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Original Article

Exposure to zinc oxide nanoparticles affects testicular structure, 
reproductive development and spermatogenesis in parental and 
offspring male rats
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Background: This study aimed to comprehensively evaluate the toxicity exerted by zinc oxide nanoparticles 
(ZnO NPs) on rat testis and its effects on fertility and progeny development.
Methods: Different concentrations of ZnO NPs were administered by gavage to Sprague Dawley (SD) 
rats to examine the adverse effects resulting from pre- and post-natal exposure. Systemic distribution of 
ZnO NPs, developmental performance, sperm parameters, reproductive performance, histopathological 
examination, and sex hormone levels were determined scheduled in the experimental rats and their male 
offspring. The comparative in vitro cytotoxicity of the ZnO NPs was determined among C18-4, TM3, and 
TM4 cells. The toxicity exerted by ZnO NPs on germ cells in vitro and the effects on the expression of 
cytoskeleton and blood-testis barrier (BTB)-related proteins were also determined.
Results: After oral gavage, ZnO NPs mainly accumulated in the liver and testes of rats; 350 mg/kg ZnO 
NPs adversely affected the epididymal weight, sperm motility, and hormone levels but did not affect the 
fertility of rats. In addition, 350 mg/kg ZnO NPs significantly reduced the reproductive and developmental 
performance of offspring male rats. Testicular histopathological and electron microscopic ultrastructure 
examinations showed more significant abnormal structural changes than those observed in parental rats. The 
results of in vitro cell experiments further showed that ZnO NPs exerted cytotoxic effects on germ cells, and 
led to DNA damage, nucleoskeleton and cytoskeleton alterations, and could regulate actin changes through 
changes in LC3B.
Conclusions: It is possible that ZnO NPs act directly on TM4 cells by penetrating the BTB, causing 
damage to the cytoskeleton and disrupting the dynamic balance of the BTB, thereby destroying the 
microenvironment necessary for spermatogenesis, which may lead to poor reproduction in rats.
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Introduction

In recent years, nanotechnology has developed rapidly in 
various fields of human life such as biomedicine, industry, 
agriculture, food, cosmetics, and so on (1-3). Nanoparticles 
(NPs) are compounds or particles between 1 and  
100 nanometres in size. The properties of NPs are mainly 
related to their nanoscale structure, size and structure-
related electronic configurations and their extremely large 
surface to volume ratio relative to bulk materials (4). NPs 
enter the body mainly through the respiratory system 
and, because of their extremely small size, can penetrate 
cell membranes to enter cells or pass through cells and 
transfer to other parts of the body. It has been shown that 
NPs are deposited in the respiratory tract and alveoli of 
animals, which leads to alveolar macrophage damage (5). 
Zinc oxide nanoparticles (ZnO NPs) are among the most 
commonly used nanomaterials. They have unique physical 
and chemical attributes such as antibacterial and UV 
absorption properties, and are widely used in food additives, 
medicines, cosmetics, and other fields (6,7). Due to their 
wide applications, human are exposed to ZnO NPs in daily 
life, and they enter the body by the oral route, inhalation, 
and injection administration. Accumulation in organs may 
be potentially toxic to human health (8,9). Therefore, it is 
necessary to evaluate the potential effects of ZnO NPs in 
organisms.

As we all know, zinc is one of the necessary trace elements 
for humans; it is widely present in all tissues of the human 
body, and participates in the regulation of macromolecular 
biosynthesis and cellular processes (10,11). Furthermore, 
zinc is necessary for sperm formation and maturation and 
is the main component of semen (12). However, recent 
studies have shown that ZnO NPs damages the cytoskeleton 
and changes the nuclear envelope (NE), leading to reactive 
oxygen species (ROS) accumulation, culminating in 
apoptotic cell death (13,14). Han et al. showed that ZnO 
NPs have the potential to induce apoptosis in testicular 
cells likely through DNA damage caused by reactive 
oxygen species, with possible adverse consequences for 
spermatogenesis and therefore, male fertility (15). The 
ZnO NPs were shown to cause DNA damage in a mouse 
Sertoli cell line (TM4) model in vitro, and down-regulated 

the expression of blood-testis barrier (BTB) protein (16). 
Rafiee et al. (17) detected degenerative changes in testicular 
tissues in mice after oral administration of ZnO NPs, but 
there was no apparent damage in Leydig cells and Sertoli 
cells. However, it was found that ZnO NPs were cytotoxic 
in mouse testicular Leydig TM3 cells, causing increased 
steroid production and inducing cell apoptosis (18). These 
in vivo and in vitro studies have demonstrated that the special 
properties of nanomaterials may have potential testicular 
harmful effects, but there is not enough epidemiological 
or animal experimental evidence. Therefore, it is necessary 
to evaluate the possible reproductive health risks caused by 
exposure to ZnO NPs.

We conducted an extended one-generation reproductive 
toxicity study comprising investigation of the distribution of 
nano-zinc oxide in the testis of F0 male rats. The pathological 
changes of testicular tissue, measurement of testosterone, 
luteinizing hormone (LH), and follicle-stimulating hormone 
(FSH) levels, and sperm count and motility were included. 
Furthermore, changes in mating and pregnancy outcomes 
in paired maternal rats and effects on the male reproductive 
system of F1 offspring rats were also included in detail. 
Moreover, in vitro comparison of cytotoxicity among 
testicular cells including C18 spermatogonia cell, TM3 
Leydig cell and TM4 Sertoli cells as well as high content 
image-based examination of cytoskeletal alteration and BTB-
related proteins in TM4 cell were conducted to explore the 
underlining mechanism of the effect of nano-zinc oxide on 
testicular spermatogenesis. We present the following article 
in accordance with the ARRIVE reporting checklist (available 
at https://atm.amegroups.com/article/view/10.21037/atm-
22-3047/rc).

Methods

Chemicals

We obtained ZnO NPs (20 nm) from Nanostructured & 
Amorphous Materials, Inc. (Houston, TX, USA); ZnO 
NPs (50 nm), micro ZnO (<5 μm), Dulbecco’s modified 
Eagle’s medium (DMEM), penicillin-streptomycin solution, 
phosphate-buffered saline (PBS), bovine serum albumin 
(BSA), neutral red (NR), and 3-(4,5-dimethylthiazol-2-
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yl)-2,5-diphenyl tetrazolium bromide (MTT) were all 
purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Horse serum and DMEM/F12 were purchased from 
Hyclone (Logan, UT, USA). Nu-Serum was purchased from 
BD Bio Sciences (Becton, Dickinson, and Co., Franklin 
Lakes, NJ, USA). Fetal bovine serum (FBS) was purchased 
from Gibco (Grand Island, NY, USA). Hematoxylin and 
eosin (HE) were obtained from Shanghai Hongzi Industrial 
Co., Ltd. (Shanghai, China). Glucose, sodium chloride, 
absolute ethanol, 75% ethanol, xylene, hydrochloric acid, 
lithium nitrate, glutaraldehyde, and osmium tetroxide were 
all analytically pure and purchased from Shanghai Lingfeng 
Chemical Reagent Co., Ltd. (Shanghai, China). We 
purchased 96% ethanol and glacial acetic acid from Merck 
& Co Inc. (Kenilworth, NJ, USA).

