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Abstract 
It remains a problem to efficiently improve the boar sperm quality of liquid storage due to reactive oxygen 
species (ROS) accumulation. To reduce the effects of ROS on boar sperm, in this study, 1 μg/mL zinc oxide 
nanoparticles (ZnO NPs) was added into the extender of boar semen during liquid storage at 4°C and 17°C 
for 7 days. The finding revealed that sperm motility, viability, plasma membrane integrity (PMI) and 
acrosome integrity significantly increased when compared with the control group (P ˂ 0.05) Additionally, 
ZnO NPs significantly increased the levels of adenosine triphosphate (ATP), mitochondrial membrane 
potential (MMP), and antioxidation abilities (P ˂ 0.05) in boar sperm. Moreover, ZnO NPs could protect 
boar sperm from oxidative stress (OS) by inhibiting ROS-induced decrease of phosphorylation of PKA 
substrates (P-PKAs). Together, the current results suggest that ZnO NPs could be used as a novel 
antioxidant agent for semen preservation, which is helpful in improving the application of assisted 
reproductive technology in domestic animals. 
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Introduction 

As a crucial component of the artificial insemination (AI) program, sperm storage is one of 
the effective methods for the preservation of boar genetic resources (Watson, 2000) and makes 
a substantial contribution to the advancement of animal industry and medical research 
(Li et al., 2020). Although sperm cryopreservation can prolong the survival of boar sperm in 
vitro, only 1% of the AI with frozen-thawed boar sperm is successful worldwide due to freezing 
injury (Didion et al., 2013). Thus, to avoid boar sperm from being subjected to freezing injury 
and to prolong sperm survival time in vitro, many researchers are committed to studying liquid 
storage of boar sperm at 4 ~ 17°C. 

In sperm, besides ATP, reactive oxygen species (ROS) are generated as by-products of 
mitochondrial oxidative phosphorylation, which causes oxidative damage in mitochondria 
during liquid storage (Piomboni et al., 2012). High levels of ROS can cause infertility not only by 
lipid peroxidation or DNA damage but also by inactivation of enzymes and cause oxidative 
stress (OS) (Barati et al., 2020; Gadani et al., 2017). Due to a low cholesterol/phospholipid ratio 
in the plasma membrane, ineffective free radical scavenging system, and the lack of cytoplasm 
in the boar sperm, boar sperm are particularly vulnerable to OS (Aitken et al., 1989; White, 
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1993). The liquid storage-related damage on boar sperm is shown in Figure 1. Therefore, 
regulation of the generation of excessive ROS to eliminate the ROS-induced damage to the 
structural integrity of the sperm membrane and acrosome, and maintenance of the stability of 
the genetic material during liquid storage (Zhu et al., 2019a) are serious challenges. Despite 
significant attempts to find exogenous antioxidants to prevent oxidative damage, which 
suggested that adding antioxidant agents to extender can protect sperm from OS and improve 
sperm quality metrics (Fu et al., 2018; Gadani et al., 2017; Li et al., 2019, 2022), there is still no 
consolidated conclusion. 

 

Figure 1. The consequences of damage on sperm in liquid storage. 

Nanoparticles have lengths ranging from 1 to 100 nanometers in two or three dimensions 
with highly customizable physical and optical qualities, and the ability to bind ligands from an 
ever-expanding library (Barkhordari et al., 2013; Yohan & Chithrani, 2014). Zinc oxide 
nanoparticles (ZnO NPs), one of the most prevalent nanomaterials, have been widely used in 
various industries due to its ultraviolet-protective, outstanding antibacterial, and antimicrobial 
capabilities (Choi & Choy, 2014; Jiang et al., 2018). Notably, ZnO NPs is known to be a putative 
antioxidant with a powerful antioxidant ability, which can prevent tissue dysfunction induced 
by OS (Azarin et al., 2022; Bashandy et al., 2018; Erfani Majd et al., 2021; Faizan et al., 2021; 
Gharaei et al., 2020; Liu et al., 2022; Mahesh et al., 2022). Additionally, many beneficial effects 
of ZnO NPs have been observed even at extremely low doses (Abdelbaky et al., 2022; 
Farhana et al., 2022; Kalaimurugan et al., 2022). Despite substantial experimental results 
demonstrating the beneficial effect of ZnO NPs on biological systems in vivo and in vitro, few 
attempts have been made to comprehend the molecular mechanism of its antioxidant 
function. The effects of ZnO NPs on the quality of liquid-storage sperm, particularly, are yet to 
be investigated. 

In the present study, we explore the effects of ZnO NPs on the quality of liquid-storage boar 
sperm, and whether ZnO NPs could exert significant antioxidant effects on boar sperm at 4°C 
and 17°C. Herein, we systematically assessed the protective role of ZnO NPs against oxidative 
damage. Our results demonstrated the good antioxidative capacity of ZnO NPs and its great 
potential used as a semen extender additive. Simultaneously, this study provides a theoretical 
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basis for broadening the use of nanoparticles as antioxidants in the field of animal 
reproduction. 

