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Abstract: The reproductive toxicity of silica nanoparticles (SiNPs) is well known, but the 

underlying mechanism is still not clear. To investigate the toxic mechanism of SiNPs on sper-

matogenic cells, 60 C57 male mice were randomly and equally divided into three groups (the 

control group, the saline control group, and the SiNPs group) with two observed time points 

(45 days and 75 days). The mice in the SiNPs group were administered with SiNPs 2 mg/kg 

diluted in normal saline, and the mice of the saline control group were given equivoluminal 

normal saline by tracheal perfusion every 3 days for 45 days (in total 15 times). The control 

group mice were bred without treatment. In each group, a half number of the mice were 

sacrificed on the 45th day after the first dose, and the remaining half were sacrificed on the 75th 

day. The results showed that SiNPs increased the malformation of sperms and decreased the 

motility and concentration of sperms in epididymis on the 45th day after the first dose. SiNPs 

induced oxidative stress in testis and led to apoptosis and necroptosis of the spermatogenic cells. 

Furthermore, SiNPs increased the expression of Fas/FasL/RIPK1/FADD/caspase-8/caspase-3 

and RIPK3/MLKL on the 45th day after the first dose. However, compared with the saline 

control group, the index of sperms and the expression of Fas/FasL/RIPK1/FADD/caspase-8/

caspase-3/RIPK3/MLKL showed no significant changes in the SiNPs group on the 75th day 

after the first dose. These data suggested that SiNPs could induce apoptosis and necroptosis in 

the spermatogenic cells by activating the RIPK1 pathway resulting from oxidative stress in male 

mice. SiNPs-induced damage recovered on the 75th day after the first dose, which suggested 

that SiNPs-induced toxicity is reversible.

Keywords: silica nanoparticles, RIPK1 signal pathway, apoptosis, necroptosis, spermatogenic 

cells, reversible

Introduction
With the development of engineered nanoparticles (ENPs), numerous ENPs like 

metal nanoparticles (NPs), magnetic NPs, quantum dots, and silica NPs (SiNPs) have 

been widely used in the delivery of drugs, therapeutics, diagnostics, vaccines, and 

nucleotides.1,2 SiNPs are widespread nanomaterials used in toothpastes, foods, for 

delivery of drugs, and cancer detection.3–5 In addition, in the nature, SiNPs mainly exist 

in soil, sand, ore, and particulate matter.6,7 Due to increasing atmospheric pollution, 

enhanced concentrations of SiNPs are found in the environment.2,8 There is a concern 

that research on the possible health risks of SiNPs are not keeping pace with the rapid 

growth in the number of SiNP products.

Previous researches have shown that many kinds of NPs could impair male repro-

ductive system and that SiNPs could cause lesions in Sertoli cells and spermatogenic 
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cells.9–11 Thus, SiNPs could cause damage to sperms, lead-

ing to sperm malformation and decrease in the number and 

motility of sperms.12,13 Our previous study showed that SiNPs 

caused damage to mitochondrial cristae which, in turn, led to 

a decrease in the quantity and quality of epididymal sperms. 

But SiNPs-induced damage recovered after stopping the 

exposure.14 However, controversial reports also exist. The 

previous study showed that short-term exposure to NPs could 

not induce the damage to reproduction.15 Therefore, there is 

an urgent need to investigate the toxicological mechanism 

of SiNPs on reproduction.

Oxidative stress has been considered as an initiating event 

of reproductive toxicity. The studies also showed that expo-

sure to SiNPs could induce oxidative stress, inflammation, 

apoptosis, and organ injury.16–18 Our previous study showed 

that exposure to SiNPs could damage the mitochondria and 

lead to energy metabolism dysfunction.14 However, the 

molecular mechanisms involved in the cytotoxicity of SiNPs 

on spermatogenic cells remain unclear and poorly under stood. 

In this study, we examined the RIPK1 signaling pathway to 

explore the possible mechanism of the cytotoxicity induced 

by SiNPs. These findings could provide persuasive evidence 

for the cytotoxicity effects of SiNPs on reproduction.

