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A B S T R A C T

To demonstrate the combined adverse effect and the mechanism of silica nanoparticles (SiNPs) with
57.66 ± 7.30 nm average diameter and high-fat diet (HFD) on Wistar rats, 60 male Wistar rats were randomly
divided into six groups (n=10): Control group, SiNPs group, HFD group, 2 mg kg−1 SiNPs + HFD group,
5 mg kg−1 SiNPs + HFD group and 10mg kg−1 SiNPs + HFD group. HFD was administrated for 2 weeks for the
rats in advance and SiNPs were supplied every 3 d for 48 d subsequently. The present study illustrated that both
HFD and SiNPs could decrease sperm concentration, mobility rates, increase abnormality rates, damage testi-
cular structure, reduce spermatogonium numbers and spermatoblast numbers, reduce ATP levels, and affect
expression of regulatory factors for meiosis in testis. HFD and SiNPs further damaged the sperm and lowered the
ATP level and expression of factors associated with meiotic signaling pathway compared with the HFD without
SiNPs in testicular tissue of Wistar rats. These results suggested that SiNPs significantly promoted reproductive
toxicity induced by HFD in Wistar rats, which provides novel experimental evidence and an explanation for
magnified reproductive toxicity triggered by SiNPs in HFD rats.
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1. Introduction

Natural silica nanoparticles (SiNPs) have been proved to be con-
sidered as the main inorganic ingredient of particulate matter pollution
sources from air (Duan et al., 2016). Air pollution has been a serious
social problem that poses the threat to human health and wildlife.
SiNPs in the air are mainly from road dust, construction dust and in-
dustry (Duan et al., 2016; Feng et al., 2019; Shen et al., 2016). A recent
study showed that exposure to pollutants from air can reduce re-
productive performance (Liu et al., 2018). In more recent decades, the
prevalence of infertility has increased dramatically (Sengupta et al.,
2017). However, statistics illustrated that male factors, accounting for
about 40% of all cases, contribute to infertility greatly (Lafuente et al.,
2016). The continuous serious problem about human reproductive
dysfunction including the decrease of human semen quality and sperm
count has aroused strong reaction worldwide (Agarwal et al., 2015;
Miura et al., 2017). Hence, it is urgent to understand the reason for
disorder of the male productive system.

Evidence suggested that nanoparticles (NPs) could exert detrimental
effect on human reproductive production. Animal studies have de-
monstrated that exposure to SiNPs by oral gavage induced decrease of
number of Leydig cells and sperm motility and normal sperm mor-
phology in rats (Baki et al., 2014). Our previous study found that SiNPs
influenced maturation process of sperm in the epididymis, decreased
the quantity and quality of epididymis sperm and led to energy meta-
bolism dysfunction resulting from damage of mitochondria structure in
mice by injection via the tail vein (Xu et al., 2014). However, the
specific pathological mechanism of SiNPs-induced dysfunction of re-
productive system is still unclear.

Currently, the increasing prevalence of obesity has been considered
an epidemic worldwide (Deshpande et al., 2018). Obesity is linked
closely with various health issues including diabetes, hypertension,
cancer, and even disruption of the reproductive system (Luo et al.,
2019; Li et al., 2018; Zhang and Zhou, 2019). World Health Organi-
zation (WHO) evaluated the overall global prevalence of primary in-
fertility ranging from 8 to 15% (Aiceles and da Fonte Ramos, 2016).
Studies showed that male obesity impacts on sperm motility and a
negative correlation between obesity and male fertility status has been
demonstrated (Paoli et al., 2019). Furthermore, growing evidence
suggested that Body Mass Index (BMI) and odds of overweight or
obesity increased significantly in childhood or adolescence when they
were exposed particulate matter from air pollution during childhood
(Mao et al., 2016). A study found that men whose BMI were greater
than 25 kg/m2 had a significant amount of lower total sperm than those
with normal weight (Aggerholm et al., 2008). However, researches on
the reproductive toxicity induced by SiNPs on obesity populations have
not yet been launched.