Characterization of ZnO NPs

ZnO NPs particle size analysis 
The ZnO NPs were dissolved in ethanol and then dropped 
on carbon-coated copper grid and dried overnight at room 
temperature. Finally, a transmission electron microscope 
(TEM; JEM-2100, JEOL, Tokyo, Japan) and Image J 
software (National Institutes of Health, Bethesda, MD, USA) 
were used to characterize the shape and size of ZnO NPs.

ZnO NPs hydrated particle size and stability analysis
The ZnO NPs particles were dissolved in 0.5% glucose 
solution and FBS to make a suspension (35 mg/mL). 
Subsequently, dynamic light scattering (DLS) was used to 
analyze the hydrated particle size and Zeta potential of the 
ZnO NPs on the first and seventh days after preparation. 
The mixture was subjected to ultrasonication at 25 ℃ for 
30 seconds. The DLS characterization of ZnO NPs in cell 
test solution (20 μg/mL) was same as methods described 
above.

Animals

A total of 60 male and 120 female Sprague Dawley (SD) 
rats (13-week-old) were purchased from Beijing Victory 
Laboratory Animal Technology Co., Ltd (SCXK; Beijing, 
China, 2016-0011). Female rats were nulliparous and non-
pregnant. All animals were housed in the animal room of 
the Shanghai Municipal Center for Disease Control and 
Prevention (SYXK; Shanghai, China, 2013-0008). The 
room temperature was maintained at 20–26 ℃ with an 
artificially illuminated 12-hour dark/light cycle and relative 
humidity of 40–70%. The rats were fed with a commercial 
diet (Beijing Keao Xieli Feed Co., Ltd., Beijing, China) and 
water ad libitum. 

Extended one-generation reproductive toxicity study 

An extended one-generation reproductive toxicity 
experiment was conducted following the Organization for 
Economic Co-operation and Development (OECD) 2018 
test guideline 443 (19) as illustrated in Figure 1. Briefly, the 
rats were randomly divided into 4 groups (15 males or 
30 females per group) after 5 days of acclimatization. 
These groups were exposed to the following dosages of 
ZnO NPs: 0 (control group), 7 mg/kg bw, 50 mg/kg bw, 
and 350 mg/kg bw groups for 2 weeks before mating and 
continuously through mating, gestation, and pup weaning 
(F1 generation) (20). This study focused on the evaluation of 
male reproductive and developmental effects that may occur 
as a result of pre- and postnatal exposure on the offspring 
males (1A cohort offspring rats) as well as an assessment 
of testicular toxicity on the F0 males. At weaning, 20 male 
and female pups are selected and assigned to cohorts of 
animals for reproductive/developmental toxicity testing. 
The F1 offspring received further treatment with the ZnO 
NPs from weaning to full maturity (age of 13 weeks). 

Premating

14 
(Days)

14 21 21

Pregnancy Lactation

Weaning
Sacrifice

Exposure (10 weeks)

Exposure period

F1 Rats

F0 Rats

SacrificeMating

Figure 1 Schematic study design—extended one-generation 
reproductive toxicity study. Before mating, parental F0 generation 
rats were administered ZnO NPs (1 mL/100 g bw) by intragastric 
gavage continuously for 2 weeks. Then, males and females were 
bred 1:2 for 2 weeks until positive evidence of mating was found 
(the vaginal smear had vaginal plug or sperm). Subsequently, the 
males and females were separated and kept in a single cage. F1 
males and females assigned to Cohort 1A were bred in a similar 
manner as the F0 generation, and females were allowed to rear their 
litters normally until weaning on PND21, when 1 pup/sex/litter 
was assigned to constitute the F2 generation. Since this experiment 
only studied the toxicity related to the male reproductive system, 
the offspring rats only retain the Cohort 1A. ZnO NPs, zinc oxide 
nanoparticles; PND, postnatal day.
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Clinical observations and pathology examinations were 
performed on all animals for signs of toxicity, with special 
emphasis on the integrity and performance of the male and 
female reproductive systems (F0) and the health, growth, 
development, and function of the offspring. At the time of 
termination as indicated in Figure 1, 6 rats in each group 
were weighed and anesthetized with sodium pentobarbital 
(60 mg/kg bw), and blood was taken immediately from the 
abdominal aorta for serum biochemical analysis. Following 
necropsy, tissues and organs were collected for assessment 
of organ weight, zinc concentration, and histopathological 
analysis. Sperm count and motility, as well as morphology, 
were evaluated for all males (F0 parent males and F1 
male offspring). Animal experiments were performed 
in accordance with the Guide for the Care and Use of 
Laboratory Animals (21). The animal experiment protocol 
was reviewed and approved by the Animal Ethics Review 
Committee of the Shanghai Municipal Center for Disease 
Control and Prevention. A protocol was prepared before 
the study without registration.

Zinc content in liver and testis

The determination of zinc levels in the liver and left testis 
were quantified by using inductively coupled plasma-mass 
spectrometry (ICP-MS) (7700x; Agilent Technologies, 
Santa Clara, CA, USA). Briefly, the free-dried samples 
were placed in concentrated nitric acid overnight for 
pre-digestion. Subsequently, they were digested with a 
microwave digestion apparatus (Mars6; CEM Corporation, 
Matthews, NC, USA). Then, they were placed on an 
electric heating plate at 100 ℃ for 30–60 minutes, and the 
final volume was brought to 10 mL. Finally, ICP-MS was 
performed to analyze the zinc concentration.

Serum sample collection and serum biochemical analysis

The blood was centrifuged for 15 minutes at 2,000 rpm 
to collect serum which was used for the detection of 
Testosterone (T), follicle-stimulating hormone (FSH), and 
luteinizing hormone (LH) levels according to the enzyme-
linked immunosorbent assay (ELISA) manufacturer’s 
instructions (Shanghai Enzyme link Biotechnology Co., 
Ltd., Shanghai, China). The absorbance was recorded 
at 505 nm with a microplate reader (Thermo Fisher 
Scientific, Waltham, MA, USA) and using the established 
standard curve from the ELISA kit  to obtain the  
hormone levels.

Organ weights, histopathology, and electron microscopic 
ultrastructure

The liver and testis were removed, subjected to necroscopic 
analysis, and weighted to determine the wet weight of each 
organ. The relative organ weight was then calculated for 
each organ (organ weight/body weight). 

Next, the left testis of 9 rats in each group were 
randomly selected to fix in 10% neutral formalin, and then 
the organs were embedded in paraffin and sliced into 4 μm 
thick sections. Finally, these sections were stained with HE 
and examined under the light microscope. 

In addition, part of the right testes of the rats was taken 
and fixed in Bouin’s solution (Phygene, China) for 18 hours. 
Then, the Bouins solution was replaced with 10% neutral 
formalin and the tissues were fixed twice for 24 hours 
each time. Finally, the organs were stained with Schiff and 
hematoxylin, the cross-section of the seminiferous tubules 
was observed and photographed under an oil microscope.

The other part of right testes was fixed in 10% glutaric 
acid (pH=7.2–7.4), and post-fixed in osmium tetroxide. 
Then, ethanol and acetone were used for gradient 
dehydration. The samples were embedded in epoxy 
resin and hardened at room temperature for 16 hours. 
Subsequently, sections were stained with uranyl acetate and 
lead nitrate. Finally, testis's ultrastructure was observed and 
pictures were taken with a TEM.