Materials and methods
experimental design
Sixty C57 clean grade male mice were purchased from the 

Beijing Vital River Laboratory Animal Technology Co., 

Ltd. (Animal production license number: SCXK2012-0001) 

(Beijing, People’s Republic of China). The mice were aged 

6–7 weeks with a mean weight of 20.1±2.0 g. Every five mice 

were raised in a plastic cage (26 cm ×15 cm ×15 cm) in a 

ventilated animal care facility. The temperature of the house 

was maintained at 22°C±2°C, and the relative humidity was 

kept at 60%±10%. The animals were raised 12 hour: 12 hour 

light/dark cycle. All the mice were provided food and drink-

ing water ad libitum. The pad was changed every 3 days. 

Animal protocols were approved by the Capital Medical 

University Institutional Animal Care and Use Committee 

(Ethical review number: AEEI-2014-068) and conformed 

to the US National Institutes of Health Guide for the Care 

and Use of Laboratory Animals. Prior to experiment, the 

mice were adapted to the environment for 1 week. Then, 

60 healthy adult male mice were randomly and equally 

divided into three groups: the control group, the saline control 

group, and the SiNPs group. The mice in the SiNPs group 

were administered with SiNPs 2 mg/kg diluted in normal 

saline, with diameters of 57.66 nm, and the mice in the saline 

control group were given equivoluminal normal saline by 

tracheal perfusion every 3 days for 45 days (in total 15 times).  

The control group mice were bred without treatment. The 

mice were injected intraperitoneally with 7 μL/g body 

weight of 5% chloral hydrate anesthesia before performing 

the experiment after 12 hours of fasting. A half of the mice 

in every group were sacrificed at 45 days, and the remaining 

half were sacrificed at 75 days after the first dose. Testes and 

epididymides were collected from each animal for analysis. 

The sperms in the epididymides were collected immediately, 

and the testes were weighed; then, the right testes were fixed, 

and the left testes were stored at -80°C until analysis.

siNPs preparation and characterization
SiNPs were prepared and characterized as reported in our 

previous laboratory study.19 Briefly, SiNPs were produced 

in the College of Chemistry, Jilin University, People’s 

Republic of China, by the Stöber method. Ethanol solution 

(50 mL), ammonia (2 mL), and water (1 mL) were mixed, 

and then tetraethyl orthosilicate (2.5 mL) was added to the 

mixture. The mixture was kept stirring (150 rpm) at 40°C for 

12 hours, and then the particles were obtained by centrifuga-

tion (12,000 rpm) for 15 minutes, washed three times, and dis-

persed in deionized water (50 mL). To avoid the aggregation 

of SiNPs, biodegradable and low critical micelle concentration 

surfactants were used according to the procedure described in 

the previous study.20 Finally, the surfactants were washed off, 

and the suspensions of SiNPs were sonicated by a sonicator 

(160 W, 20 kHz, 5 minutes) (Bioruptor UDC-200; Diagenode, 

Liège, Belgium) before addition to dispersion solution and 

performing tracheal perfusion in order to minimize their pos-

sible aggregation. The particles were observed by transmission 

electron microscopy (JEM-2100; JEOL, Tokyo, Japan). The 

diameter of SiNPs was measured by computer-assisted image 

analysis software (ImageJ software; National Institutes of 

Health, Bethesda, MD, USA). The zeta potential and hydro-

dynamic sizes of SiNPs were determined with a Zetasizer 

(Nano ZS90; Malvern Instruments, Malvern, UK).

evaluation of sperms in epididymides
Sperms were collected from epididymides and placed in 

Dulbecco’s Modified Eagle Medium (2 mL) at 37°C for 

5 minutes, and then the concentration and the motility of 

sperms were analyzed by computer-assisted semen analyzer 

(Hamilton Thorne IVOS-II; Hamilton Thorne Research, 

Beverly, MA, USA). The results regarding the concentration 

and the motility of sperms were displayed on the computer. 