During spermatocytogenesis, the spermatogonia divides through
mitosis to form two diploid cells called primary spermatocytes. The
primary spermatocytes undergo meiosis I and split to form two diploid
daughter cells as the parent cell. The resulting secondary spermatocytes
then go through meiosis II to form round spermatids. The process by
which spermatogonium becomes sperm is called spermatogenesis
(Valbuena et al., 2008; Walker and Cheng, 2005). Sohlh1 is a differ-
entiation factor controlling the switch on meiosis in mammals, which is
required for spermatogonial differentiation (Matson et al., 2010; Ballow
et al., 2006). Cyclin-dependent kinases (CDKs) have critical roles in
meiotic cell cycle progression in eukaryotes (Campsteijn et al., 2012). It
has been reported that Sohlh1 can inhibit the meiosis process through
regulating the expression of CDKs, thereby decreasing the amount of
sperm and inducing reproductive toxicity (Guo et al., 2016). However,
whether Sohlh1 and CDKs are involved in the SiNPs-caused re-
productive toxicity in obese individuals is still unknown.

Overall, the present study aimed to investigate the effect of SiNPs on
reproductive toxicity and its mechanism in high-fat diet (HFD) Wistar
rats. Our study will provide persuasive evidence for the potential

mechanism of male reproductive toxicity in HFD Wistar rats induced by
SiNPs.

2. Materials and methods

2.1. Experimental design

Experimental animals was obtained from Experimental Animal
Center of Military Medical Sciences. 60 healthy male Wistar rats
weighing 180–220 g were divided into 6 groups randomly. The rats
were aged 6–7 weeks with mean weight of 200 ± 20 g. Every three rats
were raised in a polysulfone (PSU) box (47 cm×30 cm×15 cm) in a
ventilated environment (22℃±2℃, 60%±10% relative humidity,
12 h light/dark cycle). The pads of the rats were replaced twice per
week. After one-week adaption, the animals were randomly divided
into six groups equally. Group Ⅱ, Ⅳ, Ⅴ and Ⅵ were received HFD for 2
weeks in advance to achieve hyperlipidemia models. After that, the four
groups (Ⅱ, Ⅳ, Ⅴ and Ⅵ) were treated with 0, 2, 5 and 10mg/kg·bw
SiNPs suspensions, respectively. Group Ⅲ was given 10mg/kg·bw
SiNPs suspension and group Ⅰ (control group) was provided normal
saline. As air pollutants getting into our bodies through respiratory tract
and lungs, all of them were treated every 3 days for 48 d in total (16
times) by intratracheal instillation to more closely mimic human ex-
posures. The dosage of SiNPs in vivo (2, 5, or 10mg/kg·bw) in the
current study was in reference to a sub-chronic rat inhalation study, in
which the low dosage of SiNPs (2mg/kg·bw) was converted according
to WHO clean air standards, the respiratory rate and respiratory ca-
pacity of rat, as well as the safety coefficient from experimental animals
extrapolated to humans (Du et al. (2013)). The dosage level difference
is 2–10 times according to design principle of toxicology experiment.
The HFD contained 1% cholesterol, 10% proteins, 10% lard oil, 0.2%
cholate, 0.2% propylthiouracil, 5% carbohydrates and 73.6% basal diet
(Kim et al., 2008). The rats were euthanized after 48 days and testicles
and epididymides were collected. All the animal experiments were
performed in accordance with the Health Guide of Capital Medical
University for the Care and Use of Laboratory Animals, and the protocol
was approved by the Committee on the Ethics of Animal Experiments of
the Capital Medical University, Beijing, China (Ethical review number:
AEEI-2014-068).