Methods 

Experimental design 

Experiment 1 was designed to investigate whether ZnO NPs has beneficial effects on boar 
sperm functionality during storage at 4°C and 17°C. Each ejaculate was stored in the basal 
medium (Table 1) and ZnO NPs suspension was added into the samples to make a final 
concentration of 0.1, 1, 10 μg/mL at 4°C and 17°C. In this experiment, we analyzed sperm 
motility, viability, acrosome integrity, plasma membrane integrity (PMI), and abnormality rate 
after 7 days of storage. 

Experiment 2 sought to confirm the antioxidant capabilities of ZnO NPs on liquid-storage 
boar sperm. ZnO NPs suspension was added to a final 1 μg/mL concentration in the basal 
medium. After 7 days of liquid storage at 4°C and 17°C, we analyzed sperm mitochondrial 
membrane potential (MMP), ATP level, ROS level, Malondialdehyde (MDA) level, total 
antioxidant capacity (T-AOC), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), 
catalase (CAT) activities, and protein phosphorylation levels in this experiment. 

Experiment 3 was devised to elucidate whether ZnO NPs protected boar sperm from 
suppressing ROS-induced protein dephosphorylation. 100 μM concentrations of hydrogen 
peroxide (H2O2) was added to the basal medium that contained 1 μg/mL ZnO NPs. The 
expression of protein tyrosine phosphorylation (PTP), P-PKAs, and ROS levels were detected by 
western blotting and fluorescent microscope. 

Chemicals and preparation of ZnO NPs suspension 

Unless otherwise mentioned, all the chemical products were obtained from Sigma-Aldrich 
(St. Louis, MO, USA). ZnO NPs with a purity of > 99.98% were obtained from Macklin 
Biochemical Technology Co., Ltd. (Shanghai, China). Transmission electron microscopy (TEM, 
HT7800, acceleration voltage = 80 KV) was applied to characterize the size of nanoparticles. A 
scanning electron microscope (SEM, FEI) was applied to characterize the morphology of 
nanoparticles. The particles exhibited configurations characterized by flower-like shapes, 
encompassing a dimensional range of 28.65 ± 3.47 nm (Figure 2). ZnO NPs were meticulously 
suspended within PBS, culminating in a concentration of 10 mg/mL. PBS was meticulously 
employed as a suspension agent, serving the dual purpose of achieving homogenous 
nanoparticle dispersion and enhancing ease of handling. The resultant suspension underwent 
thorough ultrasonic dispersion within an ice bath, a process meticulously executed for a 
duration of 30 minutes prior to each application. 

 
Figure 2. The SEM (A) and TEM (B) images of the ZnO NPs used in the experiment. The red arrow 
indicates ZnO NPs. 
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Animals 

All the animal experiments strictly adhered to the standards of the institutional guidelines 
for ethics in animal experimentation (Rule number 86/609/EEC-24/11/86). All the experimental 
procedures were approved by the Animal Ethics Committee of Northwest Agriculture and 
Forestry University (approval No. XN2023-0615). Eight healthy and sexually mature Duroc 
boars, with ages ranging from 1.5 to 2 years and proven fertility, were used in this study. The 
Duroc boars were housed individually, maintained under natural daylight, and provided with 
free access to food and water. 

Semen collection and processing 

Semen samples were collected from 8 Duroc boars with the gloved hand technique, the 
fresh semen was placed in a 37°C bath and delivered to the laboratory within 30 min for 
evaluation using the computer-assisted semen analysis (CASA) system (Integrated Semen 
Analysis System; Hview, Fuzhou, China). Only ejaculates with more than 70% motile sperm and 
more than 80% morphologically normal sperm were used in this study. Each ejaculate was 
diluted in the basal extender (Table 1). All the samples reached a final concentration of 1 × 108 
cells/mL and were stored for 7 days at 4°C and 17°C, respectively. 

Table 1. The basal extender for liquid storage of boar sperm. 

Component Content g/100 mL 
Glucose 4.000 

Trisodium citrate 0.780 
EDTA 0.150 

Sodium bicarbonate 0.080 
Citric acid 0.023 

Potassium chloride 0.070 
Gentamicin sulfate 0.030 

Sperm quality assessment 

Sperm motility, viability, and abnormality rate 

After 7 days of liquid storage, 1 mL of each sample was taken from each bottle and 
incubated at 37°C for 30 min before evaluation. After incubation, 7 μL of every 1 mL semen 
sample was placed on pre-warmed disposable counting chamber slides (Leja, Nieuw Vennep, 
the Netherlands). CASA system was used to measure sperm viability, motility, and abnormality 
rate. The analysis was performed with images from several fields containing at least 300 
sperms per sample, and the sample analysis was based on the examination of at least 9 
images. 