A smear of the sperm suspension was made on the glass 
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slides and was used for assessing the malformation of sperms 

after hematoxylin–eosin staining. A total of 1,000 sperms on 

every glass slide were counted to determine the proportion 

of malformed sperms using an optical microscope (Olympus 

BX53; Olympus Corporation, Tokyo, Japan).

The sperm 

malformation rate

The malformed sperm number
=

1 000,
××100%

 
 (1)

evaluation of histological structure 
and ultrastructure of testes
The evaluation of histological and ultrastructure of testes was 

performed using standard laboratory procedures. Briefly, the 

collected testes were rapidly fixed in picric acid, dehydrated, 

embedded in paraffin blocks, and placed on separate glass 

slides. The stained sections were examined by a histopatholo-

gist using an optical microscope (Olympus BX53). One 

testicle was randomly removed immediately after the mice 

were sacrificed for observation by electron microscopy. The 

testicle was first injected with 2.5% glutaraldehyde and kept 

for 30 minutes. Then it was cut into small pieces and placed 

in the 2.5% glutaraldehyde solution at 4°C for 24 hours. The 

pieces were washed three times for 10 minutes each with 

phosphate buffer at pH 7.2 and then dehydrated with ethanol. 

Subsequently, the dehydrated samples were embedded with 

Epon 812, sliced by an LKB-V microtome, and stained with 

3% uranyl acetate–lead citrate. Finally, we used JEM-1400 

and JEM-2100 transmission electron microscopes (JEOL) 

to observe the testicular ultrastructures.

Determination of the apoptosis of 
spermatogenic cells in the testes
One-step terminal deoxynucleotidyl transferase (TdT)-

mediated dUTP nick-end labeling (TUNEL) apoptosis assay 

kit (KeyGen Biotechnology, Nanjing, People’s Republic of 

China) was used to confirm the presence of apoptotic cells 

in the paraffin-embedded sections, which were dewaxed by 

treating with dimethyl benzene for two times, immersed in 

gradient alcohol, and then in distilled water. TUNEL assay 

was performed according to the manufacturer’s instructions. 

TUNEL-positive cells were observed by a fluorescence micro-

scope (Nikon Eclipse Ti-U; Nikon Corporation, Tokyo, Japan) 

after green fluorescent staining. To quantify the expression of 

apoptosis cells, the intensity of green fluorescence was mea-

sured using computer-assisted image analysis (LAS Image 

Analysis V4.0; Leica Microsystems, Wetzlar, Germany).

Determination of oxidative stress  
indices in the testes
The total protein of the testes tissue was extracted accord-

ing to the instructions of a protein extraction kit (Jiancheng 

Bioengineering Institute, Nanjing, People’s Republic of 

China). The protein concentration of testes was assayed using a 

protein quantification kit (KeyGen Biotechnology). The levels 

of superoxide dismutase (SOD) and malondialdehyde (MDA) 

were measured using commercial kits (Jiancheng Bioengi-

neering Institute) according to the manufacturer’s protocols. 

The concentration of 3-nitrotyrosine (3-NT) was assayed 

using a 3-NT ELISA Kit (Shanghai Yuping Biotechnology 

Limited Company, Yuping, People’s Republic of China) 

according to the manufacturer’s instructions.

Determination of protein expression 
in rIPK1 signal pathway
In order to determine the expression of proteins in RIPK1 

signal pathway, Western blots were performed. The total pro-

tein of the testes tissue was extracted using a protein extraction 

kit (Jiancheng Bioengineering Institute) and measured by the 

protein quantification kit (KeyGen Biotechnology). Extracts 

containing equal amounts of 40 μg of lysate proteins were 

used. The protein samples were subjected to sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis in 15% separating 

gels and 5% stacking gels and electrophoretically transferred 

to polyvinylidene fluoride (PVDF) membranes (EMD Mil-

lipore, Billerica, MA, USA). After blocking with 5% bovine 

serum albumin (KeyGen Biotechnology, Nanjing, People’s 

Republic of China) in Tris-buffered saline–Tween (TBST) 