2.2. SiNPs preparation and characterization

SiNPs existing in an aqueous suspension were prepared by em-
ploying the Stöber method by College of Chemistry, Jilin University,
China. The preparation of SiNPs was described in accordance with our
previous laboratory study (Guo et al., 2015). Briefly, 2.5mL tetra-
ethylorthosilicate (TEOS) (Sigma, USA), 50mL ethanol solution, 2mL
ammonia and 1mL water were mixed, followed by the 2.5mL tetra-
ethyl orthosilicate adding to the mixture. The mixture mentioned above
was sustained at 40 °C for 12 h with constant stirring (150 rpm), then
the particles were centrifugated for 15min (12,000 r/min), washed
with deionized water three times and finally dispersed in 50mL deio-
nized water. Furthermore, to avoid aggregation of SiNPs, biodegradable
and lower critical micelle concentration surfactants were employed in
accordance with the procedure described in a previous study (Melvin
et al., 2010). Finally, the surfactants were washed off, and the SiNPs
suspensions were sonicated by a sonicator (160W, 20 kHz, 5min)
(Bioruptor UDC-200; Diagenode, Liège, Belgium) prior to the addition
to dispersion solution and performing tracheal perfusion so as to relieve
the possible aggregation. The method of dispersion was in reference to
the research of Guo et al (Guo et al., 2015). Moreover, the results from
the agglomeration study were as the same as in the dispersion in
medium. The size and distribution of SiNPs were measured by trans-
mission electron microscopy (JEOL JEM2100, Japan) and Image J
software (National Institutes of Health, USA). The zeta potential and
hydrodynamic sizes of SiNPs were measured using a Zetasizer to
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measure the stability of nanoparticles (Nano ZS90; Malvern Instru-
ments, Malvern, UK). Moreover, gel-clot limulus amebocyte lysate
assay kit for endotoxin test in SiNPs suspensions was obtained from
Zhanjiang Bokang Marine Biological Co. Ltd (Zhanjiang, China).

2.3. Evaluation of sperms in epididymides

Sperms were extracted from epididymides and immediately in-
cubated in Dulbecco’s Modified Eagle Medium (2mL) at 37℃ for 5min,
followed by the concentrations and motility being measured by semen
analyzer (Hamilton Thorne IVOS-II; Hamilton Thorne Research,
Beverly, MA, USA). A smear of the sperm suspension was made on the
glass. As for sperm deformation of sperms, we calculated the number
among 1000 sperms under a high magnification microscope by
counting. The sperm malformation rate= the amount of malformed
sperm/1000×100%. Sperm were scored as normal or abnormal using
the Kruger strict criteria.

2.4. Histological structure and ultrastructure of testes

The fixed testes in Bouin’s fixation fluid was dehydrated with var-
ious concentrations (50, 70, 80, 90 and 100%) of alcohol in turn. The
samples were then cleared with dimethyl benzene, embedded in par-
affin, sectioned at a thickness of 5 μm (Leica RM2245, Germany), and
stained with hematoxylin and eosin (H&E) for histological assessment.
After staining, the slides were observed under the optical microscope
(Olympus X71-F22PH, Japan). Ten visual fields from each sample of six
were used to calculate the numbers of spermatogenic cells (spermato-
gonia, primary spermatocytes, secondary spermatocytes and sperma-
tids) and measure the diameters of seminiferous tubules using cross-
bonded method (Martins and Silva, 2001). The identification of dif-
ferent types of spermatogenic cells were based on our previous method
(Jin Zhang et al., 2016).

As for ultrastructure, the testicle was fixed by 2.5% glutaraldehyde
for 30min. After being cut into small pieces, it was moved to the 2.5%
glutaraldehyde at 4 °C overnight. The pieces washed by phosphate
buffer (pH=7.2) thrice were dehydrated by ethanol subsequently.
Then the samples were embedded with Epon 812 and sliced by an LKB-
V microtome followed by stained with 3% uranyl acetate-lead citrate.
Finally, the ultrastructure of testes was observed using a transmission
electron microscope (JEM2100, JEOL, Japan).

