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Purpose: The aim of this study was to evaluate the adverse effects of ZnO NPs on male
reproductive system and explore the possible mechanism.

Methods: In this study, the effect of oral administration of 50, 150 and 450 mg/kg zinc
oxide nanoparticles (ZnO NPs) in adult male mice was studied over a 14-day period.
Results: The results showed that the number of sperms in the epididymis and the concen-
tration of testosterone in serum were decreased with an increased dose of ZnO NPs.
Testicular histopathological lesions like detachment, atrophy and vacuolization of germ
cells were observed. The results showed that increased dosage of ZnO NPs correspondingly
up-regulated the IRE1la, XBP1s, BIP, and CHOP (P<0.05) which are genes related to ER
stress. These observations indicated that ZnO NPs had adverse effects on the male repro-
ductive system in a dose-dependent manner possibly through ER stress. The expression of
caspase-3 was significantly increased in all the treated groups (P<0.001), which reflected the
possible activation of apoptosis. Additionally, there was significant down-regulation of the
gene StAR (P<0.05), a key player in testosterone synthesis. When an ER-stress inhibitor
salubrinal was administered to the 450 mg/kg ZnO NPs treatment group, the damages to the
seminiferous tube and vacuolization of Sertoli and Leydig cells were not observed.
Furthermore, the testosterone levels in the serum were similar to the control group after
the subsequent salubrinal treatment.

Conclusion: It may be inferred that the ZnO NP's reproductive toxicity in male mice
occurred via apoptosis and ER-stress signaling pathway.

Keywords: zinc oxide nanoparticles, male reproductive toxicity, endoplasmic reticulum
stress

Introduction

In recent years, various nanomaterials have been used in various commercial
products including medicine, agriculture, animal husbandry, food industry, cos-
metics and environmental protection, which made large impacts in human lives.'
One of the most common NPs used is zinc oxide nanoparticles (ZnO NPs), which
possess unique physical, chemical and antibacterial properties that have been
harnessed in many products such as sunscreens in cosmetics, as textile coatings,
antibacterial agents in food packaging, potential fertilizers, and some biomedical
applications.y‘ Moreover, ZnO NPs in commercial products inevitably gets
released to the environment.” These possibly led to increased exposure to ZnO
NPs, making safety a growing concern.® Various studies on the hazards of ZnO NPs
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have been published. In vitro toxicity of ZnO NPs found
that ZnO NPs accumulated in cells which led to cell death
through oxidative stress and inflammatory response.” ZnO
NPs were internalized by Leydig cells and Sertoli cells
that resulted in cytotoxicity in a time- and dose-dependent
manner through the induction of apoptosis.®* While ROS
generation triggered by ZnO NPs could cause germ cell
DNA damage and break the tight junction of Sertoli cells
which compromised the integrity of the blood-testis
barrier.'® In vivo studies have revealed the ZnO NPs
toxicity on experimental animals. ZnO NPs could affect
the normal structure and function of the liver in mice,
leading to inflammation and hyperemia in the lung,'
even inducing anemia, stomach lesions, kidney atrophy,
and eye damage.'”

Infertility has affected 8-12% of the couples in the
childbearing age around the world."> About half of these
cases had been accounted to the males.'* The male repro-
ductive organ has been known to be susceptible to envir-
onmental stress that could come as external toxicants,
vehicular pollutants, and even nanoparticles. It had been
reported that nanoparticles could pass through the blood—
testis barrier due to its small size,'>'® which was exhibited
by Mozaffari et al who found ZnO NPs in the testis of
adult NMRI mice after exposure to ZnO NPs for a week,
and compared with the control group, the sperm popula-
tion of the experimental group was significantly lower and
the sperm deformity rate was significantly elevated; in
addition, they also discovered that ZnO NPs caused testi-
cular sperm cell apoptosis.'” Abbasalipourkabir et al
showed that intraperitoneally injected ZnO NPs led to
lower sperm count, slower motility and increased abnorm-
ality in male rats.'® The study by Talebi et al using 50 and
300 mg/kg ZnO NPs resulted in a significant change in the
following spermatogenic parameters: sperm number, moti-
lity, percentage of abnormality, seminiferous tubule dia-
meter, seminiferous epithelium height and maturation
arrest, which implied that ZnO NPs had testicular toxicity
as well as negative impact on spermatogenesis.'’