for 2 hours at room temperature (20°C–30°C), the PVDF 

membrane was incubated with β-actin/Fas/FasL/RIPK1/

caspase-8/cleaved caspase-8/caspase-3/cleaved caspase-3/

RIPK3/FLIP (1:1,000, rabbit antibodies, Cell Signaling Tech-

nology, Beverly, MA, USA), MLKL (1:500, goat antibodies, 

Santa Cruz Biotechnology Inc., Dallas, TX, USA), FADD 

(1:500, rabbit antibodies, Santa Cruz Biotechnology Inc.) at 

room temperature (20°C–30°C) for 1 hour on a shaking table 

and at 4°C for overnight. After the PVDF membranes were 

washed three times with TBST every 10 minutes, the PVDF 

membranes were incubated with anti-rabbit IgG secondary 

antibody or anti-goat IgG secondary antibody (1:5,000, 

ZSGB-BIO, Beijing, People’s Republic of China) for 1 hour 

at room temperature (20°C–30°C) on a shaking table. After 

the PVDF membranes were washed three times with TBST 

every 10 minutes, the antibody-bound proteins were detected 

by the enhanced chemiluminescence reagent (Thermo Fisher 

Scientific, Waltham, MA, USA) with Chemiluminescence 
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imaging system (Tanon 5200; Tanon, Guangzhou, People’s 

Republic of China).

statistical analyses
All the statistical analyses were performed by using the sta-

tistical software SPSS17.0 (SPSS Inc., Chicago, IL, USA). 

The independent sample t-test was used to test mean differ-

ences between the control group and the saline control group 

and the saline control group and the SiNPs group. All of the 

values were expressed as the mean value ± standard error. 

P,0.05 was considered to indicate statistical significance.

Results
characterization of siNPs
The characterization of SiNPs was done in our previous 

study.19 The shape of SiNPs was found to be near-spherical, 

and their average diameter was 57.66 nm. The hydrodynamic 

sizes and zeta potentials of SiNPs detected in the distilled 

water or Dulbecco’s Modified Eagle Medium displayed good 

monodispersity and excellent stability, and these findings 

were similar to those reported by Guo et al19 (Figure 1).

effects of siNPs on murine testes
On the 45th day after the first dose, the shape of seminifer-

ous tubules and the cell arrangement between the control 

group and the saline control group were regular, and the cell 

layer was thick (Figure 2A, B, D, and E). The cellular and 

nuclear membranes were intact (Figure 3A, B, E, and F), 

and the outer membrane of the mitochondria and the sperm 

membranes were smooth and intact (Figure 3C, D, G, and H). 

The data suggested that the experimental operation of tracheal 

perfusion had no influence on the testes in mice. The rest of 

the indices manifested no significant difference between the 

control group and the saline control group, which further 

indicated that the experimental operation of tracheal perfu-

sion had no effect on the murine reproductive system.

In the SiNPs group, the shape of the seminiferous tubules 

and the cell arrangement were irregular, cell layer was thin, 

vacuolization was observed in some seminiferous tubules, 

exfoliated cells emerged in some seminiferous tubules 

(Figure 2C and F), and swollen mitochondria were observed 

(Figure 3K). The cross sections of the outer membrane of 

the sperm tail were irregular (Figure 3L). Additionally, we 

also clearly observed SiNPs in the spermatogenic cells of 

the testis (Figure 3I and J). However, on the 75th day after 

the first dose, the structure of seminiferous tubules recov-

ered, the vacuolization and exfoliated cells in the tubules 

disappeared (Figure 2I and L), and the cross sections of the 

outer membrane of the sperm tail gradually became regular 

(Figure 3X).