2.5. Measurement of ATP levels

The testicular tissue was washed by iced PBS (pH=7.0) for re-
moving blood and then grinded in 5ml pre-cooled PBS. The homo-
genate was centrifuged at 12,000 rpm 4 °C for 10min and ATP level was
measured by a firefly luciferase-based ATP assay kit (Jiancheng, China)
in accordance with the manufacturer's protocols. Finally, the luminance
(RLU) was immediately detected by a Turner BioSystems luminometer
(Promega Corporation, Madison, WI, USA).

2.6. Determination of protein expression involved in meiosis process

To determine the expression of Sohlh1 (38 kDa)/Cyclin A1
(52 kDa)/Cyclin B1 (48 kDa)/CDK 1 (34 kDa)/CDK 2 (34 kDa), western
blots were performed. Briefly, the proteins extracted from testicular
tissue were used a Protein Extraction kit (KeyGen, China) and de-
termined by the bicinchoninic acid (BCA) protein assay (Dingguo
Changsheng Biotech Co. Ltd, China). Equal amounts of lysate proteins
(20 μg) were electrophoresed by 12% SDS− PAGE and transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore, USA) subse-
quently. After the membranes being blocked with 5% BSA for 2 h at
room temperature and then incubated with rabbit-anti-Sohlh1 (1:500;
Abcam, USA), rabbit-anti-Cyclin A1 (1:500, Bioss, China), rabbit-anti-
CyclinB1 (1:500, Bioss, China), rabbit-anti-CDK1 (1:500, bioss, China),

rabbit-anti-CDK2 (1:500,bioss,China), rabbit-anti-β-Actin (1: 1000;
Santa Cruz, USA) overnight at 4 °C. The membrane was washed three
times with TBST for 10min each time and incubated with a secondary
antibody (1: 5000; Proteintech, USA) at room temperature for 1 h. At
last, ECL Chemiluminescence reagent (Pierce, USA) was used to find the
protein bands (normalized with those of β-actin). Image J Software was
used for densitometric analysis of protein bands.

2.7. Statistical analysis

All data were analyzed using the SPSS 17.0 software. An in-
dependent-samples T-test was used to analyze the differences between
control and HFD and between control and SiNPs groups. One-way
analysis of variance (ANOVA) was used to compare the significant
difference among HFD groups treated with various doses of SiNPs,
followed by least significant difference (LSD) test to compare the dif-
ferences between various groups. The results were produced from ten
independent Wistar rats per group made in triplicate per index. All
significant differences were considered at p < 0.05. Data were ex-
pressed as means ± standard deviations.

3. Results

3.1. Characterization of SiNPs

The average diameter of SiNPs is 57.66 ± 7.30 nm (Fig. 1). SiNPs
were endotoxin-free. The shape of SiNPs was near-spherical and dis-
persed equably in distilled water. The hydrodynamic sizes and zeta
potentials of SiNPs detected in the distilled water, physiological saline
and Dulbecco’s Modified Eagle Medium appeared to be good mono-
dispersity and excellent stability, and these findings were as the same as
the descriptions reported by Guo et al (Guo et al., 2015).

3.2. The ATP levels alteration

As shown in Fig. 2, HFD could significantly decrease the ATP level
in testicular tissue (p=0.01) and SiNPs isolated had the same effect on
it apparently (p=0.025). SiNPs at all dosages (2, 5 and 10 mg/kg·bw)
significantly decreased ATP levels in HFD rats, which firmly indicated
that SiNPs further reduced ATP levels in HFD rats (p < 0.01).

3.3. Changes of epididymal sperm parameters

The sperm concentration significantly decreased from
10,575×104mL−1 in control group to 7466.67×104mL-1 in HFD
group (p=0.012), while SiNPs contributed to the downtrend and led it
to reach bottom by 2916.67 ×104mL-1 at 5mg/kg·bw dosage in HFD
rats (p < 0.01). As for the sperm motility rate, HFD apparently reduced
it by 33% which is less than half of it compared with the control group,
and it reached to bottom in the HFD + 5 mg/kg·bw SiNPs group as well
(p < 0.01). Furthermore, HFD significantly promoted the sperm ab-
normality rate (p=0.005), while SiNPs (5 and 10 mg/kg·bw) could
magnify the sperm abnormality rate of the HFD rats (Table 1)
(p < 0.01).