Quantification of the cellular composition of spermatogenic 
cells in the seminiferous tubules

The stages of the rats’ cycle were classified according to the 
stipulations of Ichihara et al. (22). We randomly selected 
12 VII seminiferous tubules from the testis tissue of each 
rat under an optical microscope. Spermatogonia, pre-
thin-line spermatocytes, thick-line stage spermatocytes, 
round spermatids, and the nuclei of Sertoli cells were 
counted in each seminiferous tubule. The mean values of 
12 seminiferous tubules were treated as the representative 
value of each animal.

Analysis of the chemical composition of nanoparticles in 
the testis

Energy dispersion analysis of X-ray (EDX) spectroscopy 
with Helios G4 plasma focused ion beam (FIB) system was 
performed on the prepared testicular electron microscope 
observation samples to further confirm whether the particles 
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photographed in the TEM of the testis were ZnO NPs. 

Analysis of sperm count, motility, and morphology in male 
rats

To assess the number, vitality, and morphology of the 
sperm, the left epididymis was quickly separated to prepare 
a sperm suspension. Then, 4 drops of the sperm suspensions 
were pipetted onto the glass slide and the proportion of 
motile sperm was observed under a microscope (Nikon 
eclipse 80; Tokyo, Japan). We observed 10 visual fields 
for each animal and the average number of dead sperm  
(500 sperm per field) and the number of dead sperm were 
also calculated.

The number of sperm was counted under a microscope. 
A 0.5 mL sperm suspension was taken and diluted with 
9.5 mL of saline, and then a 10 μL sperm suspension was 
transferred into a hemocytometer and stood for 5 minutes. 

A drop of the sperm suspension was taken and fixed 
with methanol for 5 minutes and stained with 1% eosin 
for 1 hour. Then, the sperm morphology was observed 
under the microscope after washing and the types of shape 
of sperm were counted. A total of 1,000 sperm per animal 
were counted and the deformity rate (%) was calculated. All 
studies were performed in triplicate.

Evaluation of reproductive performance in F0 rats

Males and females were bred 1:2 in the cage and allowed 
to mate for 2 weeks as described by Turnbull et al. (23). 
The females were checked every day through vaginal 
smear to determine whether they had completed mating. 
If sperm were found in the smear, it indicated that the 
mating was successful, and this day was identified as GD 0. 
The parturition day of females was confirmed as postnatal 
day (PND) 0, and then the live and stillborn pups were 
scored. The non-pregnant female rats were immediately 
sacrificed, and the uterus was stained with 10% ammonium 
sulfide to confirm whether there were implantation sites. 
Reproductive performance was summarized in terms of 
pregnant animal rats, conception rate, and pregnancy rate.

F1 offspring males

The F1 animals were assigned to Cohort 1A. Their survival 
and sex were determined on PND1; body weights were 
recorded on PND1, 4, 7, 14, and 21. The anogenital 
distance (AGD) of each male pup was measured on PND4, 

and normalized with the weight of the pup that day. 
After PND21, 1 female pup and 1 male pup from each 
offspring were selected to be treated with ZnO NPs and 
to observe their mating, conception, and pregnancy. The 
method of obtaining the body weights, organ weights, 
histopathological examination of testis, sperm parameters, 
and serum sex hormones of offspring males was the same as 
that of the parental rats.

Cell culture and cell treatment

The mouse C18-4 spermatogonia cell line was obtained 
from Professor Marie-Claude Hofmann (The University of 
Texas MD Anderson Cancer Center, Houston, TX, USA). 
The C18-4 cell line was cultured in DMEM medium 
supplemented with 5% FBS and 100 U/mL penicillin-
streptomycin at 33 ℃ in a humidified incubator with 5% 
CO2. The C18-4 cells were passaged every 3–4 days, 
and cells used in all experiments were below 7 passages. 
The mouse Leydig cells (TM3) and Sertoli cells (TM4) 
were purchased from American Type Culture Collection 
(ATCC; Manassas, VA, USA). Then, cells were cultured in 
DMEM/F12 medium supplemented with 5% horse serum, 
2.5.% FBS, and 100 U/mL penicillin-streptomycin at  
37 ℃ in a humidified incubator with 5% CO2. The TM3 
and TM4 cells were passaged every 2 days and cells used in 
all experiments were below 8 passages. The cultured cells 
were treated with different concentrations and periods of 
ZnO NPs.

Cell viability assay

To compare cytotoxicities of ZnO NPs, the cell viabilities 
of C18-4, TM3, and TM4 cells were measured by neutral 
red assay (NR), and the half half-maximal inhibitory 
concentration (IC50) was calculated after treatment with 
ZnO NPs (24). Briefly, C18-4, TM3, and TM4 cells were 
seeded in 96-well plates (1.5×104 cells/well) and cultured 
overnight at 70–80% confluence. After washing with 
PBS, the cells were incubated with ZnO NPs for 24 or 
48 hours. Then, the culture medium was removed and 
the fresh medium containing NR (50 μg/mL) was added. 
After 3 hours of incubation, cells were washed twice with 
PBS and 200 μL of eluent was added to each well. Then, 
the absorbance at 540 nm was determined by a microplate 
reader (Bng Labtech, Cary, NC, USA). Each assay was 
repeated 6 times. The IC50 was calculated by JMP 13.0 
statistical analysis package (SAS Institute, Cary, NC, USA)
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In the present study, we chose TM4 cells for further 
experiments as ZnO NPs were more toxic to them 
according to the results of NR. The MTT assay was 
performed to evaluate the effects of ZnO NPs and micro 
ZnO on the viability of TM4 cells. The TM4 cells were 
treated with different concentrations of ZnO NPs (1, 2, 5, 
and 10 μg/mL) or micro ZnO (1, 10, and 100 μg/mL) for 24 
and 48 hours. A total of 20 μL MTT (5 mg/mL) was added 
to each well. Then, the culture solutions were aspirated 
carefully and added 150 μL dimethyl sulfoxide (DMSO). 
The absorbance at 490 nm was measured by a microplate 
reader. 

Immunofluorescence staining

The TM4 cells were incubated with different concentrations 
of ZnO NPs (0, 0.2, 0.5, 0.75, 1.0, and 1.25 μg/mL) for 24 and 
48 hours. Then, cells were fixed with 4% paraformaldehyde 
for 20 minutes at room temperature. Fixed cells were blocked 
with 0.1% Triton X-100 (Merck, USA) and 3% BSA in PBS 
for 30 minutes after permeabilizing by 0.1% Triton X-100 in 
Triton/PBS solution for 15 minutes. Subsequently, cells were 
incubated with rabbit anti-LC3B (1:100) (Thermo Fisher 
Scientific, USA), mouse anti-Arp3 (1:50) (Sigma-Aldrich, 
USA), mouse anti-α-tubulin (1:300) (Abcam, USA), and rabbit 
γ-H2AX (1:200) (Millipore-Sigma, Burlington, MA, USA) 
in 0.1% TX-100/PBS overnight at 4 ℃. After washing twice 
with 0.05% Tween-20/PBS, cells were incubated with goat 
anti-mouse Dylight 650 (1:1,000) (Thermo Fisher Scientific, 
USA), goat anti-rabbit Dylight 550 (1:1,000) (Thermo 
Fisher Scientific, USA) and the DNA staining dye Hoechst 
33342 (Molecular Probes, Eugene, OR, USA) in PBS/BSA 
for 90 minutes at room temperature in the dark, followed 
by incubation with 50 μL Alexa Fluor 488 Phalloidin (Cell 
Signaling Technology, Danvers, MA, USA) per well at room 
temperature for 30 minutes for F-actin staining.