effects of siNPs on sperms in epididymides
On the 45th day after the first dose, the sperm concentra-

tion and the sperm motility in the SiNPs group decreased 

compared with the saline control group. Meanwhile, the 

sperm abnormity in the SiNPs group was significantly 

higher than that in the saline control group. On the 75th 

day after the first dose, the sperm concentration, the sperm 

motility, and the sperm abnormity in the SiNPs group had 

no significant difference compared with the saline control 

group (Figure 4).

effects of siNPs on cell apoptosis 
in murine testes
On the 45th day after the first dose, the cells in the seminifer-

ous tubules in the SiNPs group underwent more apoptosis 

than the cells in the saline control group. The apoptotic 

cells were mainly spermatocytes and spermatoblasts. On 

the 75th day after the first dose, the apoptosis in the SiNPs 

group and the saline control group displayed no difference 

(Figure 5).

effects of siNPs on the oxidative stress 
in murine testes
On the 45th day after the first dose, SOD activity in the 

SiNPs group was significantly lower than in the saline control 

Figure 1 The characterization of siNPs.
Notes: TeM image shows siNPs have a near-spherical shape and good monodis-
persity, with an average diameter of 57.66 nm.
Abbreviations: siNPs, silica nanoparticles; TeM, transmission electron microscopy.
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Figure 2 The effects of siNPs on the structure of testicular tissue in mice.
Notes: (A and D) The shape of seminiferous tubles and the cell arrangement were regular in the control group on the 45th day after the first dose. (B and E) The shape of 
seminiferous tubles and the cell arrangement were regular in the saline control group on the 45th day after the first dose. (C and F) The shape of seminiferous tubles and 
the cell arrangement were irregular after exposure to siNPs for 45 days. siNPs led to vacuolization and exfoliated cells in some seminiferous tubles. (G and J) The shape of 
seminiferous tubles and the cell arrangement were regular in the control group on the 75th day after the first dose. (H and K) The shape of seminiferous tubles and the cell 
arrangement were regular in the saline control group on the 75th day after the first dose. (I and L) The shape of seminiferous tubles and the cell arrangement were regular 
in the SiNPs group on the 75th day after the first dose, and the vacuolization and exfoliated cells in some seminiferous tubles induced by SiNPs weren’t observed. The figure 
shows optical microscope images of testis. The thin black arrow represents the vacuolization, and the wide black arrow represents the exfoliated cells. The data indicated that 
siNPs could damage the seminiferous epithelium in testis of mice.
Abbreviation: siNPs, silica nanoparticles.

group. The levels of MDA and 3-NT in the SiNPs group were 

significantly higher than in the saline control group. On the 

75th day after the first dose, SOD activity and 3-NT level 

showed no significant difference between the SiNPs group 

and the saline control group. The level of MDA in the SiNP 

group was higher than in the saline control group (P=0.048) 

(Figure 6).

effects of siNPs on the expression of 
proteins of rIPK1 signal pathway
Western blot was used to detect the expression of proteins 

of RIPK1 signal pathway. On the 45th day after the first 

dose, the expression of death receptor Fas and its ligand 

FasL was upregulated. Compared with the saline control 

group, the expression of RIPK1/FADD/caspase-8/cleaved 
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Figure 3 The effects of siNPs on the ultrastructure of testicular tissue in mice.
Notes: (A–D) The ultrastructure of testes in the control group on the 45th day after the first dose. (E–H) The ultrastructure of testes in the saline control group on the 
45th day after the first dose. (I and J) SiNPs were observed in the SiNPs group on the 45th day after the first dose. (K and L) siNPs led to swollen mitochondria and changed 
the shape of the cross-sections of the sperm tail in the SiNPs group on the 45th day after the first dose. (M–P) The ultrastructure of testes in the control group on the 75th 
day after the first dose. (Q–T) The ultrastructure of testes in the saline control group on the 75th day after the first dose. (U–X) The ultrastructure of testes in the siNPs 
group on the 75th day after the first dose. The swollen mitochondria weren’t observed, and the shape of the cross-sections of the sperm tail were similar to that in the 
saline control group. The figure shows TEM images of testis. The thin black arrow represents the mitochondria, thin white arrow represents the cell membrane or nuclear 
membrane, wide white arrow represents the cross sections of the sperms, and wide black arrow represents the siNPs. The data indicated that siNPs could accumulate in 
the testis and damage the mitochondria and sperms.
Abbreviations: siNPs, silica nanoparticles; TeM, transmission electron microscopy.

caspase-8/caspase-3/cleaved caspase-3 in the apoptosis signal 

pathway and the expression of RIPK3/MLKL in the necrop-

tosis signal pathway were both enhanced in the SiNPs group. 