3.4. Changes in histological structure

In the control group, the basement membrane of the seminiferous
tubules was smooth and integrity, and sperms were distributed evenly
in the lumen of seminiferous tubule (Fig. 3A). In the HFD group, the
shape and arrangement of spermatogenic cells were irregular and the
decrease of mature sperm in the lumen was obviously observed
(Fig. 3B). As for the SiNPs group, the seminiferous epithelium was
thinner and few mature sperms could be found in the lumen (Fig. 3C).
In the SiNPs groups with HFD diet (HFD+2, 5mg/kg·bw SiNPs), the
more irregular and obscure shape as well as arrangement of
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spermatogenic cells were observed compared with the HFD group
without SiNPs treatment (Fig. 3D, E). Furthermore, in the HFD+10
mg/kg·bw SiNPs group, the seminiferous epithelium was thinner, some
spermatogenic cells desquamated to the center of the lumen, and the
gap of the spermatogenic cells increased significantly in the semi-
niferous tubule (Fig. 3F).

3.5. Changes of seminiferous tubule parameter

HFD intake could significantly decrease the seminiferous tubule
diameter (p=0.030) and spermatoblasts number (p=0.014) and ele-
vate the spermatogonium number (p=0.012), and there was no ob-
vious effect on the primary spermatocyte number when compared with
the control group (p=0.896). SiNPs meaningfully reduced the sper-
matogonium number (p=0.036) and spermatoblasts number
(p=0.001) while had no effect on the seminiferous tubule diameter
(p=0.926) and primary spermatocyte number (p=0.797).
Furthermore, SiNPs could promote to decrease spermatogonium
number, primary spermatocyte number and spermatoblasts number.
Among the HFD rats, the spermatogonium number was most sig-
nificantly increased by 5 mg/kg·bw SiNPs groups (p=0.011). The
primary spermatocyte number reached to bottom in 2 mg/kg·bw SiNPs
group (p=0.043). The spermatoblasts number with 2 mg/kg·bw SiNPs
treatment was decreased most significantly (p=0.001).

3.6. Changes in ultrastructure of testes

Mitochondria integrity and smoothness and the mitochondrial
cristae clearly arranged in regular folds were observed in the control
group. The microtubules of the cross section of sperm tails maintained
the “9+2” structure explicitly (Fig. 4A, B). In the HFD group, the
mitochondrial cristae partially disappeared, and the outer membrane of
the mitochondria was ruptured. Moreover, the shape of microtubules of
the sperm tails was damaged partly and the “9+2” structure was ob-
scure even lost (Fig. 4C, D). As for the SiNPs group, the mitochondria
swelled, mitochondrial cristae vanished, and vacuolization appeared.
The shape of microtubules was changed and “9+2” structure was
unclear in the sperm tails (Fig. 4E, F). In the combination of HFD and
SiNPs treatment groups, the shape of mitochondrial has changed ra-
pidly with the increased dosages of SiNPs. Mitochondrial cristae were
hard to observe, and the mitochondria membrane was ruptured in all
the HFD+ SiNPs groups. In addition, among the HFD groups, the mi-
crotubules of the sperm tails showed the “9+2” structures were ob-
scure with all dosages of SiNPs treatment (Fig. 4G–L).