High-content imaging analysis 

The changes in nuclear morphology were determined by 
high-content imaging analysis (HCA) according to the 
previous study (24). Briefly, the HCS Studio TM 2.0 Target 
Activation BioApplication (Thermo Fisher, USA) was used 
to analyze multi-channel images. A total of 49 fields per 
well were acquired at 40× magnification using Hamamatsu 
ROCA-ER digital camera (Hamamatsu, Japan) combined 
with 0.63× coupler and Carl Zeiss microscope (ZEISS, 
Oberkochen, Germany) optics in auto-focus mode. 

Single-cell based HCA provided multi-parameters to 
characterize various parameters from each cell quantitatively. 
Nuclear shape measurement included P2A and LWR 
parameters. Total intensity was defined as total pixel 
intensities within a cell in the respective channel. With 49 
fields of each well, at least 4,000 cells were analyzed per well, 
and single-cell-based data for each channel were exported for 
further statistical analysis. The experiments were performed 
with at least 4 biological replicates and repeated twice.

Association analysis of BTB-related proteins

In order to further analyze the structure distribution and 
correlation of BTB-related microglobulin, tubulin, and 
ankyrin, we obtained the high-resolution photos of each 
channel from an ArrayScan VTI HCS reader (Thermo 
Fisher, USA), and imported into an open-source software 
CellProfiler and CellProfiler Analyst (Broad Institute, 
Cambridge, MA, USA). We classified and measured multi-
parameters, including the size, shape, intensity, texture of 
F-actin and LC3B, Arp3, and α-tubulin. 

Statistical analysis

All data obtained from HCS Studio 2.0 BioApplication 
and Cellprofiler were exported to JMP 13.0 statistical 
analysis package (SAS Institute, Cary, NC, USA) for further 
analysis. Objects with a nuclear area less than 50 μM2 or 
larger than 800 μM2 were excluded to remove cell debris 
and clumps. The γ-H2AX positive cells were set by the total 
intensity of γ-H2AX in control over 120, 000 pixels. The 
parameters based on single-cell imaging were quantified and 
used to determine the geometric mean of each well. Data 
were presented as geometric mean ± SD. One-way analysis 
of variance (ANOVA) was used to determine statistical 
significance (P<0.05) followed by Tukey-Kramer all pairs 
comparison. 

The IC50 value was calculated using the logic 4P model in 
the Sigmoid curve conforming to JMP.

To check the relationship between BTB-related proteins, 
Spearman correlation analysis was performed after the 
logarithmic transformation of the obtained data.

Results

Characterization of ZnO NPs

In this study, TEM and DLS were used to characterize ZnO 
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NPs (Figure 2). The TEM image results showed that the 
shape of ZnO NPs was granular, with an average particle size 
of around 26.60 nm (Figure 2A). The average hydrodynamic 
diameter of ZnO NPs was about 11–34 nm (Figure 2B). 
Subsequently, the particle size distribution of 35 mg/mL 
ZnO NPs with DLS determination demonstrated that ZnO 
NPs have a certain degree of agglomeration. However, they 

could still be maintained in a smaller particle size range, and 
the stability was good within 7 days (Figure 2C).

Body and tissues weights and Zinc element concentration

There were no apparent symptoms of toxicity, but the 
body weight of experimental group rats increased during 
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treatments (Figure 3A). Moreover, with the prolongation 
of the treatment, the weight gain of rats in the 350 mg/kg  
group began to slow down, but there was no statistical 
difference compared with the control group (P>0.05). 
Compared with the control group, the organ weights of 
testis, liver, and epididymis in the 350 mg/kg group were 
significantly reduced (P<0.05) (Figure 3B). Figure 3C 
suggests that the organ coefficients of each dose group 
also showed a downward trend, and the organ coefficients 
of the liver were significantly decreased in the 350 mg/kg 
group. Interestingly, the Zinc element concentration in the 
liver and testis in the 350 mg/kg group was significantly 
increased (P<0.05) (Figure 3D).

Histopathological evaluation

We used HE staining, TEM, and periodic acid-Schiff (PAS) 
staining to conduct the histopathological examination 
of male rat testis. The results of HE showed that testis 
sections of the control group showed normal histological 
architecture, while the ZnO NPs treatment groups had 
different degrees of interstitial swelling, shedding of 
seminiferous layer, atrophy, and necrosis of seminiferous 
tubules, and necrosis of sperm cells (Figure 4A). 

Subsequently, we further observed the testicular tissue by 
TEM (Figure 4B). The results revealed that mitochondrial 
swelling and vacuolization, and loose and disordered internal 

Figure 4 The sperm parameters, sex hormone levels, and testicular histopathological evaluation of F0 generation. (A) Light microscopy of 
cross-sections of HE-stained testes from male SD rats (×200). (B) TEM images of ZnO NPs internalization by testes (×400). The yellow 
arrows in the 350 mg/kg group indicate swelling and vacuolation of mitochondria, destruction of mitochondrial ridges and nuclear lysis, and 
a large number of late lysosomes in the cytoplasm. (C) EDX spectroscopy detected whether the particles in the TEM image were ZnO NPs. 
(D) Light microscopy of cross-sections of PAS-stained testes from male SD rats (×400). The arrow on the left is the elongated spermatozoa 
retained in the seminiferous layer; ▲, The cytoplasm of the supporting cell is vacuolated; Rb: the sperm cell remnant near the lumen 
surface. (E) Light microscopy of morphology of dead sperms from male SD rats. The red circle shows abnormal sperm morphology, which 
mainly includes headless, hookless and ring-shaped tail. (F) Number of dead sperms in the left epididymis. (G) Hormone levels (T, LH and 
FSH) in serum of male rats detected by ELISA. Statistical significance is represented as *P<0.05 and ***P<0.001 as compared with control 
group. ZnO NPs, zinc oxide nanoparticles; SD, Sprague-Dawley; HE, hematoxylin and eosin; EDX, energy dispersion analysis of X-ray; 
TEM, transmission electron microscope; PAS, periodic acid-Schiff; ELISA, enzyme-linked immunosorbent assay. T, testosterone; LH, 
luteinizing hormone; FSH, follicle-stimulating hormone.
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ridges had occurred in the testicular cells in the 350 mg/kg  
ZnO NPs group. Lysosomes and heterochromatin in the 
nucleus increased, and sperm cell mitochondrial sheath 
degraded (Figure S2). In addition, we also found granular 
agglomerates of suspected ZnO NPs of testicular tissue 
in the 350 mg/kg ZnO NPs group. Therefore, to further 
confirm that the particles photographed in TEM were ZnO 
NPs, EDX spectroscopy was performed on the prepared 
testicular samples (Figure 4C). The results showed that 
the testicular tissue contained Zn, O, C, and Cu elements. 
Since the peak spectra of Cu and Zn were very close, it was 
not possible to distinguish them from the ion concentration 
values shown in Table S1. The results of EDX could still 
show that the particles found in the testis were ZnO NPs, 
which indicates that the ZnO NPs can penetrate the BTB 
to enter the testicular cells.