Sperm PMI 

Sperm PMI was evaluated using a LIVE/DEAD Sperm Viability Kit (L7011; Thermo Fisher 
Scientific, USA), which contains a membrane-permeant nucleic acid stain developed at 
Molecular Probes (SYBR® 14 dye), and the conventional dead cell stain, propidium iodide (PI). 
Briefly, According to the previous studies (Ren et al., 2019; Zhang et al., 2023). Added 5 μL of 
diluted SYBR 14 dye to a 1 mL sample of diluted semen, resulting in a final SYBR 14 
concentration of 100 nM. Incubate for 10 minutes at 36°C. Then, added 5 μL of PI to the 1 mL 
sample of diluted semen, resulting in the final PI concentration will be 12 μM. Incubate for 10 
minutes at 36°C and the sperm plasma membrane was visualized with the fluorescent 
microscope (Leica DMI8, Germany). The fluorescence emission maxima of SYBR 14 and PI are 
516 nm and 617 nm, respectively. Live sperm cells with intact cell membranes fluoresced bright 
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green, while sperms with damaged cell membranes fluoresced red. Each slide contains at least 
200 sperm from three different fields of vision. Take at least three measurements per time. 
The analysis was done in triplicate (n=3). 

Sperm acrosome integrity 

Fluorescein isothiocyanate-peanut agglutinin staining (FITC-PNA) (L7381, Sigma-Aldrich, 
USA) and 4',6-diamidino-2-phenylindole (DAPI) (C1005, Beyotime Institute of Biotechnology, 
Shanghai, China) were used to detect the integrity of boar sperm acrosome. 100 μL sperm 
samples were washed with PBS, spreaded on a glass slide with poly-D-lysine, dried naturally, 
and fixed in anhydrous methanol for 10 min. Then, a volume of 30 μL DAPI (4.8 μmol/L in PBS) 
staining solution was evenly spreaded onto each slide and air dry. Add equal volume of FITC-
PNA (30 μL, 100 μg/mL in PBS ) staining solution was evenly spread onto each slide and 
incubated in darkness at 37°C for 30 min. After incubation, gently rinse the slide with PBS and 
air dry. Finally, acrosome integrity was observed using a fluorescence microscope (Leica DMI8, 
Germany). Sperm with an intensively bright green fluorescence of the acrosomal cap were 
deemed to have an intact outer acrosomal membrane; spermatozoa with a disrupted 
fluorescence of the acrosomal cap or no fluorescence of the outer acrosomal membrane were 
deemed to have a damaged acrosome membrane. Each slide contained at least 200 sperm 
from three different fields of view. Perform at least three measurements each time, and the 
results are calculated as the average of the three replicates. 

Sperm MMP 

The MMP (Δψm) was measured by JC-1 Mitochondrial Membrane Potential Detection Kit 
(Beyotime Institute of Biotechnology, Shanghai, China). The fluorescent carbocyanine dye, JC-
1, labeled mitochondria with high membrane potential red and mitochondria with low 
membrane potential green. The ratio of this green/red fluorescence is independent of 
mitochondrial shape, density, or size, but depends only on the membrane potential. Briefly, 
100 μL sperm samples were centrifuged at 106 × g for 5 min at 4°C, and the supernatant was 
removed and washed three times with PBS for 5 min each. Sperm were stained with 1 x JC-1 
(10 μg/mL) and incubated at 37°C for 30 min under light-protected conditions. Then, the 
samples were washed three times with PBS. The samples were observed using a fluorescence 
microscope (Leica DMI8, Germany) (Zhu et al., 2019c) at an excitation wavelength (515 nm or 
585 nm), each slide contained at least 200 sperm from three different fields of view. The MMP 
was calculated as the fluorescence ratio of red (aggregates) to green (monomers). The analysis 
was done in triplicate (n=3). 

Sperm ATP content 

The level of ATP was determined using an ATP assay kit (A095, Nanjing Jiancheng, China), 
according to the manufacturer’s protocols. 1 mL aliquots containing 5×107 sperm samples 
were centrifuged and resuspended in ATP assay lysate to release intracellular ATP on ice. 
Sperm counts were performed for every sample to normalize ATP content to sperm number. 
Samples were centrifuged at 1000 × g for 5 min at 4°C. The ATP standard solution (5 mmol/L) 
was diluted to concentrations of 10 nmol/L to 10 µmol/L in succession by ATP assay lysate. 
Either supernatants or standards (lysate at the same volume as the blank) were added to 
luciferin/luciferase reagent in opaque 96-wells, and the fluorescence intensity of samples was 
detected by a multi-detection microplate reader (Synergy H1, BioTek, USA) at an excitation 
wavelength (636 nm). At least three technical replicates were evaluated for each sample. 
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Sperm intracellular ROS level 

The ROS level in sperm samples was evaluated using the probe DCFH-DA (S0101S, Beyotime 
Institute of Biotechnology, Shanghai, China), according to the manufacturer’s protocols. Briefly, 
100 μL sperm sample was treated with DCFH-DA, resulting in a final DCFH-DA concentration of 
100 nM, and incubated in darkness at 37°C for 20 min. Then, the mixture was centrifuged to 
remove the supernatant. The fluorescence intensity of samples was immediately measured 
using the fluorescent microscope (Leica DMI8, Germany) at an excitation wavelength (488 nm), 
each slide contained at least 200 sperm from three different fields of view. At least three 
technical replicates were evaluated for each sample. 