Currently, studies on the mechanisms of toxicity of
nanomaterials focused on excessive production of reactive
oxygen species (ROS) that caused oxidative stress.’*?!
The endoplasmic reticulum (ER) has been shown to be
sensitive to ROS, and hence, ROS generation could induce
excess accumulation of unfolded/misfolded proteins in the
ER lumen.”>** ER stress when activated could promote
protein folding/degradation, but it could also trigger
apoptosis.”> Yang et al found that exposure to ZnO NPs

induced oxidative stress and ER stress in the liver that led
to apoptosis that induced liver injury.?® Similarly, Kuang
et al demonstrated that 30 nm ZnO NPs activated ER
stress and the apoptosis pathway in the liver.?” Corollary
to these findings, it has been reported that the ROS-
regulated PERK/elF2a/CHOP pathway played a vital role
in bisphenol A-induced male reproductive toxicity.?®
Hence, ER stress induced by ROS may be involved in
the male reproductive toxicity that could be caused by
nanoparticles, but there is still a lack of relevant research
in this area.

In this study, the adverse effects of ZnO NPs on the
male reproductive system were evaluated by analyzing the
testicular morphology changes, sperm count and testoster-
one level. The animal oral exposure study was carried out
for 14 days to explore the intrinsic toxicity mechanism of
ZnO NPs by monitoring levels of ER stress-related genes.

Materials and Methods

Characterization of ZnO NPs

ZnO NPs powder (30 nm + nm) was obtained from Xiya
Reagent, LLC (Chengdu, China). The sizes of ZnO NPs
were evaluated by field emission scanning electron micro-

scopy (SEM) with an energy spectrometer (JSM 6701F,
JEOL Ltd.).

Animals and Experimental Design
Forty healthy male Kunming mice (6 weeks old, weight 22
+2 g) were purchased from the experimental animal center
of Nanchang University (Nanchang, China). All experi-
ments were conducted under the direction of the Animal
Care Review Committee of Nanchang university (approval
number: 0064257) following the guidelines for ethical
review of experimental animal welfare of China (GB/
T35892-2018). Before the experiments, the mice were
fed for a week in the laboratory animal room where the
indoor temperature was maintained at 20 to 25°C and the
relative humidity at 40% to 50% with 12 h dark and 12
h light cycle. The animals were provided with clean drink-
ing water and commercial food. The animal cages were
cleaned every three days until the end of the experiment.
After a week of acclimation, the animals were ran-
domly divided into four groups based on the dosage of
ZnO NPs: 0 (control group), 50, 150 and 450 mg/kg; there
were 10 mice in each group. Based on Talebi’s study, the
lowest dose used in this study was 50 mg/kg, while the
150 and 450 mg/kg were set in a threefold gradient.'® The
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ZnO NPs in powder form were weighed and mixed with
2 mL saline. The mixture was subjected to ultrasonication
for 30 mins and vortexed for 1 min before use. The mice
in the experimental group were administered with 50, 150
and 450 mg/kg ZnO NPs for 14 days by gavage.
Correspondingly, the control group was treated with the
same volume of saline. The body weight and clinical
symptoms of the mice were recorded daily during the 14-
day experiment. Twenty-four hours after the last gavage,
all mice were anesthetized, and the blood samples were
collected by eyeball extraction immediately after sacrifice
by cervical dislocation. The mice were dissected and the
organs were collected, weighed, and visually analyzed.
Both the serum and tissue samples were stored in
a freezer at —80°C until use.

Salubrinal Supplementation

Fifteen male Kunming mice (7 weeks old, weight 32 £ 2 g)
were randomly divided into three groups: the control,
450 mg/kg and 450 mg/kg with 1.5 mg/kg salubrinal (sal)
(n=5) treatment groups. One group of mice was treated with
saline and the other with 450 mg/kg ZnO NPs by gavage.
The remaining group was treated with 1.5 mg/kg salubrinal
(MedChemExpress, USA) by intraperitoneal injection at 30
mins after exposure to 450 mg/kg ZnO NPs. For 14 con-
secutive days, the clinical symptoms were observed and
recorded daily. Finally, all mice were dissected and the
organs were collected, weighed, and visually analyzed.
Both the serum and tissue samples were stored in a freezer
at —80°C for future use.