3.7. The changes of protein expressions of meiotic regulating factors

As shown in Fig. 5, HFD intake obviously decreased the expression
of Cyclin A1 (p=0.001) while significantly increased the expression of
CDK1 (p=0.021), and no significant effect was observed on the ex-
pression of Sohlh1 (p=0.266), CDK2 (p=0.643) and Cyclin B1
(p=0.093) when compared with the control group. SiNPs significantly
decreased the expression of Sohlh1 (p=0.017), CDK2 (p=0.017) and
Cyclin A1 (p=0.001), while obviously improved the expression of
CDK1 (p=0.007) when compared with the control group in testicular
tissue in rats. Moreover, SiNPs obviously inhibited the expression of
Sohlh1, CDK2, Cyclin A1, CDK1 and Cyclin B1 in HFD groups. Among
the HFD groups, 10 mg/kg·bw SiNPs could decrease the expression of
sohlh1 (p=0.008) and Cyclin A1 (p=0.004). The levels of CDK2 and
Cyclin B1 in all dosages of SiNPs dramatically reduced, and CDK1 level
in 5 and 10 mg/kg·bw SiNPs group significantly lowered in HFD groups
(p < 0.01).

4. Discussion

Consumption of high-fat diet is an unhealthy lifestyle and is likely
the direct cause of obesity, which is a risk factor for many human
diseases (O’Neill et al., 2016; Wires et al., 2017). Air pollution is a
complex mixture of solid particles and gases, and SiNPs have been re-
cognized as the main inorganic ingredient of air polluted sources (Duan
et al., 2016; Lag et al., 2018). The most common way for human ex-
posure to SiNPs is via the atmosphere (Liang et al., 2014). SiNPs are of
special interest and found in particle matter. SiNPs in the air are mainly

Fig. 1. Characterization of silica nanoparticles. (A) Transmission electron mi-
croscope shows silica nanoparticles appeared near-spherical shape and well
monodispersity. (B) Normal distribution diagram with a mean diameter of
57.66 ± 7.30 nm. Data are expressed as means ± S.D from 500 independent
nano silica particles. The data showed in the figure are representative.

Fig. 2. Effects of different doses of silica nanoparticles on ATP level of testicular
tissue in high-fat diet Wistar rats. * indicates remarkable difference compared
with the control group, # indicates significant difference compared with the
high-fat diet group. N=10 per group, Data are expressed as means ± S.D.
from three independent experiments per index. The data showed in the figure
are representative. (p < 0.05).
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from road dust, construction dust and industry (Duan et al., 2016; Feng
et al., 2019; Shen et al., 2016), which are hazardous and have multiple
adverse health effects on human beings (Liu et al., 2018; Leclerc et al.,
2015). Some studies have proved that environmental pollutions and
lifestyles changes mainly contribute to the reproductive disorders
(Pacey, 2010; Barazani et al., 2014; Zhang et al., 2018). To assess the
effect of HFD on semen, the quantity and quality of sperms were
measured. In the current study, decreased sperm concentration, moti-
lity rates and increased abnormality rates were observed in HFD group,
which suggested that HFD might be able to arouse sperm abnormity.
Similar research showed that HFD-treated obese male rats and mice
present a reduced percentage rate of mobile spermatozoa (Ghanayem
et al., 2010; Miao et al., 2018). We found that SiNPs further reduced
sperm concentration, motility rates and abnormality rates, which sug-
gested that SiNPs contributed to aggravate the damage of testis in HFD
rats. Our previous study also presented an idea that SiNPs could result
in the decrease of the quantity and quality of sperm in mice (Jin Zhang
et al., 2016). Continuous process of spermatogenesis in the semi-
niferous tubules includes transformation from undifferentiated sper-
matogonia to mature spermatozoa via the mitosis stage of spermato-
gonia as well as spermatocytes and maturation of spermatids (Nakata
et al., 2015). Therefore, we quantitatively analyzed the cellular com-
position in seminiferous tubules in testis sections by counting the
numbers of spermatogenic cells in various stages. Results suggested that
HFD significantly reduced the seminiferous tubule diameter and sper-
matoblasts number while elevated the amount of spermatogonium,

which suggested that HFD might disrupt the formation of sperm and
block meiosis process in Wistar rats. Some studies showed that obesity
rats induced by HFD causes adverse effects on spermatogenesis process
and semen quality (Leite et al., 2018; Jia et al., 2018; Xiang et al.,
2018). Besides, a study from Campos-Silva et al illustrated that semi-
niferous tubule diameter of Wistar rats was lower in the group treated
by HFD with saturated and polyunsaturated fatty acids compared with
the standard diet team (Campos-Silva et al., 2015), which was similar to
our results. Moreover, SiNPs led to detrimental effect on reproductive
system in HFD rats in the current experiment. We found that SiNPs
reduced the number of spermatogonium, primary spermatocyte and
spermatoblasts in HFD group, which demonstrated that combination of
SiNPs and HFD suppressed the process of spermatogenesis more ser-
iously than HFD treated isolated in Wistar rats (Table 2).