Sperm intracellular MDA level 

MDA concentration as indices of lipid peroxidation in semen samples was measured by the 
Thiobarbituric acid (TBA) reaction using MDA assay kits (A003, Nanjing Jiancheng, China). 250 μL 
sperm samples were centrifuged to discard the supernatant. Added 1 mL of basic extender, 0.25 
mL ferrous sulfate (0.2 mM), and 0.25 mL ascorbic acid (1 mM), and incubated at 37°C for 1 h 
after which 1 mL trichloroacetic acid (15%) and 1 mL thiobarbituric acid (0.375%) were added. 
Then, boil the mixture in water for 10 min. Thereafter, the mixture was cooled to room 
temperature to stop the reaction. Then, the mixture was centrifuged, and the supernatant was 
removed and washed three times with PBS for 5 min each. The fluorescence intensity of samples 
was detected by a multi-detection microplate reader (Synergy H1, BioTek, USA) at 
Excitation/Emission = 532 nm. At least three technical replicates were evaluated for each sample. 

Sperm intracellular SOD, GSH-Px, CAT activities 

The activities of SOD, GSH-Px, and CAT in sperm were determined using, the total SOD assay kit 
(Nanjing Jiancheng, China), Glutathione Peroxidase (GSH-PX) assay kit (Nanjing Jiancheng, China), 
CAT assay kit (Nanjing Jiancheng, China), according to Zhu et al. (2019b). The sperm samples were 
rinsed three times with PBS (106 × g for 5 min at 4°C) and resuspended, then lysed ultrasonically 
(20 kHz, 750 W, operating at 40%, on 3 s, off 5 s, 5 cycles) on ice and centrifuged at 17949 × g for 10 
min at 4°C. The total protein concentration was practiced as the BCA protein assay kit (TaKaRa, 
Japan). The supernatants were used to analyze the GSH-Px, SOD, and CAT activities according to 
the manufacturer’s instructions. SOD, GSH-Px, and CAT activities in sperm were represented as 
mU/mg or U/mg protein (prot.). All experiments were carried out in quadruplicate (n = 4). 

Western blotting 

Sperm samples were first centrifuged at 1,300 rpm at room temperature for 5 min, then washed 
with PBS and resuspended with RIPA buffer containing 1% phenylmethyl sulfonylfluoride (PMSF) 
and phosphatase inhibitor and 1% protease inhibitor cocktail (EDTA free, 100×; MedChemExpress, 
China) for 30 min at 4°C. Given that the sperm membrane is relatively unbreakable, the samples 
were lysed by ultrasonication (20 KHz, 750 W, operating at 30% power, six cycles for 5 s on and 5 s 
off). After 30 min of lysis at 4°C, the samples were centrifuged at 19357 × g for 15 min at 4°C and 
the supernatant was transferred to a new centrifuge tube. A portion of the supernatant was used 
to analyze the concentration of total protein by spectrophotometry (NanoDrop 2000, Thermo 
Scientific, USA). The rest was mixed with 5 × SDS loading buffer and boiled at 95°C for 5 min. 

The 30 μg of the extracted sperm protein was added to each lane of a 10% polyacrylamide 
gradient gel, then transferred onto PVDF membranes (Merck Millipore, Germany) at 15 V for 
40 min. The membranes were blocked with QuickBlock™ Blocking Buffer (Beyotime Institute of 
Biotechnology, Shanghai, China) at room temperature for 1 h. After blocking, the membranes 
were immunoblotted with an anti-P-PKA antibody (Cell Signaling Technology, 1:1000, Cat# 
9624, clone 100G7E), an anti-phosphotyrosine antibody (Millipore, 1:2000, Cat# 05-321, clone 
4G10), or β-tubulin (ABclonal technology, 1:5000, Cat#AC021, China) followed by overnight 
incubation at 4°C respectively. The membranes were washed twice with TBST and then 
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incubated with the anti-rabbit HRP-conjugated IgG goat (Proteintech Group, 1:10,000, 
RGAR001, China) for 1 h at room temperature. An enhanced chemiluminescence ECL-plus kit 
(GE Healthcare Worldwide, USA) was used to develop the signals, which were detected using a 
ChemiScope 3300 mini-integrated chemiluminescence imaging system (CLINX, China). For all 
the experiments, the molecular weights of the sperm proteins are indicated in kDa. 