Furthermore, we performed PAS staining on the testis 
to determine the seminiferous epithelial cycle. Figure 4D 
shows that in the seminiferous tubules without necrosis, the 
arrangement of spermatogenic cells was disordered and the 
Sertoli cells were vacuolated. Elongated sperm cells were 
retained in the seminiferous epithelium during the VII-
VIII developmental stages. Each selected rat exhibited VII 
12 stage seminiferous epithelium without apparent necrosis 
under the light microscope. There was no significant effect 

detected on the spermatogenesis (P>0.05) (Table S2).

Sperm parameters and reproductive performance in F0 
generation 

The changes of sperm parameters after ZnO NPs exposure 
in the control group and each dose group of male rats are 
shown in Table 2 and Figure 4E,4F. The results showed that 
the sperm survival rate decreased with the increase of ZnO 
NPs dose (P<0.01). The number of dead sperms increased 
significantly in a dose-dependent manner (P<0.01). In 
addition, there was no effect of ZnO NPs exposure on F0 
reproductive performance (P>0.05) (Table 2). The levels of 
T, LH, and FSH in F0 male rats decreased with the increase 
of ZnO NPs dose, and the levels of LH and FSH in the 
350 mg/kg ZnO NPs group were significantly different 
from those in the control group (P<0.05) (Figure 4G).

Developmental and reproductive toxicity assessments in F1 
generation

The F1 animals designed for developmental and reproductive 
toxicity assessments were assigned to Cohort 1A. Figure 5A 
demonstrates that average male pup body weight was lowest 
in the 350 mg/kg ZnO NPs group during PND 14–21 

Table 1 F1 generation (Cohort 1A)—sperm parameters and reproductive performance

Test Items
ZnO NPs (mg/kg bw/d)

0 7 50 350

Sperm parameters (mean ± SD)

Sperm survival (%) 96.3±1.1 95.2±0.8* 93.3±0.7** 91.8±0.7**

Dead sperm (pcs/5,000) 183.6±53.3 233.5±39.5** 335.9±36.5** 410.5±34.1**

Spermatid count (107/g) 1.93±0.42 1.86±0.93 1.69±0.83* 1.64±0.92*

Reproductive performance

Mating male rat count 8 8 8 8

Mating female rat count 16 16 16 16

Pregnant female mouse count 10 10 14 9

Delivery rat 9 10 14 7

Have  implantation sites before childbirth 1 0 0 2

Dystocia 0 0 0 0

Conception rate (%) 62.5 62.5 87.5 56.2*

Pregnancy rate (%) 90 100 100 77.78*

Statistical significance is represented as *P<0.05 and **P<0.01 as compared with control group. ZnO NPs, zinc oxide nanoparticles.

https://cdn.amegroups.cn/static/public/ATM-22-3047-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-3047-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-3047-Supplementary.pdf
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(P<0.05), and the weight-standardized AGD value in male 
pups decreased significantly in a dose-dependent manner 
(P<0.05) (Figure 5B). 

Subsequently, the offspring were weighed twice a week 
after weaning. The results showed that the offspring body 
weight in 350 mg/kg ZnO NPs group was significantly 
lower than the control group in the third week and from 
halfway through the 6th week to the 13th week (P<0.05) 
(Figure 5C). As shown in Table 3, organ weights showed that 
except for the lungs, other organ weights were significantly 
lower than those of the control group (P<0.05). However, 
there was no significant difference in the organ coefficients 
of each dose group compared with the control group 
(P>0.05), which indicates that the reduction of organ weight 
was related to the bodyweight loss.

The analysis results of sperm parameters showed that 
compared with the control group, the sperm survival 
decreased significantly in a dose-dependent manner (P<0.05) 

(Table 1). Similarly, the dead sperm increased significantly in 
a dose-dependent manner (P<0.01). In addition, the sperm 
counts of rats in the 50 and 350 mg/kg ZnO NPs groups 
were significantly lower than that of the control group 
(P<0.05). Through histopathological examination, it was 
found that the testicular interstitium of the offspring rats had 
obvious edema and inflammatory infiltration (Figure 5D).  
Compared with the parental rats, the seminiferous 
epithelium was further shedding. Even in the 50 and  
350 mg/kg ZnO NPs groups, the seminiferous epithelium 
completely shed into the lumen, and the sperm cells in each 
stage were extensively decreased, accompanied by a decrease 
in lumen diameter. However, ZnO NPs exposure had no 
significant effect on the LH and FSH levels of offspring 
male rats, but the T levels in the 50 and 350 mg/kg ZnO 
NPs groups were significantly lower than that in the control 
group (P<0.05) (Figure 5E). In addition, the conception and 
pregnancy rates in the 350 mg/kg ZnO NPs group were 

Table 2 F0 generation—male sperm parameters and reproductive performance

Test Items
ZnO NPs (mg/kg bw/d)

0 7 50 350

Sperm parameters (mean ± SD)

Sperm motility (%) 97.8±1.1 96.1±2.4* 96.2±1.8* 95.8±1.9**

Dead sperm count (pcs/5,000) 107.8±31.1 195.2±62.1** 188.3±52.5** 208.8±59.6**

Sperm count (107/g epididymis) 1.77±0.62 1.67±0.45 2.00±0.89 2.35±0.54

Sperm deformities count (pcs/1,000) 88 115 150 110

Type of deformity

Head deformity 22 14 27 26

Headless 59 90 88 69

Tail deformity 7 11 35 15

Reproductive performance

Mating male rat count 15 15 15 15

Mating female rat count 30 30 30 30

Pregnant female mouse count 16 19 19 15

Delivery rat 12 16 19 15

Have  implantation sites before childbirth 4 3 2 3

Dystocia 0 0 1 0

Conception rate (%) 53.33 66 73.33 60

Pregnancy rate (%) 75 84.21 86.36 83.33

Statistical significance is represented as *P<0.05 and **P<0.01 as compared with control group. ZnO NPs, zinc oxide nanoparticles.
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significantly lower than the control group (P<0.05) (Table 1).

ZnO NPs induced dose-dependent changes in cell viability 
in vitro

The particle size distribution of 20 μg/mL ZnO NPs with 
DLS determination demonstrated that ZnO NPs have a 
certain degree of agglomeration, but they could still be 
maintained in a smaller particle size range and the Zeta 
potentials were all negative. In addition, the stability was 
good within 7 days, which was suitable for carrying out 
follow-up research experiments (Table S3 and Figure S1).