Meanwhile, the expression of survival-promoting molecule 

FLIP increased in the SiNPs group. Collectively, the results 

suggested that SiNPs could induce apoptosis and necroptosis 

via activating RIPK1 signal pathway (Figure 7). On the 75th 

day after the first dose, the expression of death receptor Fas and 

its ligand FasL as well as RIPK1/FADD/caspase-8/cleaved 

caspase-8/caspase-3/cleaved caspase-3/RIPK3/MLKL/FLIP 

showed no significant difference between the SiNPs group 

and the saline control group (Figure 8).

Discussion
Atmospheric exposure is one of the most common ways 

for human exposure to SiNPs.4,8 SiNPs can migrate from 

lung to extrapulmonary tissues or organs.21,22 In our present 

research, the mice were exposed to SiNPs by endotracheal 

instillation, as this method simulates the way of the human 

exposure to SiNPs. After 45 days exposure, SiNPs were 
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Figure 4 The effects of siNPs on the quality and quantity of sperms in epididymides.
Notes: (A–C) SiNPs decreased the sperm concentration and the sperm motility, and increased the sperm abnormity on the 45th day after the first dose. (D–F) The sperm 
concentration, the sperm motility, and the sperm abnormity in the SiNPs group had no significant difference compared with the saline control group on the 75th day after 
the first dose. Data are expressed as the mean ± standard error from three independent experiments. *P,0.05 vs the saline control group. saline group represents the saline 
control group. The data indicated that siNPs could decrease the quality and quantity of sperms.
Abbreviation: siNPs, silica nanoparticles.

observed in the testes by transmission electron microscopy, 

which demonstrated that SiNPs were able to pass the blood–

testis barrier and enter into the testis. This is consistent 

with another research which showed that NPs could pass 

blood–testis barrier and accumulate in the testis after expo-

sure to NPs by intravenous infusion.23 In addition, SiNPs 

can also decrease sperm numbers and sperm motility of the 

male mice.12,13 The present study also corroborated that the 

sperm concentration, the sperm motility, and the sperm 

abnormity decreased, while the sperm abnormity increased 

in the SiNPs group compared with the saline control group 

on the 45th day after the first dose. Our results substantiated 

that exposure to SiNPs via the respiratory system could lead 

to lesions in testes and sperms. It is reported that SiNPs can 
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Figure 5 The effects of siNPs on the apoptosis of spermatogenic cells in testis of mice.
Notes: (A–C) The apoptotic cells were confirmed by TUNEL in every group on the 45th day after the first dose. The apoptotic cells were observed by a fluorescence 
microscope. siNPs increased the proportion of apoptosis cells. (D–F) The apoptotic cells were confirmed by TUNEL in every group on the 75th day after the first dose. The 
apoptosis in the SiNPs group and the saline control group displayed no significant difference on the 75th day after the first dose. The apoptosis of spermatogenic cells was 
detected by TUNel assay. Data are expressed as the mean ± standard error from three independent experiments. *P,0.05 vs the saline control group. The white arrow 
represents the apoptosis of cells. saline group represents the saline control group. The data indicated that siNPs could increase the apoptosis of spermatogenic cells.
Abbreviations: siNPs, silica nanoparticles; TUNel, terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling.

penetrate cytomembrane and sediment in mitochondria or 

even diffuse into the nucleus and then cause cell death when 

the diameter of SiNPs is smaller than the size of cellular 

organelles.24–27 The present study indicated that SiNPs caused 

spermatogenic cells apoptosis, as detected by TUNEL, but 

the mechanism underlying apoptosis remains unclear.