Statistical analysis 

All data are indicated as the mean ± standard error of the mean (SEM). The significance of 
differences in means was determined by a one-way analysis of variance (ANOVA) for 
multigroup comparisons. The significance of differences in means was determined by a t-test 
for two comparisons. Each experiment was set to be repeated at least 3 times. All the statistical 
analyses were performed using GraphPad 9.0 software. P value < 0.05 was considered 
statistically significant (*P < 0.05, **P < 0.01). 

Results 

Effects of ZnO NPs on the quality of boar sperm in liquid storage 

To investigate whether ZnO NPs has beneficial effects on boar sperm quality in storage at 
4°C and 17°C. Each ejaculate was diluented with basal extender and ZnO NPs suspension was 
added into the samples to make a final concentration of 0.1, 1, 10 μg/mL at 4°C and 17°C. After 
storage for 7 days, we investigated the effects of ZnO NPs on boar sperm quality in liquid 
storage (Figure 3). The results showed that 1 μg/mL ZnO NPs significantly increased the 
motility, viability, PMI, and acrosome integrity of boar sperm which keep in storage at 4°C 
(Figure 3A-D) and 17°C (Figure 3F-I). ZnO NPs did not change the abnormality rate of boar 
sperm preserved at 4°C (Figure 3E), while the higher concentration of 10 μg/mL ZnO NPs 
significantly increased the abnormality rate of boar sperm at 17°C (Figure 3J). Taken together, 
1 μg/mL ZnO NPs had a better protective effect on liquid-storage sperm quality. Consistently, 
the concentration of 1 μg/mL ZnO NPs was selected for the next experiments in this study. 

 
Figure 3. Effects of ZnO NPs on the quality of sperm after storage for 7 days at 4°C. The sperm motility 
(A), viability (B), plasma membrane integrity (PMI)(C), acrosome integrity (D), and abnormality rate (E) at 
4°C are measured. The sperm motility (F), viability (G), PMI (H), acrosome integrity (I), and abnormality 
rate (J) at 17°C are shown. The data are expressed as mean ± SEM. (n = 6, * P < 0.05, ** P < 0.01). 



ZnO NPs protect boar sperm via PKA phosphorylation 
 

 

Anim Reprod. 2025;22(2):e20240025 8/18 

Effects of ZnO NPs on boar sperm mitochondria in liquid storage 

To verify the potential protective effects of ZnO NPs against oxidative damage during liquid 
storage, we analyzed the effects of ZnO NPs on the mitochondria of boar sperm in liquid 
storage. JC-1 marker was used to stain the sperm preserved at 4°C (Figure 4A) and 17°C (Figure 
4C), and the results showed that ZnO NPs significantly increased the sperm MMP at both 4°C 
(Figure 4B) and 17°C (Figure 4E), respectively. After 7 days of liquid storage at 4°C and 17°C, the 
ZnO NPs-treated group had higher ATP than the control group (P < 0.01) (Figure 4C, F). Thus, 
these results demonstrated that ZnO NPs could maintain sperm MMP, and ATP content during 
liquid storage at 4°C and 17°C in vitro. 

 

Figure 4. Effects of 1 μg/mL ZnO NPs addition on sperm mitochondrial membrane potential (MMP), and 
cellular ATP content after liquid storage at 4°C and 17°C for 7 days. (n = 6, ** P < 0.01). An Effect of 
adding 1 μg/mL ZnO NPs in sperm extender on the boar sperm MMP after 7 days of liquid storage at 
4°C. B Effect of adding 1 μg/mL ZnO NPs in sperm extender on the boar sperm ATP after 7 days of liquid 
storage at 4°C. C Effect of adding 1 μg/mL ZnO NPs in sperm extender on the boar sperm MMP after 7 
days of liquid storage at 17°C. D Effect of adding 1 μg/mL ZnO NPs in sperm extender on the boar sperm 
ATP after 7 days of liquid storage at 17°C. 