The cytotoxic effects are shown in Figure 6A; the cell 
viability of C18-4 cells at 0.5 μg/mL was significantly lower 
than in the control group after 24 hours of exposure with 
ZnO NPs (P<0.05). However, because the cell density was 
greater than 90% in 48 hours, the growth of the control 

group was inhibited. Therefore, the significant decrease in 
cell viability only appeared in the groups above 2.5 μg/mL 
(P<0.05). After 24 hours of TM4 cell exposure, compared with 
the control group, the cell viabilities of the 1 and 5 μg/mL  
groups were significantly reduced. In comparison, only the  
5 μg/mL group exhibited a significant decrease after  
48 hours (P<0.05) (Figure 6B). After TM3 cells had been 
treated with 10 μg/mL for 24 and 48 hours, the cell viability of 
each group was significantly lower than in the control group 
(P<0.05) (Figure 6C). The IC50 of C18-4 cells were 1.78 and  
3.56 μg/mL at 24 and 48 hours, respectively; 1.08 and  
1.26 μg/mL for TM4 cells, respectively, and 12.15 and  
10.08 μg/mL for TM3 cells, respectively. Thus, among these 
3 testicular cells, ZnO NPs was most toxic to the TM4 cells.

In addition, to study whether the high toxicity of ZnO 
to TM4 cells was due to the size of ZnO, this experiment 
used ZnO NPs and micro ZnO to poison TM4 cells. As 
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shown in Figure 6D, the synapses of TM4 cells disappeared, 
and the cells became round, fell off, and were suspended 
in the culture medium after exposure to ZnO NPs and 
micro ZnO. After 24 hours of exposure to 10 μg/mL ZnO 
NPs, the viability of TM4 cells reduced to less than 50% of 
the control group (P<0.05), while the same dose of micro 
ZnO had almost no effects on the cells (Figure 6E). After 
48 hours of 10 μg/mL micro ZnO exposure, the TM4 cell 
viability was significantly reduced, but compared with the 
same dose of ZnO NPs, the cell viability was significantly 
increased (P<0.05).

Effects of ZnO NPs on the number and morphology of 
TM4 cell nuclei

We performed HCA imaging analysis to analyze the nuclear 
morphology, number, and image intensity of TM4 cells. 

As shown in Figure 7A, the nuclei of ZnO NPs exposure 
groups showed the increased nuclear area and intensity, 
and decreased nuclear number at 24 and 48 hours of 
treatment. The analysis results of each cell in 49 fields 
per well showed that 1 and 1.25 μg/mL ZnO NPs could 
significantly reduce the number of cell nuclei (P<0.05), 
which was basically consistent with the cell viability results 
(Figure 7B). Compared with the control group, the nuclear 
area and intensity of the 0.2–1.25 μg/mL group increased 
significantly (P<0.05) (Figure 7C,7D). In addition, ZnO NPs 
had no significant effect on the parameters of nuclear shape 
(P2A and LWR) (P>0.05) (Table S4).

In addition, we used γ-H2AX labeling to analyze 
DNA damage responses. The morphology of antibody 
labeling showed that 1.25 μg/mL ZnO NPs could 
significantly increase the γ-H2AX positive cells (Figure 7A). 
Furthermore, the γ-H2AX positive cells increased in a dose-

Table 3 F1 generation (Cohort 1A)—male organ weight and relative organ coefficient

Test Items
ZnO NPs (mg/kg bw/d)

0 7 50 350

Final body weight (mean ± SD, g) 604±52 594±31 576±40 533±62*

Organ weight (mean ± SD, g)

Liver 16.27±1.85 15.81±1.40 15.53±2.05 14.46±2.04*

Heart 2.01±0.13 1.85±0.14 1.85±0.19 1.73±0.22*

Spleen 1.05±0.18 1.10±0.15 1.05±0.15 0.87±0.18*

Lung 2.32±0.41 2.31±0.25 2.33±0.60 1.92±0.39

Kidney 4.02±0.40 3.77±0.36 3.77±0.47 3.56±0.45*

Brain 2.18±0.12 2.15±0.16 2.14±0.11 2.00±0.18*

Testis 3.69±0.66 3.80±0.37 3.85±0.42 3.28±0.60*

Epididymis 2.14±0.50 1.96±0.57 2.07±0.42 1.95±0.48*

Organ coefficient (mean ± SD, %)

Liver 2.69±0.16 2.66±0.19 2.69±0.25 2.72±0.33

Heart 0.33±0.03 0.31±0.02 0.32±0.03 0.33±0.03

Spleen 0.17±0.03 0.18±0.02 0.18±0.03 0.16±0.03

Lung 0.39±0.07 0.39±0.04 0.41±0.11 0.36±0.07

Kidney 0.67±0.04 0.63±0.05 0.65±0.07 0.67±0.09

Brain 0.36±0.03 0.36±0.03 0.37±0.03 0.38±0.05

Testis 0.61±0.10 0.64±0.06 0.67±0.06 0.62±0.13

Epididymis 0.36±0.09 0.33±0.10 0.36±0.08 0.37±0.10

Statistical significance is represented as *P<0.05 as compared with control group. ZnO NPs, zinc oxide nanoparticles.

https://cdn.amegroups.cn/static/public/ATM-22-3047-Supplementary.pdf
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dependent manner, and the 1 and 1.25 μg/mL ZnO NPs 
groups had significant elevation compared with the control 
group (P<0.05) (Figure 7E). 

Effects of ZnO NPs on BTB-related proteins 

The results of F-actin and Arp3 changes after ZnO NPs 
exposure showed that F-actin constricted and unwound, 
concentrated around the nucleus, and the connections 
between cells had basically disappeared after treatment with 
ZnO NPs (Figure 8). Moreover, the expression of Arp3 only 
surrounded the nucleus. Compared with the control group, 
the total intensity of F-actin and Arp3 increased significantly 
(P<0.05), but the values of entropy and angular second 
moment decreased significantly (P<0.05), which further 
indicates that ZnO NPs could change the distribution of 
actin and its related proteins in cells (Figure 8B,8D). 

Interestingly, LC3B was basically not expressed in 
the control group, but it was significantly expressed after 
exposure to ZnO NPs (P<0.05) (Figure 8C). The intercellular 
substance of α-tubulin was reduced significantly (P<0.05), and 
it was mainly concentrated around the nucleus (Figure 8F).  
The total intensities of α-tubulin and LC3B were 

significantly higher than those in the control group (P<0.05), 
but the values of entropy and mean intensity of α-tubulin 
were significantly reduced (P<0.05), which further indicates 
that ZnO NPs could change the content and distribution of 
tubulin and its related proteins in cells (Figure 8C,8E).

To further clarify the relationship between the 4 proteins 
related to the structure and function of BTB in this study, 
we used the total intensity value to analyze their pairwise 
correlation. Figure 8G demonstrates that as the exposure 
dose increased, the correlation between LC3B and F-actin 
and Arp3 became stronger. These results suggested that 
ZnO NPs might induce the change of actin through the 
alteration of LC3B.