Sperm Counts

The assessment of testicular sperm count and evaluation
was adopted from the studies reported by Kisin et al*’.
The left epididymis was separated from the testis, and
the attached adipose tissue was carefully removed. The
collected epididymis was fully minced and its tail was
squeezed before it was placed in 1 mL of normal saline
to release the sperm. It was incubated in a 37°C water
bath for 15 mins. A 200 pL aliquot of the sperm suspen-
sion was added to 1 mL of 90°C saline to kill the sperm.
A 10 pL sample was transferred into a hemocytometer
that was placed under an optical microscope to deter-
mine the sperm count (Nikon eclipse Ti). Another 20 pL
of the sperm suspension was applied on a microscope
glass slide to which 3 mL of 10% formaldehyde and
2 mL of 1% eosin were added. This was incubated at
room temperature for 30 mins before the quality of the

sperms was evaluated. All studies were performed in
triplicate.

Histopathology

The testes were evaluated for the histopathological lesions
of exposure to ZnO NPs. The testes were preserved with
4% paraformaldehyde upon extraction from the mice.
Aliquots were dehydrated with different gradients of etha-
nol before these were embedded in paraffin. The paraffin
block was sectioned at 5 um thickness and stained with
hematoxylin and eosin. The stained sections were fixed on
the slides, and the seminiferous tubules, lumens and germ
cells were observed at 200x and 400x magnifications

under an optical microscope.

Assay for Testosterone in Serum

The effects of ZnO NPs exposure over 14 days on the
testosterone levels in serum were evaluated. Whole blood
samples were stored at 4°C for 6 hrs and centrifuged at
4000 r/min for 10 mins before the supernatant was isolated
for the testosterone assay. Serum samples were collected
to evaluate the level of the male sex hormone testosterone
using Cayman chemical’s Testosterone ELISA kit (Item
No. 582701) according to the manufacturer’s protocol.
Absorbance was recorded at 405 nm with a microplate
reader (Thermo Scientific, USA). The testosterone levels
were obtained using the established standard curve from
the ELISA kit.

Total Zinc Determination in Testis and
Epididymis

The frozen right testis and the epididymis were thawed
and processed as follows: weighed samples of 0.2-0.4
g tissues were treated with 10 mL of 65% HNO; and
2 mL of 70% HCIO,4 and heated on an electric heating
board to 230°C at which point the digested solution
became clear. This was further heated gradually to 280°C
down to 0.5 mL until the liquified tissues became clear and
transparent, which indicated that the digestion was com-
plete. This liquid was cooled down to ambient temperature
and diluted to 25 mL with ultrapure water before it was
used to establish the zinc concentration by atomic absorp-
tion spectroscopy (AAS) (TAS-990, Purkinje General
Instrument Co., China). Before analysis, the AAS was
calibrated by running six standard concentrations (0, 0.1,
0.2, 0.3, 0.4 and 0.5 pg/mL) of zinc.
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RNA Isolation and Quantitative
Real-Time PCR

Total RNA in the testis was extracted with Axyprep ™
Multisource Total RNA Miniprep Kit (Axygen) following
the instruction manual. This was reverse-transcribed to make
cDNA using a reverse transcription mixture (Takara Bio
Inc.). The primers were designed with Primer Express
Software (Applied Biosystems, Foster City, CA, USA) and
Oligo Primer Analysis Software version 6.0 (Molecular
Biology Insights, Inc.; DBA Oligo, Inc.).

The template DNA strand was mixed with the primer and
TB Green (Takara Bio Inc.; Cat. #:RR820A). Real-time qPCR
was operated on ABI 7900HT Fast Real-Time System
(Applied Biosystems, Foster City, CA) under the following
conditions: 40 cycles of 95°C for 30 s, 95°C for 5 s, 60°C for 1
min. Relative quantification of mRNA was calculated using
the 27**“" method. The internal reference gene was GAPDH.