However, a clear understanding of how SiNPs react to the re-
productive system in HFD rats, particularly at the molecular level, is
still poorly understood. It has been suggested that meiosis process plays
vital roles in sperm formation (Wei and Yang, 2018). The mechanism of
the cellular uptake of SiNPs appears to be mediated through an active
endocytosis process (Choi et al., 2010). Moreover, NPs’ internalization
only distributes NPs inside the cell cytoplasm by cells following en-
docytosis pathways and is unable to target the nucleus if NPs are bigger
than few nanometers (Phonesouk et al., 2019). In the process of
meiosis, spermatogenic cells could be disrupted by detrimental factors
(Hou et al., 2019). To get a closer insight into the effect of HFD and
SiNPs on meiosis process, we measured the protein expressions related

Table 1
Effects of different doses of silica nanoparticles on sperm quality and quantity in high-fat diet Wistar rats.

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

Control 10,575.00 ± 2941.22 79.00 ± 4.30 1.87 ± 0.50
HFD 7466.67 ± 1079.66* 33.00 ± 3.32* 4.03 ± 0.45*
SiNPs (10mg kg−1) 6733.33 ± 964.19* 40.60 ± 3.05* 3.57 ± 0.65*
HFD+SiNPs (2mg kg−1) 3625.00 ± 830.05# 34.40 ± 3.78 4.20 ± 0.72
HFD+SiNPs (5mg kg−1) 2916.67 ± 422.69# 26.40 ± 2.30# 7.63 ± 1.16#

HFD+SiNPs (10mg kg−1) 3616.67 ± 553.92# 31.60 ± 5.03 8.60 ± 1.28#

* indicates remarkable difference compared with the control group, # indicates significant difference compared with the high-fat diet group. N=10 per group,
Data are expressed as means ± S.D. from three independent experiments per index. The data showed in the figure are representative. (p < 0.05).

Fig. 3. Effects of different doses of silica nanoparticles (SiNPs) on structure of testicular tissue in high-fat diet (HFD) Wistar rats. (A) Control group, (B) HFD group
alone, (C) 10mg/kg·bw SiNPs group alone, (D) HFD +2mg/kg·bw SiNPs group, (E) HFD +5mg/kg·bw SiNPs group, (F) HFD +10mg/kg·bw SiNPs group. Thin
black arrows represent spermatogonium, thick black arrows represent primary spermatocyte, black triangles represent spermatid and the white triangle represents
exfoliation of spermatogenic cells. Images were observed by an inverted phase contrast microscope (400×). N=10 per group, Images are captured from three
independent experiments. The pictures showed in the figure are representative.
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to process of meiosis in testicular tissues. Sohlh1 has been shown to be
an essential factor for differentiation which controls start of meiosis and
contribute to development of spermatophore, and SOHLH1 protein was
proved to be exclusively expressed in spermatogonia (Ballow et al.,
2006). Our present study found that highest dose of SiNPs could make a
decrease in Sohlh1 expression in HFD rats, but no changes were found
in HFD group without any treatment, which might indicate that the
process of meiosis might be interfered by SiNPs. Furthermore, CDK2
kinase activity is the essential in meiotic functions in eukaryotes
(Chauhan et al., 2016). CDK2 can bind to cyclin A1 and then con-
tributes to the progress that cells passing into the metaphase of meiosis
(Wolgemuth et al., 2002). Meanwhile, Cyclin B1 is activated by cyclin
A1 to create a complex of CDK1/cyclin B (also called maturation pro-
moting factor) at the meiotic phase, which shifts cells access to G2/M
phage (Godet et al., 2000). Our results showed that SiNPs resulted in
the significantly decreased expressions of Cyclin A1 and CDK2. Inter-
estingly, the expression of CDK1 was significantly increased by both
HFD and SiNPs. This is different from our previous study, which showed
that SiNPs could decrease CDK1 expression in mice (Jin Zhang et al.,