Discussion 

With the widespread application of ZnO NPs in daily 
human life, their potential impacts on the human body, 
especially the male reproductive system, have attracted 
increasing attention. Therefore, we conducted a ZnO NPs 
exposure experiment on parental and offspring SD rats in 
order to derive the possible mechanism of ZnO NPs on 
the reproductive system. During the ZnO NPs exposure 
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period, there were no abnormal symptoms such as vomiting, 
diarrhea, cloudy eyes in both control and ZnO NPs-treated 
male rats. Furthermore, throughout the experimental 
period, the weight gain of rats in the 350 mg/kg ZnO NPs 
group gradually slowed down, but there was no significant 
difference compared with the control group (Figure 3A). 
This was similar to the weight gain result of SD rats treated 
with different doses of ZnO NPs (0, 50, 150, 450 mg/kg) 
for 14 days (25). We also found that ZnO NPs entered 
the human body through different methods and reached 
various tissues, and most of them were concentrated in 
the kidney, liver, and lungs (26-28). In the present study, 
we showed that rats were given 20 nm zinc oxide by oral 
gavage, and the content of zinc in the liver and testis of  
350 mg/kg ZnO NPs group was significantly higher than 
in the control group, which indicates that the liver served 
as the main metabolic organ and then entered the target 

organs after oral administration of ZnO NPs. The contents 
of total zinc in the testes of the 7 and 50 mg/kg dose groups 
were almost the same as the control group, and there 
was no clear dose relationship. The reason may be that 
the sample was taken 24 hours after the last gavage. Choi  
et al. demonstrated that after oral exposure ZnO NPs for  
6 hours in mice, the low concentration of small particles of 
nanomaterials in the organs could be removed (29). At the 
same time, it was further shown that the testis was a toxic 
organ of ZnO NPs rather than an accumulating organ. 
In addition, the suspected particles found in the testicular 
electron microscope observation were confirmed to contain 
zinc and oxygen by EDX analysis (Figure 4C), which showed 
that after oral administration of ZnO NPs in rats, they 
would be distributed in the organs as a prototype, which 
caused us to speculate that ZnO NPs can produce potential 
toxic effects in the testis tissue.
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Figure 8 Effects of ZnO NPs on actin, tubulin, and their related proteins. (A) Expression of F-actin, LC3B, and Arp3 were examined by 
immunofluorescence after exposure of TM4 cells to ZnO NPs. (B-E) The values of F-actin, Arp3, LC3B, α-tubulin, and distribution-related 
entropy and mean intensity were significantly reduced. (F) Expression of α-tubulin was examined by immunofluorescence after exposure of 
TM4 cells to ZnO NPs. (G) BTB protein correlation analysis. ZnO NPs, zinc oxide nanoparticles; BTB, blood-testis barrier.
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In the present study, we found that ZnO NPs can reduce 
the weights of liver, testis, and epididymis of paternal  
(Figure 3B,3C) and offspring (Table 3) male rats, which 
indicates that the ZnO NPs may be toxic to organs and cause 
degeneration of the male reproductive organs. Previous 
studies have shown that the accumulation of nanoparticles 
has adverse effects on the testis, including lesions in the 
testicular tissue, sperm abnormalities, and changes in 
serum sex hormone levels (25,30). The histopathological 
examination results of testis showed that ZnO NPs caused 
damage to the testis in a time- and dose-dependent 
manner (the pathological changes of the offspring’s 
testicular tissue were more severe than those of the parent), 
including mitochondrial swelling, nuclear damage, and 
then secondary autophagy and cell deaths. In addition, 
spermatogenic cells fell off into the lumen and produced 
a large number of megakaryocytes, which could allow 
immature or abnormal sperm cells to enter the testicular 
network, which affected the vitality and morphology of 
sperm (Figure 4E). We also found that the motility and 
count of parental and offspring sperm were significantly 
reduced in a dose-dependent manner and the number 
of sperm deaths was significantly increased (Tables 1,2),  
but the number of spermatogenic cells in each stage of 
the parental testis was not substantially different from that 
of the control group (P>0.05) (Figure 4E). However, the 
morphology of sperm appeared disorderly and supportive 
of cell vacuolation. Long-shaped spermatids were retained 

in the seminiferous epithelium during the developmental 
stages VII-VIII (Figure 4D), which indicates that ZnO NPs 
could inhibit the spermatogenesis of the spermatogenic 
epithelium of male rats. 

Testosterone is necessary for spermatogenesis, and FSH 
and LH act in an indirect paracrine fashion to regulate 
spermatogenesis (31,32). Testosterone can promote meiotic 
progression (33), and its loss leads to changes in proteins 
with functions in DNA repair, cell signaling, apoptosis, and 
meiosis (34). Our study showed that the levels of T, LH, 
and FSH in the parental 350 mg/kg decreased in a dose-
dependent manner, and the levels of LH and FSH in the 
350 mg/kg group decreased were significantly lower than in 
the control group (P<0.05) (Figure 4G). After exposure to 
ZnO NPs, the serum T levels in the offspring of 7 mg/kg  
and 50 mg/kg groups decreased, which was significantly 
different from that of the control group (P<0.05)  
(Figure 5E). The changes of the 3 hormones to varying 
degrees and the changes in sperm quantity and quality all 
indicate that ZnO NPs can interfere with the secretion 
of androgens. However, the results in the parent and 
offspring rats were inconsistent, which may be related to 
the fact that the serum hormone levels did not completely 
reflect the testosterone level. The effects of ZnO NPs on 
the reproductive ability of male rats showed that under 
the condition that the sperm motility of parental rats 
was significantly changed, there was no change in the 
conception rate and pregnancy rate related to the exposure 
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of ZnO NPs (Tables 1,2). However, in the experimental 
results of offspring rats, the conception rate and pregnancy 
rate in the 350 mg/kg group decreased, accompanied 
by a decrease in sperm counts in the 7 and 50 mg/kg 
groups. At the same time, during the development of the 
offspring male rats, the average body weight of male rats 
were significantly lower than that of the control group  
(Figure 5A), and the AGD of the offspring rats 4 days after 
birth was significantly shortened in a dose-dependent 
manner (Figure 5B). The above results suggested that 
early and long-term ZnO NPs exposure can affect the 
reproductive ability of male rats.

To further explore the mechanism of ZnO NPs on 
testicular damage, we established different testicular cell 
models in vitro to study the toxic effects of ZnO NPs on 
testicular cells, identify the most sensitive cells, and find 
the possible mechanism on the spermatogenesis of testis. 
Spermatogenesis is mainly regulated by Leydig cells, 
Sertoli cells, and peritubular myoid cells (PTM) (32). 
Sertoli cells (TM4) play a key role in spermatogenesis 
by providing nutritional support and physical support to 
germ cells (35). Leydig cells (TM3) are involved in the 
secretion of androgens and play a key role in meiosis and 
sperm formation, thereby participating in spermatogenesis 
(32,36). The PTM cells help coordinate spermatogenesis, 
and their structure and function can be changed when 
spermatogenesis is abnormal (32). Furthermore, we also 
established an in vitro model of spermatogonial (C18-4)  
cell lines. The C18-4 lines show the morphological 
characteristics of type A spermatogonial cells and express 
germ cell-specific proteins, which can be used as in vitro 
cell model to assess testicular toxicity and identify testicular 
signaling pathways (37,38). In the present study, the results 
showed that ZnO NPs exerted obviously cytotoxic effects 
on C18-4, TM3, and TM4 cells (Figure 6A-6C). However, 
compared with the toxicity results of ZnO NPs on GC2-
spd spermatogonial cell lines and TM4 cells carried out 
by Liu et al. (16), the toxicity of this experiment was more 
significant. This may be because the nanoparticles in the 
culture medium of this experiment had small particle sizes 
and large negative surface charge, which made it easier for 
ZnO NPs to enter cells and cause severe cytotoxicity. The 
results also showed that TM4 cells were more sensitive to 
ZnO NPs. To further determine the toxicity of ZnO NPs, 
we also compared the toxicity of ZnO NPs and micro-ZnO 
to TM4 cells (Figure 6E). The results showed that the effect 
of ZnO NPs on TM4 cell viability was higher than that of 
micron ZnO at the same concentration, which can further 

clarify that the toxicity of ZnO to testicular cells was not 
only due to the release of zinc ions, but also included the 
damage caused by the direct entry of small nanoparticles 
into cells.