Immunofluorescence Assay

The JNK and caspase-12 expression levels in the testis were
evaluated with immunofluorescence assay. All procedures
were based on A Guide to Successful Immunofluorescence
from Cell Signaling Technology, Inc. The mean pixel fluor-
escence intensity was analyzed by ImageJ 6.0 (National
Institutes of Health).

Statistical Analysis
All reported data shown were the mean + SD of triplicate
measurements that were analyzed using the SPSS (version

A

Ay ST R
*} 100nm

22) software. One-way ANOVA was used for statistical sig-
nificance between groups. The differences were considered
significant at P<0.05 indicating *, P<0.01 indicating **, and
P<0.001 indicating ***,

Results

Characterization of ZnO NPs

It is important to establish the shape and size of the NPs
because these physical characteristics affect the stability,
cell damage, and penetration abilities of the particles. The
observations under the SEM indicated that the ZnO NPs
were spherical in geometry with an average diameter of 30
nm (Figure 1A and B). The shape of the nanoparticles
indicated that there were no sharp edges that could stab the
cells or the tissues. The size was small enough in order for
the NPs to be assimilated very easily by cells in the mice
which had an average size at least 2 orders of magnitude
bigger than the ZnO NPs.*°

Body and Testicular Weights and Zinc

Accumulation

Changes in the body and testicular weights, as well as zinc
accumulation in the testis and epididymis, were evaluated
as possible indicators of ZnO NPs toxicity. The net
increase in body weight and the organ index of testis and
epididymis were calculated as shown in Table 1. The
weight gain of the mice in the experimental group that
were subjected to a 14-day oral administration of the ZnO
NPs was significantly decreased. However, testicular organ
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Figure | Characterization of ZnO NPs. (A) SEM image and (B) the size distribution of ZnO NPs.
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Table | Changes in Body Weight and Relative Testis and

Epididymis Weight at Necropsy

Group Control | 50 mg/ | 150 mg/ | 450 mg/
kg kg kg
Net increase of body | 3.83 2.95 2.56 2.23
weight (g) +0.49 +0.58 *1.13 +0.27%
Relative testicular 5.61 6.02 6.52 6.53
weight (mg/g) +0.38 +0.09 +0.15% +0.63
Relative epididymis 1.06 1.56 1.1£0.05 | 1.60
weight (mg/g) +0.26 +0.02* +0.09*

Notes: Relative organ weight = organ weight (mg)/body weight (g), *P<0.05
compared with control.

index increased with dose more significantly in the
150 mg/kg ZnO NPs treatment group, while the organ
index for the epididymis significantly increased in the 50
and 450 mg/kg ZnO NPs treatment groups. In addition, the
Zn content in the testis and epididymis was higher in the
epididymis of the 50 and 450 mg/kg ZnO NPs groups
(Figure 2D and E).

Histopathological Evaluation

The control group exhibited normal histopathology of the
testis and other related tissues. The seminiferous tubules
were closely connected and arranged neatly; the germ cells
were abundant and spermatogonia, spermatocyte and sper-
matid were normal (Figure 2A-a, e). Unlike the control, the
50 mg/kg treatment group showed the seminiferous tubules
as segregated, the germ cell layer was random and the
sperm in the lumen was low in number (Figure 2A-b, f).
In the 150 mg/kg group, the seminiferous tubules were
degenerated with larger distances, and there was significant
vacuolization of the Sertoli cells (Figure 2A-c, g). More
significant difference with the control group was seen in the
450 mg/kg treatment group because the seminiferous tube
was absent, the various germ cells were all low in number,
the spermatogenic cells were degenerated and necrotic with
signs of shedding (Figure 2A-d, h) and inter-tubular edema
and Leydig cell vacuolization was observed. All of these
were indicative of damage caused by the treatment with
450 mg/kg ZnO NPs over the timeframe of the study.

Sperm Counts

Aside from the histopathological evaluation of the testis
and related tissues, sperm count was used as an indicator
of the reproductive toxicity of the ZnO NPs. The 50 mg/kg
ZnO NPs treatment group showed no significant difference

in the sperm count from the left epididymis compared with
the control group. However, the 150 mg/kg (P<0.01) and
the 450 mg/kg (P<0.001) groups exhibited a significant
decrease in sperm counts (Figure 2B).