Effects of ZnO NPs on boar sperm antioxidant capabilities in liquid storage 

To verify the potential antioxidant effects of ZnO NPs in liquid storage at 4°C and 17°C, we 
analyzed T-AOC, ROS, MDA levels (Figure 5), and antioxidant enzyme activities (Figure 6) of 
sperm samples. After 7 days of liquid storage at 4°C and 17°C, the increase in the level of T-
AOC (Figure 5A, D) and the decrease in the level of ROS (Figure 5B, E) were observed in sperm 
incubated with ZnO NPs, respectively (P < 0.05). Similar results of MDA levels were found in the 
sperm in liquid storage (P < 0.05) (Figure 5C, F), indicating ZnO NPs could suppress sperm 
membrane peroxidation reaction. This result was in agreement with the results about sperm 
PMI. An ineffective antioxidant system is one reason for the vulnerability to the OS of boar 
sperm in liquid storage. Moreover, the activities of antioxidant enzymes in sperm were 
obviously increased in the samples of ZnO NPs addition in liquid storage at both 4°C (Figure 
6A-C) and 17°C (Figure 6D, E), respectively. Consistently, these results demonstrated that ZnO 
NPs exhibited outstanding antioxidant capabilities during liquid storage. 
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Figure 5. Effects of 1 μg/mL ZnO NPs on reactive oxygen species (ROS), total antioxidant capacity (T-
AOC), and Malondialdehyde (MDA) levels of sperm after storage for 7 days at 4°C and 17°C. The sperm 
T-AOC (A), ROS (B), and MDA levels (C) at 4°C are measured. The sperm T-AOC (D), ROS (E), and MDA 
levels (F) at 17°C are shown. (n > 3, * P < 0.05, ** P < 0.01). 

 
Figure 6. Effects of 1 μg/mL ZnO NPs on SOD, GSH-Px, and CAT activities of sperm after storage for 7 
days at 4°C and 17°C. The sperm superoxide dismutase (SOD)(A), glutathione peroxidase (GSH-Px)(B), 
and catalase (CAT)(C) activities at 4°C are measured. The sperm SOD (D), GSH-Px (E), and CAT (F) activities 
at 17°C are shown. (n > 3, * P < 0.05). 
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Effects of ZnO NPs on boar sperm protein phosphorylation in liquid storage 

To understand the molecular mechanism of ZnO NPs on boar sperm survival, the 
protein tyrosine phosphorylation (PTP) and phosphorylation of PKA substrates (P-PKAs) 
were measured in this experiment. After 7 days of liquid storage, the level of PTP was no 
significantly different but P-PKAs was significantly decreased compared to the fresh 
sperm (Figure 7). Moreover, the results showed that ZnO NPs could noticeably increase 
the level of P-PKAs compared to that in the control group(P < 0.01) (Figure 7B). However, 
the level of P-PKAs after 7 days of storage was significantly lower than that of fresh sperm 
in both the treatment and control groups (P < 0.01) (Figure 7B). This outcome was 
consistent with sperm motility. 

 
Figure 7. Effects of 1 μg/mL ZnO NPs on sperm PTP (A) and P-PKAs (B) levels during storage at 
4°C and 17°C. A Western blot analysis was performed using an anti-phosphotyrosine antibody. B 
Western blot analysis was performed using an anti-phospho-PKA substrate antibody. The bands 
used for histogram quantification are labeled #. β-Tubulin was used as an internal control. The 
experiment was performed three times; the presented image is representative and repeatable. 
(n = 3, ** P < 0.01). 

ZnO NPs alleviate ROS-Induced Sperm P-PKAs depletion 

To gain insight into how ZnO NPs interacts with the boar sperm, we used the oxidant 
H2O2 to obtain a predicted accumulation of ROS in boar sperm, which revealed 100 μM 
H2O2 could through ROS inhibit protein phosphorylation (Figure 8). When 1μg/mL ZnO 
NPs was added to the basal extender in the presence of 100 μM H2O2, the level of P-PKAs 
was noticeably higher (P < 0.01), but PTP has no significant difference than in the control. 
It is shown that ZnO NPs could improve sperm quality by suppressing ROS-induced P-
PKAs depletion. 

Discussion 

ZnO NPs could improve the quality of boar sperm 

As a crucial component of AI programs, liquid storage of sperm is one of the effective 
methods for the storage of genetic resources and makes a substantial contribution to the 
advancement of animal husbandry and medical research. Liquid storage includes low-
temperature (4°C) and room-temperature storage (17°C) (Ros-Santaella & Pintus, 2021), 
the corresponding extender is different. In actuality, maintaining a constant temperature 
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in the storage environment is tough. Temperature control is easier for room-temperature 
storage, but the storage period is shorter than for low-temperature storage. Finding a 
basal extender suitable for both 4°C and 17°C is necessary. In our experiments, each 
ejaculate was diluted in a basal medium containing 7 compounds (Table 1). After 7 days of 
liquid storage at 4°C and 17°C, sperm viability, and motility were all above 60%, and the 
abnormality rate was under 20%. Thus, we speculated that the basal extender could be 
suitable for 4°C and 17°C. This extender has a longer storage duration than conventional 
room-temperature extenders and is far more practical to use in daily life than other low-
temperature extenders because it does not require the addition of additional antifreeze 
ingredients like egg yolk and glycerin. 

 

Figure 8. ZnO NPs could mitigate H2O2-induced P-PKAs decreased. (A) supplement of 100 μM H2O2 to 
the basal extender and incubated at 37°C for 2h could induce the accumulation of ROS in boar sperm, 
and 1 μg/mL ZnO NPs-treated could abate the ROS content. (B) Western blot analysis was performed 
using an anti-phosphotyrosine antibody. (C) Western blot analysis was performed using an anti-
phospho-PKA substrate antibody. The bands used for histogram quantification are labeled #. β-Tubulin 
was used as an internal control. The experiment was performed at least three times; the presented 
image is representative and repeatable. (n = 3, ** P < 0.01). 