Sertoli cells are located on the basement membrane (39) 
and their surface is composed of tight junction proteins 
associated with BTB (40), which help prevent the passage of 
macromolecules and provide a favorable microenvironment 
for healthy sperm cell development (41). In the in vivo 
experiment, it was found that Sertoli cells in the testis of 
male rats vacuolated after ZnO NPs was exposed to SD rats 
for 70 days (Figure 4A). At the same time, it was found that 
the Sertoli cell viability was affected at the concentration of 
1 μg/mL in the in vitro experiments (Figure 6B). Therefore, 
we further evaluated the toxicity of ZnO NPs to Sertoli 
cells by nuclear morphology and DNA damage. The 
results of HCA showed that TM4 cells were treated with 
ZnO NPs for 24 and 48 hours, nuclear area and nuclear 
strength were significantly increased, but there were no 
significant changes observed regarding P2A and LWR. In 
addition, 0.2 μg/mL ZnO NPs induced a decrease in cell 
number that was lower than that observed by NR assay  
(Figure 7B-7D). These results indicated that ZnO NPs 
could induce changes in the number and morphology of 
Sertoli cell nuclei. The detection of γ-H2AX has been 
identified as an early and sensitive cell biomarker of DNA 
damage (42,43). Sharma et al. (44) and Lai et al. (45) showed 
that ZnO NPs can induce intracellular oxidative stress, 
which usually leads to DNA damage. Therefore, we further 
evaluated the damage caused by ZnO NPs to Sertoli cells 
by detecting the expression level of γ-H2AX protein. We 
found that the expression level of γ-H2AX was significantly 
changed by ZnO NPs, and the number of γ-H2AX positive 
cells was increased when the concentration of ZnO NPs 
reached 1 μg/mL (Figure 7E). The number of γ-H2AX-
positive cells in the 1.25 μg/mL group was 5 times and 
5.5 times higher than that in the control group at 24 and 
48 hours after exposure, respectively (Figure 7E). These 
results suggest that the genotoxic effects of ZnO NPs on 
germ cells can be observed by increasing the expression of 
the DNA damage response marker γ-H2AX. Daoud et al. 
showed that ZnO NPs, at their investigated doses and given 
their properties (10 mg/kg/BW), exerted an ameliorative 
effect against benzo[α]pyrene by decreasing oxidative stress 
and by increasing the expression levels of steroidogenic 
enzymes, resulting in the repair of tissue abnormalities (46).  
And Anan et al.  showed that ZnO NPs effectively 
ameliorate the deleterious histological and biochemical 
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changes induced by cyclophosphamide in rat testis through 
their antioxidant and anti-apoptotic effects (47). In fact, the 
effects of ZnO NPs depend on their size, concentration, 
morphology, and surface area. Abbasalipourkabir et al. 
indicated that the significant toxicity effects of ZnO NPs 
appeared at concentrations above 50 mg/kg body weight 
of animals (48). At low concentrations, ZnO NPs act as 
antioxidants, while they produce ROS and induce apoptosis 
at high concentrations (20).

The BTB is formed by actin tight junctions (TJ) 
and gap junctions (GJ) at the bottom of spermatogenic 
epithelium between adjacent Sertoli cells near the 
basement membrane (49). In addition, the cytoskeleton of 
actin and microtubules (MT) is essential for maintaining 
BTB homeostasis and has been identified as a primary 
target of some reproductive toxicants, which may lead 
to toxic reproductive effects (50,51). As a mechanism of 
actin nucleation and branching, the Arp2/3 complex is 
abundantly present in the lamellar pseudopodia on the 
front edge of motor cells, which contains branched-chain 
actin filaments (52). In this study, HCA combined with 
high-throughput image analysis results showed that after 
TM4 cells were treated with ZnO NPs, Arp3 moved across 
the cell-cell interface into the cell cytoplasm, and F-actin 
was withdrawn from the cell cytoplasm, distributed around 
the nucleus, and formed a ring (Figure 8A). In addition, the 
expression intensity of F-actin and Arp3 was significantly 
higher than that of the control group, but the values of 
entropy and angular second moment were significantly 
reduced, which suggested that ZnO NPs can affect the 
morphology and distribution of actin and Arp3, thereby 
interfering with the structure and function of actin-based 
cytoskeleton (Figure 8B,8D).

As a track to transport organelles MT is used to 
transport developing germ cells (53). Microtubule-
associated protein 1 light chain 3B (LC3B) (54) is a 
marker protein for autophagy detection, which exists on 
microfilaments. The image morphology results showed 
that the distribution of α-tubulin was recovered from 
the cytoplasm to the nucleus of the cells treated with 
ZnO NPs, and the expression level of LC3B increased 
significantly with the exposure of ZnO NPs. Compared 
with the control group, the total intensity of α-tubulin 
and LC3B increased significantly, but the values of 
entropy and mean intensity related to the distribution of 
α-tubulin decreased significantly, which further indicates 
that ZnO NPs can change the content and distribution 
of tubulin and its related proteins in cells (Figure 8C,8E). 

We aimed to study the synergistic effect of actin- and 
MT-based cytoskeleton, as well as the role of related 
regulatory proteins. The correlation analysis of the 
protein expression of F-actin, Arp3, α-tubulin and LC3B 
after ZnO NPs exposure showed that with the increase 
of the exposure dose, the correlation between LC3B and 
F-actin, LC3B, and Arp3 all increased significantly, which 
inferred that ZnO NPs can affect the expression of LC3B 
protein and then have an effect on microfilament protein 
and actin, thereby disturbing the dynamic balance of BTB  
(Figure 8G).

Conclusions 

Based on the results from the above in vivo and in vitro 
experiments, we hypothesized the underlying mechanism of 
ZnO NPs-induced testicular toxicity. ZnO NPs can directly 
damage the integrity of the testicular tissue structure, 
penetrate the BTB into the seminiferous epithelium of the 
testis, and directly act on the Sertoli cells of the testis to 
disturb its structure and physiological processes. It destroys 
the dynamic balance of the BTB, damages the cytoskeleton, 
and disrupts the dynamic balance of BTB. After the 
disruption of BTB, ZnO NPs enter the seminiferous 
epithelium and directly act on the spermatogenic cells, 
which leads to the programmed death of spermatogenic 
cells. The number of sperm deaths increases and a certain 
degree of sperm deformity occurs. In addition, it is also 
considered that ZnO NPs may cause damage to interstitial 
cells and dysregulate T synthesis and secretion; thereby, the 
Sertoli cells and seminiferous epithelium cannot function 
normally, aggravate the reduction of sperm count and 
sperm motility, and ultimately affect the reproductive ability 
of rats.
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