Testosterone Levels in Serum

The change in the level of testosterone in male mice serum
was recorded and is shown in Figure 2C. The results
indicated that the higher the dosage of the ZnO NPs, the
lower the level of testosterone in the serum compared with
the control group. The results indicated that higher
dosages of ZnO NPs resulted in more and/or bigger lesions
or complete degeneration of testes cells (Figure 2A), the
function of which has been primarily to produce sperms
and testosterone in males.

The Level of Relative Gene Expression in

Testis

In this study, RT-qPCR was used to analyze the gene expres-
sions related to ER stress, apoptosis and testosterone produc-
tion. The results showed that the unfolded protein responsive
protein immunoglobulin-binding protein (BIP) and the
X-box-binding protein 1 splicing (XBP1s) were significantly
up-regulated in the group treated with 450 mg/kg ZnO NPs;
the ER stress-associated gene inositol-requiring protein la
(IRE1a) was up-regulated in the experimental groups; Jun
kinase (JNK) and the transcription of CCAAT/enhancer-
binding protein (C/EBP) homologous protein (CHOP)
expression were up-regulated in 150 mg/kg ZnO NPs and
450 mg/kg ZnO NPs treatment groups. In addition, the ratio
of Bcel-2-associated X protein (Bax) and B cell lymphoma-2
(Bcl-2) was significantly increased compared with the con-
trol group. The caspase-12 and caspase-3 in the caspase
family that are involved in the apoptotic signaling pathway
were up-regulated. Some important enzymes in the testoster-
one synthesis pathway, steroidogenic acute regulatory pro-
tein (St4R) were down-regulated significantly in the 450 mg/
kg group while cytochrome P450scc showed no significant
alteration (Figure 3).

Effects of ER-Stress Inhibitor Salubrinal
After Treatment with ZnO NPs

The effect of an ER-stress inhibitor, sal was used to evaluate
further the mechanism of the ZnO NPs toxicity in male
mice. Sal, which has been known to inhibit ER stress, was
administered to the group of male mice that were previously
treated with 450 mg/kg ZnO NPs. In the presence of sal, the
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results showed no significant histopathological lesions in  in the testis and epididymis were similar with those without
the testicular cells (Figure 4A) even though the Zn contents  sal treatment (Figure 4E and F). In addition, the number of
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significantly elevated relative to the 450 mg/kg group that  that the mRNA levels of related genes were similar to the
was not administered with sal (Figure 4B and D). control group except for StAR (Figure 4C). The
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quantification of immunofluorescence from caspase-12 and
JNK was significantly decreased compared with the
450 mg/kg group that was not treated with sal (Figure 5).

Discussion
Among the nanoparticles, ZnO NPs have been extensively
utilized in various types of consumer products. Thus, the

goal of this study was to evaluate the potential

reproductive risks in males exposed by gavage to various
doses of ZnO NPs that are spherical with an average
diameter of 30 nm.

The weight gain in the animals was the fastest to eval-
uate among the parameters taken into consideration in this
study. The results indicated that the weight gain decreased
with an increased dosage of ZnO NPs (Table 1). These
observations were similar to those reported by Hong et al
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when they administered different doses (0, 500, 1000,
2000 mg/kg/d) of 100 nm ZnO NPs for 16 days in SD rats.>'

Evaluation of the level of Zn in the testis was used as
a possible indicator of 30 nm ZnO NPs penetration of the
blood-testis barrier. The results indicated a higher level of
Zn in the epididymis of the experimental groups compared
with the control, especially those treated with the 50 and
450 mg/kg ZnO NPs (Figure 2E). However, in the testis, the
difference in the level of Zn between the control and the
experimental groups was not as pronounced (Figure 2D).
Therefore, we changed the mind based on the Zn level. It
was possible that the ZnO NPs reproductive toxicity could
be partially due to systemic and multi-organ impact. It was
also possible that the ZnO NPs could enter in the male
reproductive system and disrupt the endocrine system’”
that led to the reproductive toxicity of ZnO NPs, but this
was not the focus of our research at this time.