Liquid storage prolongs sperm lifetime and facilitates greater utilization of sperm, but the 
quality of preserved sperm decreased (Figure 1). The quality of preserved sperm may be 
influenced by a number of variables, such as the species, ejaculates, extenders, and 
preservation techniques (Pezo et al., 2019). According to earlier research, excessive ROS 
accumulation and OS pose serious threats to the quality of sperm (Drevet & Aitken, 2020; 
Kim et al., 2011; Wang et al., 2018). ROS levels can be controlled by taking antioxidants that 
scavenge ROS. The past decade has witnessed enormous research efforts undertaken in the 
development of nanosized particulate platforms for biological studies (Zhang et al., 2015). ZnO 
NPs is a acknowledged antioxidant with strong antioxidant properties that can stop tissue 
dysfunction brought on by OS. 

In the present study, different concentrations of ZnO NPs were added to the basal 
extenders in order to investigate whether ZnO NPs could improve the quality of liquid-
storage boar sperm. The results showed that after 7 days of liquid storage, the quality of 
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sperm was improved by the addition of 1 μg/mL ZnO NPs. Research demonstrated that 
both particle and ionized ZnO NPs can be taken up by cells (Jeon et al., 2020). The nano-
sized preparation potentiates the effects of zinc compared to the regular-size particles of 
zinc compounds (Barkhordari et al., 2013; Dorostkar et al., 2014; Zhandi et al., 2020). The 
cluster analysis of ZnO NPs compared with other types of zinc compounds revealed that 
the nanomaterial had a greater bioavailability in sperm preservation (Abedin et al., 2023; 
Arangasamy et al., 2018; Dorostkar et al., 2014; Fayez et al., 2023; Ghallab et al., 2017; 
Heidari et al., 2019; Hu, 2023; Isaac et al., 2017; Jahanbin et al., 2021; Khodaei-
Motlagh et al., 2022; Kotdawala et al., 2012; Li et al., 2023; Marini et al., 2023; Shahin et al., 
2020; Soltani et al., 2022; Zhandi et al., 2020) (Figure 9). As most functions of sperm are 
closely related to the sperm plasma membrane, ZnO NPs may improve sperm quality by 
creating a favorable environment with the higher PMI. Zinc may interact with some 
functional groups of the essential component of the sperm membrane (Sørensen et al., 
1999), which may explain the higher PMI after storage with 1 μg/mL ZnO NPs in the 
extender. Sperm motility and viability are linked to PMI, which is influenced by zinc 
concentration (Kumar et al., 2006). The addition of 10 μg/mL ZnO NPs increased the 
amount of morphologically abnormal sperm at 17°C in comparison to the control group (P 
< 0.05) (Figure 3J), suggesting that higher concentrations of ZnO NPs may be harmful to 
sperm morphology. Given these findings, our results indicated that ZnO NPs could be used 
as one of the exogenous additives for maintaining the fertility of boar semen for liquid 
storage, this is consistent with previous studies of zinc (Barkhordari et al., 2013; Choi & 
Choy, 2014; Dorostkar et al., 2014; Isaac et al., 2017). 

 

Figure 9. Integrated network analysis to explore the suitable zinc compounds in sperm storage. 

ZnO NPs could improve the the antioxidant capabilities of boar sperm 

As a by-product of mitochondrial oxidative phosphorylation, ROS causes oxidative 
damage in mitochondria during liquid storage (Piomboni et al., 2012). The low level of 
ROS is necessary for the physiological function of sperm including the capacitation, 
hyperactivation, and acrosomal reaction (Barati et al., 2020; Herrero et al., 2003). 
Nevertheless, the accumulation of ROS may cause sperm membrane lipid peroxidation, 
resulting in a drop in sperm PMI and MMP and an increase in MDA (the membranous 
peroxidation marker) levels during liquid storage. The antioxidant enzyme system of 
sperm consists of the SOD, GSH-Px, and CAT (Shiva et al., 2011). Zinc as an antioxidant 
by catalyzing the action of copper/zinc SOD, stabilizing cytoplasmic membrane structure, 
protecting protein sulfhydryl groups, and increasing the expression of metallothionein, 
which has a metal-binding capability as well as antioxidant capabilities (Lee, 2018; 
Olechnowicz et al., 2018). The findings indicated that ZnO NPs might boost the activity of 
antioxidant enzymes such as SOD, GSH-Px, and CAT (Gharaei et al., 2020; Liu et al., 2022), 
and adding zinc to the testicular cell culture increases the enzymatic activity of Cu/Zn 
SOD (Celino et al., 2011), which were consistent with the effects of ZnO NPs on sperm 
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liquid preservation in our study. In the present study, the addition of 1 μg/mL ZnO NPs 
increased the activities of these enzymes and enhanced the antioxidant capacity of 
sperm, resulting in an increase in MMP and a decrease in MDA content. The protection 
of ZnO NPs on the sperm plasma membrane (Figure 3C, H) helps to mitigate 
the detrimental impact on critical organelles like mitochondria. The improved sperm 
quality observed in study may be attributed to ZnO NPs increased sperm’s antioxidant 
capacity. Furthermore, lower MDA level could be due to zinc antioxidant capacity 
reducing ROS released from sperm mitochondria or preventing the accumulation of LPO 
products during preservation. Taken together, we logically concluded that the protection 
provided by ZnO NPs to boar sperm during liquid storage may be due to the antioxidant 
properties of ZnO NPs. 

