tocyte cells. The cell viability of the spermatocyte cells gradually
decreased, and the level of oxidative stress increased. These
results indicated that long-term exposure to low doses of SiNPs
could induce cytotoxicity in spermatocyte cells, similar to our
previous findings. The previous studies have shown that after
exposure for 30 generations, SINPs can induce apoptosis and
autophagy in spermatocyte cells [20, 24]. There is little useful

information about the long-term effects of low-dose SiNPs on
spermatocyte cells, and further study is urgently needed.

UPR may play an important role in the long-term effects of
low-dose SiNPs on spermatocyte cells. UPR can regulate protein
quality and enhance the ability of protein folding to maintain
homeostasis [25]. GRP78 contacts unfolded and misfolded pro-
teins to facilitate appropriate protein processing. GRP78’s disso-
ciation from PERK, IRE1la and ATF6 can be induced by the increase
of misfolded proteins [26, 27], leading to the activation of UPR by
oligomerization, autophosphorylation and/or translocation [28,
29]. In the results, with the increase of exposure time, P-PERK
significantly increased in the 20th and 30th generation, and
GRP78, ATF6 and IRElw significantly increased in 30th generation.
The results illustrated that SiNPs increased UPR in spermatocyte
cells. Other researchers have proved that SiNPs can induce ROS
[30, 31]. Oxidative stress can induce unfolded protein reactions.
Antioxidants could alleviate unfolded protein reactions [32]. In
addition, with the increase of GRP78 and PERK, UPR was activated

20z udy 01 U0 188nB AQ €/GG98G/7Gh/1/6/91011E/S8IX0) W00 dNO"dIWspeoe)/:SdY Wolj papeojumoq



458 | Renetal.

A

b . £ T T T T T il

B S— S— E— S— — S S |RE10

- ﬁ -ﬁ-i- ATF6

0.9 - mOpg/mL iy
£ os | “sugmL | !
A
£ 07 |
g ose .

S

2 05

=

= o4 |

s o

°'T° 0.3

& o2

© 01

0 | I— el 4
1st 10th 20th oth
Generations

1.4 [ mOpg/mL
= 5pg/mL *
S 12 T
n
@n
it
= 17
=
e |
o 08 -

.E
% 0.6 -
=
S 04 -
o
E 0.2 |
0 L — — @ 2|
1st 10th 30th

Generations

B-actin
= 1.2 mOopg/mL *
£ Sug/mL T
2 1
£
Z 08 -
K
=
= 06
<
=1
E 0.4
=
ﬂj 0.2
o e | ]
10th 30th
Generations
12 mOoug/mL
g Spg/mL *
‘Z 1+ T
@»n
2
= o8 T
(-5
2 g y
= 0.6
=
—
L
= 04
\o
=]
< 02
0
1st 10th 20th 30th
Generations

Figure 4: The changes of unfolded protein reaction in spermatocyte cells after exposure to SiNPs for 1, 10, 20 and 30 generations. Notes: A: Protein bands of GRP-78/p-
PERK/IRE1a/ATF6. B: The proteins expression of GRP-78/p-PERK/IRE1a/ATF6. SiNPs hasten the development of UPR-related proteins GRP-78/p-PERK/IRE1a/ATF6. *P < 0.05
represents significantly difference between the control group and the 5 pg/ml SiNPs group in the same generation.

by ROS after Cd exposure in placenta [33]. As UPR increases,
chloroacetic acid could trigger apoptosis in neuronal cells [34].
Consequently, SiNPs may trigger UPR via ROS in spermatocyte
cells.

Long-term and low-dose SiNPs might induce spermatocyte
apoptosis by UPR. In this research, the level of apoptotic sperma-
tocyte cells increased with the increase of exposure generations.
To examine the role of UPR in apoptosis, 4PBA was used to inhibit
UPR. 4PBA is a small molecular compound that can facilitate
protein transport in the direction of praise in the ER, reducing
the load on the ER [35-37].

It is feasible that the cells were incubated with 4PBA for
1-6 h to reduce UPR in previous researches [38-41]. Therefore,

we decide to conservatively use the inhibitor 4PBA for the
treatment of the cells incubated with SiNPs only at the 30th
generation, and the level of UPR reduced after cells incubated
with 4PBA in this study, which showed the effect of inhibitor
4PBA. When using 4PBA, both spermatocyte apoptosis and the
protein expression of Cleaved caspase-3 decreased. Shigemi et al.
found in their research that methylseleninic acid could induce
the apoptosis by up-regulating UPR in PEL cells [42]. UPR can
induce apoptosis of g-cell in L3 rats [43]. Hence, SiNPs induced
spermatocyte apoptosis by UPR. In conclusion, the results
suggested that low-dose SiNPs could induce spermatocyte
apoptosis by increasing UPR via activated ROS in the long
term.
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Figure 5: The effect of unfolded protein reaction inhibitor 4PBA on apoptosis and Cleaved caspase-3 in spermatocyte cells after exposure to SiNPs for 30 generations.
Notes: A: The cell apoptosis was detected by a flow cytometry. B: The level of cell apoptosis. C: The protein expression of Cleaved caspase-3. 4PBA could inhibit SiNPs-
induced cells apoptosis. The values with complete different superscript letters were significantly different among groups.

Conclusion

In this study, cells were continuously exposed to SiNPs for 1,
10, 20 and 30 generations at the dose of 5 pg/ml SiNPs for 24 h
per generation after attachment. With the increasing generation
of exposure, SiNPs decreased the ability, induced the apoptosis
of spermatocyte cells and increased the level of ROS; moreover,
SiNPs increased the proteins expression of GRP-78, p-PERK, IRE1«,
ATF6 and Cleaved caspase-3 in spermatocyte cells, suggesting
that SiNPs improved the UPR and apoptosis. The current results
indicate that the long-term exposure to low-dose SiNPs could
induce apoptosis by triggering ROS-mediated UPR in spermato-
cyte cells.
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