It has been reported that the accumulation of nanopar-
ticles contributed to deleterious effects in the testis,

including testicular lesions, sperm malformations, altera-
tions in serum sex hormone levels and testis-specific gene
expressions.’*** Taking these reports into consideration,
the spermatogenesis was evaluated and the results indi-
cated that the number of sperms decreased in a dose-
dependent manner with the highest being at 450 mg/kg
group which exhibited almost a 75% decrease compared
with the control (Figure 2B). This decrease in sperm may
be the result of the histopathological studies which showed
a thinner spermatogenic epithelium, possible Sertoli cell
apoptosis, and vacuolization in the spermatogenic tubules
that were indicative of Leydig cells necrosis (Figure 2A).
Similar studies also found that ZnO NPs led to testicular
histopathological changes, which caused destructive
effects on spermatogenesis.'” Han et al demonstrated that
in vitro ZnO NPs could be absorbed by Leydig cells and
Sertoli cells that increased reactive oxygen species (ROS)
which led to apoptosis.® Harmful effects on the testicular

Leydig cells could decrease the production of testosterone,

International Journal of Nanomedicine 2019:14

submit your manuscript

9571

Dove


http://www.dovepress.com
http://www.dovepress.com

Tang et al

Dove

a hormone that is necessary for spermatogenesis. In this
study, testosterone concentration decreased with an
increased dose of ZnO NPs (Figure 2C) which could
suppress spermatogenesis.>> Hence, a negative impact of
ZnO NPS to the Leydig cells which are responsible for
80% of the
a reproductive decline in male mice.

testosterone production could induce

The mechanism of ZnO NPs toxicity was evaluated based
on indications that ZnO NPs could generate ROS that acti-
vate ER stress.*® Therefore, we hypothesized that ER stress
could cause ZnO NP-induced male reproductive toxicity.
BIP, also known as glucose-regulated protein, that is 78
kDa (GRP78), has also been known as a marker for activat-
ing ER stress.>”*® When BIP gets separated from IRE la, this
IREla gets phosphorylated into active endonuclease which
could selectively excise 26nt intron from XBP1 mRNA that
could be converted to the transcription factor box binding
protein 1 splicing (XBP1s). When this happens, the XBP1s
penetrates the nucleus to enhance the expression of ER
chaperones like CHOP, BIP and proteins related to ER-
associated degradation (ERAD) that accelerate protein fold-
ing and misfolded protein degradation to alleviate unfolded
protein response (UPR).*” In this study, the ZnO NPs induced
up-regulation of the ER-stress genes IREla, XBPls, BIP,
and CHOP in mice testis (Figure 3). Similarly, Chen et al
found that the IRE10/XBP1s pathways were fully activated
in the human umbilical vein endothelial cells in the presence
of ZnO NPs.*® Although the activation of ER stress could
restore homeostasis, long-term ER stress led to the relevant
apoptosis pathway.>> It was reported that IRE1a could acti-
vate caspase-12 which in turn mediated the pre-apoptotic
signaling pathway by activating caspase-9 and caspase-3 to
induce apoptosis.*” In another mechanism study, IRE 1o was
found essential for the JNK signal transduction pathway in
response to ER stress.*! INK, similar to CHOP, could inhibit
anti-apoptotic Bcl-2 to break the balance between the expres-
sion levels of the proteins Bax and Bcl-2, which could
mediate the mitochondrial apoptotic mechanism that could
activate caspase-9.*> In another study, caspase-3, as
a downstream target of caspase-9, was activated which led
to apoptosis.*® In the present study, as shown in Figure 3,
JNK was up-regulated in the presence of 150 mg/kg ZnO
NPs, and the expression of CHOP was also significantly
increased in both the 150 and 450 mg/kg, and the ratio of
Bax/Bcl-2 increased in the 450 mg/kg ZnO NPs. These
results could be taken as indicators of possible activation of
mitochondrial-mediated apoptosis. Consistent with findings
in this research, Wang’s study found that ZnO NPs led to