2016), which various dosage and exposed time of SiNPs responded to
the different effects. The combinative effect of HFD and SiNPs could
significantly reduce the expressions of Sohlh1, CDK2, Cyclin A1, CDK1
and Cyclin B1 compared with the levels in the HFD isolated group,
which means that joint effect of SiNPs strongly inhibited the meiotic
signaling pathway in HFD rats. Mitochondria are central hubs of energy
metabolism. The main two functions of mitochondria are generating
ATP and sustaining biosynthesis, which should be appropriately ba-
lanced to meet specific cellular demands (Weinberg et al., 2015;
Beckervordersandforth, 2017). Thus, our results regard to ultra-
structure of testis showed that HFD could damage mitochondrial
structure of spermatogenic cells, and SiNPs furthered to accelerate the
injury extent in the HFD groups. The damaged mitochondria might
induce to energy metabolism deficiency which further explains the
decrease of ATP levels and semen quality.

Though data for reproductive experiments on experimental animals’
exposure to SiNPs or HFD are accessible, the relevant study on human
health is still lacking. Therefore, there is a significant gap between
experimental animal data and human health effects. It is necessary to

Fig. 4. Effects of different doses of silica nanoparticles (SiNPs) on ultrastructure of testicular tissue in high-fat diet (HFD) Wistar rats. (A, B) Control group, (C, D) HFD
group alone, (E, F) 10mg/kg·bw SiNPs group alone, (G, H) HFD +2mg/kg·bw SiNPs group, (I, J) HFD +5mg/kg·bw SiNPs group, (K, L) HFD +10mg/kg·bw SiNPs
group. The thin black arrows represent mitochondria in spermatogenic cells. The wide black arrows point to the cross-sectional sperms. N=10 per group, Images are
captured from three independent experiments. The pictures showed in the figure are representative.
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strengthen the development of transformational toxicology.
Transforming the findings of basic toxicology research into the medical
indexes for measurement of human risk should be focused on in the
future. Besides, more molecular biomarkers can be screened out to the
benefit of assessment of adverse health effects with the intensive study
of toxicity mechanism of SiNPs.

5. Conclusion

The present study illustrated that both HFD and SiNPs decreased the
quality and quantity of sperms, damaged testicular structure, reduced
ATP level and affected expressions of regulatory factors of meiosis in
testis of Wistar rats. The combination of HFD and SiNPs further de-
creased the sperm concentration, sperm motility rate, elevated sperm
abnormality rate, aggravated the structural destruction of testis, low-
ered the ATP level and expressions of Sohlh1, CDK2, Cyclin A1, CDK1
and Cyclin B1 associated with meiotic signaling pathway compared
with the HFD in isolation in testicular tissue of Wistar rats. SiNPs could
inhibit the start of meiosis and spermatophore development by down-
regulating the expression of Sohlh1, cyclin A1, CDK1, and CDK2, which
inhibits the meiosis process, thereby decreasing the amount of sperm in
HFD rats. In addition, SiNPs could reduce sperm motility via the ATP
decrease resulting from the damage of mitochondria in HFD rats.
Meanwhile, SiNPs might disrupt the structure of sperm and increase
sperm abnormality rates in HFD rats. These results suggested that SiNPs
significantly promoted reproductive toxicity induced by HFD in Wistar

rats. Further study is necessary to explore the underlying effect me-
chanisms on how SiNPs acted on the HFD rats that intensified the re-
productive toxicity.
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