The study reported that NPs could induce oxidative 

stress and the testis dysfunction.10 The present research 

showed that SiNPs significantly impaired SOD activity and 

increased the MDA and 3-NT levels on the 45th day after 

the first dose. The levels of MDA, SOD, and 3-NT indicate 

the generation of reactive oxygen species/reactive nitrogen 

species.28,29 Oxidative stress triggered by SiNPs can be one of 

the crucial mechanisms for exerting their nanotoxicity.14,19,30 

Oxidative stress might be related to the chemical and 

surface characteristics of the NPs,31 which may be con-

nected with the surface chemical architecture, hydroxyl 

groups, and compartmentalized cellular modification.32–34 

Owing to the special characteristics, NPs could interact 

with the mitochondria after NPs exposure.35 Furthermore, 

NPs can disrupt the electron transport chain, decrease the 

mitochondrial membrane potential, hinder the Ca2+ uptake, 

and increase the permeability of the mitochondria, which 

then leads to mitochondrial damage and finally induces 

oxidative stress.36,37 The generation of oxidative stress 

implicates imbalance between oxidative and antioxidative 

systems. Oxidative stress can induce tissue damage in the 

context of various diseases and lead to cell death through 

activating regulating pathways of apoptosis or necroptosis.38 

Oxidative stress has been implicated in mediating apoptosis 

or necrosis through death receptor pathway.39–41 Fas/FasL 

is a membrane translocator that is composed of intracel-

lular region, transmembrane domain, and extracellular 

region. Fas/FasL can be stimulated by extrinsic apoptosis 

pathway.42,43 The death domain of Fas/FasL exists in the 

intracellular region, which interacts with RIPK1 and FADD 

after FasL binds to Fas.

To obtain further insight into the mechanism of 

SiNPs-induced apoptosis of spermatogenic cells in testis, 

we examined the expression of RIPK1/FADD/caspase-8/

caspase-3 and RIPK3/MLKL by Western blots. RIPK1 is 

a hub that regulates caspase8-dependent apoptosis, RIPK3/

MLKL-dependent necroptosis, and NF-kB-mediated cell 

survival.44–47 RIPK1 can be triggered by death receptors.48,49 

The present research showed that apoptosis rate in the 

SiNPs groups was higher than in the saline control group 

on the 45th day after the first dose. Furthermore, we found 

that SiNPs could increase the expression of RIPK1/FADD/

caspase-8/caspase-3, and RIPK3/MLKL, which sug-

gested that SiNPs induced RIPK1/FADD/caspase-8/cas-

pase-3-dependent apoptosis and RIPK3/MLKL-dependent 

necroptosis. Meanwhile, the expression of FLIP was 

increased. FLIP can promote cell survival by competitively 

binding to caspase-8, which in turn impedes the activation 
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Figure 6 The effects of siNPs on the oxidative stress in testis of mice.
Notes: (A, C, and E) SiNPs increased the level of SOD, MDA and 3-NT on the 45th day after the first dose. (B, D, and F) The level of SOD and 3-NT showed no significant 
difference between the SiNPs group and the saline control group on the 75th day after the first dose. The level of MDA in the SiNP group was higher than that in the saline 
control group on the 75th day after the first dose (P=0.048). Data are expressed as the mean ± standard error from three independent experiments. *P,0.05 vs the saline 
control group. saline group represents the saline control group. The data indicated that siNPs could increase the level of oxidative stress.
Abbreviations: sOD, superoxide dismutase; MDa, malondialdehyde; 3-NT, 3-nitrotyrosine; siNPs, silica nanoparticles; prot, protein.

of FADD by caspase-8.50 The increased levels of FLIP 

can repress cell apoptosis.51 An increase in the expression 

of FLIP/FADD in the testes validated that SiNPs could 

simultaneously activate FLIP and FADD. However, activa-

tion of caspase-8/caspase-3 indicates that FLIP suffered 

failure in the process of repressing apoptosis. The data 

demonstrate that SiNPs can induce oxidative stress, which 

activates RIPK1 pathway and as a result causes apoptosis and 

necroptosis in the spermatogenic cells of male mice.