apoptosis by activating JNK and Bax/Bcl-2-dependent mito-
chondrial apoptotic mechanism in an in vitro study.** In this
present in vivo study, the results showed that ZnO NPs
induced the up-regulation of caspase-12 in 450 mg/kg treat-
ment group, and caspase-9 was up-regulated in the 150 mg/
kg treatment group. The expression of caspase-3 was signifi-
cantly increased in all the treatment groups which could be
another indication of the activation of apoptosis.** Moreover,
the immunofluorescence analysis supported the caspase-12
results (Figure 6A and C), and the JNK (Figure 6B and D)
levels were more significantly expressed in the testes of the
treatment groups. In addition, when ER-stress inhibitor salu-
brinal was applied to further demonstrate the activation of
ER stress in ZnO NP-induced reproductive toxicity, the sal-
treated mice showed no lesions in the testis and most of the
ER stress-related genes significantly decreased, especially
IREla, CHOP and caspase-3 (Figure 4C). The same was
observed in the immunofluorescence analysis, which indi-
cated that the toxicity of ZnO NPs was significantly attenu-
ated in the presence of the ER-stress inhibitor. The results
indicated that ER stress in the presence of 30 nm ZnO NPs
may have induced testicular germ cell apoptosis as well as
mitochondrial-dependent apoptosis (Figure 7), which was
not observed when the ZnO NPs treated mice were subse-
quently treated with sal.

Germ cell apoptosis could affect normal testicular
function in the same manner that Sertoli cell apoptosis
could prevent spermatogenesis.*> Additionally, reports
also indicated that testosterone production could be
inhibited by Leydig cells apoptosis.*®*’ The regulation
of testosterone synthase and protein expression was
affected by multiple transcription factors at the tran-
scriptional level according to a study.*® In the complex
testosterone synthetic pathway, reports indicated that
StAR was responsible for the transport of hydrophobic
low-density cholesterol from the cytosol to the mito-
chondrial inner membrane, which is a key step in tes-
tosterone synthesis.*” The cytochrome P450 enzymes
had
pregnenolone.’*' Hence, the effects of toxic materials
on the mRNA levels of St4AR and P450scc could be used
as indicators of possible toxicity. In this study, RT-qPCR

been shown to convert cholesterol to

results showed a significant down-regulation of StAR,
while the transcriptional level of P450scc had no statis-
tical difference between the control and the treated
groups (Figure 3). Interestingly, eliminating the activa-
tion of ER stress up-regulated StAR dramatically, while
testosterone level in serum was similar with the control.
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Based on these observations, it could be inferred that the
apoptosis of the Leydig cells in the presence of the ZnO
NPs affected testosterone production through the down-
regulation of StAR.

Conclusion

In this study, the effects of oral administration of sphe-
rical 30 nm diameter ZnO NPs for 14 days in male
reproduction were investigated. The results indicated
that exposure to >50 mg/kg doses of ZnO NPs caused
testicular damages, spermatogenesis abnormalities and
decreased testosterone levels in the serum. The damages
in the seminiferous tube, vacuolization of Sertoli and
Leydig cells, and low germ cell counts were more sig-

nificant in the higher dosage of ZnO NPs. Sperm cell

inactivation, “P” phosphorylation and “I.” antagonism.

counts were also lower at higher ZnO NPs dosage. All
these observations indicated possible ZnO NPs toxicity
in the male reproductive system.

In terms of the underlying mechanism of toxicity, the ZnO
NPs exhibited up-regulation of the gene expressions for ER
stress such as the IRE1a, XBP1s, BIP, CHOP. The expression
of caspase-3 was significantly increased in all the treatment
groups which reflected the activation of apoptosis. In addition,
RT-gPCR also showed significant down-regulation of the
gene StAR, which has been accepted as a key player in
testosterone synthesis. Therefore, it was very likely that apop-
tosis and ER stress contributed to ZnO NPs induced down-
regulation of genes for testosterone production which led to
a significant decrease in testosterone levels. When an ER-
stress inhibitor salubrinal was administered to the 450 mg/kg

submit your manuscript

9574

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Tang et al

ZnO NPs treatment group, the damages to the seminiferous

tube and vacuolization of Sertoli and Leydig cells were not

observed. Furthermore, the testosterone levels in the serum

were similar to the control group. Thus, it may be inferred that

the ZnO NPs reproductive toxicity in male mice occurred via

apoptosis and ER-stress signaling pathway.
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