ZnO NPs could protect sperm from OS by inhibiting protein dephosphorylation 

Research indicates that the P-PKAs and PTP levels in sperm positively correlated with 
sperm motility (Fu et al., 2018; Li et al., 2019). However, whether ZnO NPs impacts sperm 
protein phosphorylation modifications is still not completely understood. In the present 
study, sperm P-PKAs level decreased significantly after 7 days of liquid storage, but PTP level 
were not significantly different compared to fresh sperm. Increased PTP level is one of the 
hallmarks of sperm capacitation, a terminal event in which only a small number of 
capacitated sperm combine with the egg to create a zygote, and the majority of sperm perish 
after capacitation (Signorelli et al., 2012; Sutovsky et al., 2019). As a result, sperm was not 
pre-capacitated during liquid storage, that is, before entering the female reproductive 
system, which was advantageous in extending the liquid storage period. Interestingly, 
because zinc signature is an early signal of sperm capacitation and a possible biomarker of 
sperm quality/fertility (Kerns et al., 2018), ZnO NPs supplements may prevent sperm from 
becoming pre-capacitated. 

After 7 days of liquid storage, the level of P-PKAs was noticeably higher in the 
treatment groups than in the control group. Moreover, the trend was more noticeable 
after 7 days at 4°C than at 17°C, demonstrating that the change in P-PKAs level in boar 
sperm between 52 ~ 95 kd was related to storage temperature (Figure 7B). It is 
noteworthy that sperm rely on post-translational modifications (PTM) more than any 
other cell type because that mature sperm are transcriptionally and translationally silent 
(Baker, 2016; Mostek-Majewska et al., 2023; Pitnick et al., 2020). Sperm protein 
phosphorylation is one of the most important PTM of sperm, which seems to play a much 
greater role, leading, depending on the levels of ROS. Moreover, suitable ROS levels are 
essential for the level of protein phosphorylation. Low levels of ROS induce protein 
phosphorylation (Aitken et al., 1998). In contrast, high levels of ROS inhibit the synthesis 
of adenosine cyclase and promote protein dephosphorylation (Dimitriadis et al., 2008). 
In order to further explore whether there was a relationship between ROS accumulation 
and the protein phosphorylation affected by ZnO NPs, we used H2O2 to generate 
excessive amounts of ROS in sperm. When 100 μM H2O2 was added to the basal extender, 
the overproduction of ROS accelerated protein dephosphorylation (Li et al., 2019), 
resulting in P-PKAs and PTP levels that were much lower than in the control group. 
Moreover, the results showed that ZnO NPs could alleviate the decrease in P-PKAs caused 
by H2O2 (Figure 8A). Thus, it is logical to conclude that ZnO NPs could protect sperm from 
OS by inhibiting protein dephosphorylation induced by ROS or/and by scavenging excess 
ROS (Figure 10). 
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Figure 10. Putative mechanisms by which ZnO NPs protects liquid storage boar sperm from ROS-induced 
functional damage. ZnO NPs may release zinc ions to the basal extender, and zinc ions enter the sperm 
through zinc influx transporters (ZIP) on the sperm membrane to reduce intracellular ROS levels. 
Decreasing intracellular ROS levels may enhance the MMP and P-PKAs levels and enhance cellular ATP 
levels, subsequently increasing the motility of spermatozoa in liquid storage. 

Conclusion 

In conclusion, this study demonstrated that ZnO NPs represents a promising compound for 
the reduction of ROS in extenders for boar semen preservation at 4°C and 17°C for the first 
time, resulting in a possible improvement in the quality of liquid-storage boar sperm. In 
particular, PKAs dephosphorylation, a molecular mechanism, contributed to the protective 
effect of ZnO NPs against ROS toxicity. The current study provides a novel substitute for the 
liquid storage techniques for boar sperm, contributing to promoting the application of ZnO 
NPs in breeding livestock in the future. Furthermore, more research is needed to evaluate 
whether ZnO NPs supplementation influences fertilization and embryo development. 
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