On the 75th day after the first dose, SiNPs were almost 

invisible in the testicular tissue under transmission electron 

microscopy in the SiNPs group. The sperm concentration, 
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Figure 7 The effects of siNPs on the expression of proteins in rIPK1 signal pathway at 45 days.
Notes: (A) The expression of rIPK1/FaDD/caspase-8/cleaved caspase-8/caspase-3/cleaved caspase-3 and rIPK3/MlKl were measured by Western blot assay. (B) relative 
densitometric analysis of protein bands were presented. after being exposed to siNPs for 45 days, siNPs upregulated the expressions of rIPK1/FaDD/caspase-8/cleaved 
caspase-8/caspase-3/cleaved caspase-3 and rIPK3/MlKl. Data are expressed as the mean ± standard error from three independent experiments. *P,0.05 vs the saline 
control group. The data indicated that siNPs could increase the expression of proteins in the rIPK1 signal pathway.
Abbreviations: siNPs, silica nanoparticles; Fasl, Fas ligand; c-caspase-8, cleaved caspase-8; c-caspase-3, cleaved caspase-3.
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Figure 8 The effects of siNPs on the expression of proteins in rIPK1 signal pathway at 75 days.
Notes: (A) The expression of rIPK1/FaDD/caspase-8/cleaved caspase-8/caspase-3/cleaved caspase-3 and rIPK3/MlKl were measured by Western blot assay. (B) relative 
densitometric analysis of protein bands were presented. after stopping exposure to siNPs for 30 days, the effect of siNPs on the expressions of rIPK1/FaDD/caspase-8/
cleaved caspase-8/caspase-3/cleaved caspase-3 and rIPK3/MlKl disappeared. Data are expressed as the mean ± standard error from three independent experiments. The 
data indicated that the effects of siNPs on the expression of protein in the rIPK1 signal pathway disappeared after stopping exposure to siNPs.
Abbreviations: siNPs, silica nanoparticles; Fasl, Fas ligand; c-caspase-8, cleaved caspase-8; c-caspase-3, cleaved caspase-3.
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sperm motility, sperm abnormity, and apoptosis exhibited 

no significant differences between the SiNPs group and the 

saline control group. The expression of Fas/FasL/RIPK1/

FADD/caspase-8/caspase-3 and RIPK3/MLKL also showed 

no significance difference between the SiNPs group and the 

saline control group. These results suggested that SiNPs-

induced damage was conspicuously relieved with the 

excretion of SiNPs. It was reported that mesoporous hollow 

SiNPs were removed from the body 4 weeks after stopping 

exposure to SiNPs,52 which resembles our results. Our study 

indicates that SiNPs-induced damage could be reversible 

after stopping exposure.

The possible mechanism underlying the SiNPs-induced 

apoptosis of spermatogenic cells in mice is schematically 

delineated in Figure 9.

Conclusion
In this study, SiNPs could decrease the motility and quantity 

of sperms, cause malformation of sperms, lead to apoptosis 

and necroptosis in spermatogenic cells, induce oxidative 

stress in testis, and activate the expression of the proteins 

Fas/FasL/RIPK1/FADD/caspase-8/caspase-3 and RIPK3/

MLKL on the 45th day after the first dose. In summary, SiNPs 

could induce apoptosis and necroptosis in spermatogenic 

cells by activating the RIPK1 pathway, resulting from oxida-

tive stress in male mice, and therefore lead to a decrease in 

the quality and quantity of sperms. SiNPs-induced damage 

can recover with the elimination of SiNPs after stopping 

exposure to SiNPs, which means that the toxicity induced 

by SiNPs in testes is reversible.
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