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Introduction: Zinc oxide nanoparticles (ZnO NPs) participate in all aspects of our lives, but with their wide application, more and
more disadvantages are exposed. The goal of this study was to investigate the toxicity of ZnO NPs in female mice ovaries and explore
its potential mechanism.

Methods: In this study, adult female mice were orally exposed to 0, 100, 200, and 400 mg/kg ZnO NPs for 7 days. We explored the
underlying mechanisms via the intraperitoneal injection of N-acetyl-cysteine (NAC), an inhibitor of oxidative stress, and salubrinal
(Sal), an inhibitor of endoplasmic reticulum (ER) stress.

Results: The results indicated that serum estradiol and progesterone levels declined greatly with increasing ZnO NPs dosage.
Hematoxylin and eosin (HE) staining revealed increased atretic follicles and exfoliated follicular granulosa cells. Moreover, at the
transcriptional level, antioxidant-related genes such as Keapl and Nrf2, and ER stress-related genes PERK, elF2a, and ATF4 were
markedly upregulated. In addition, the expression of Caspasel2, Caspase9, and Caspase3, which are genes related to apoptosis, was
also upregulated in all ZnO NPs treatment groups. Serum malondialdehyde (MDA) content was remarkably up-regulated, whereas
superoxide dismutase (SOD) activity was down-regulated. The 400 mg/kg ZnO NPs treatment group suffered the most substantial
harm. However, ovarian damage was repaired when NAC and Sal were added to this group.

Conclusion: ZnO NPs had toxic effects on the ovary of female mice, which were due to oxidative stress, ER stress, and the eventual
activation of apoptosis.
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Introduction

Over the past few decades, nanoparticles have been widely used in agriculture,’ cosmetics,? the garment industry® and
medicine* because of their biocompatibility and their anti-corrosion, flame-retardant, and anti-ultraviolet abilities, as well
as other special properties. One of the most commonly used nanoparticles is zinc oxide nanoparticles (ZnO NPs),” with
an increased presence in the environment and an elevated likelihood of exposure via unintentional body contact. Many
studies have reported on the harm caused by ZnO NPs, including damage to the digestive,® respiratory’ and nervous
systems,® owing to the induction of inflammatory responses and oxidative stress. Therefore, biosecurity with respect to
ZnO NPs needs greater attention.

As an important part of toxicology, toxicity to the female reproductive system is under intense scrutiny. Infertility
affects approximately 16% of couples worldwide,” with female factors accounting for half of these cases.'® The ovary is
one of the most critical organs in the female reproductive system. It is the site of oocyte maturation and release'’ as well
as the site of the secretion of sex hormones like estrogen and progesterone, which are critical to pregnancy.'? Ovarian
health is easily affected by environmental factors such as air pollution, heavy metals, toxic chemicals, or nanoparticles.'?
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Nanoparticles enter the body via inhalation or ingestion and are then absorbed into the bloodstream, where they are
finally deposited in secondary organs, including the ovaries, where they can cause varying types of damage.'® In vivo, the
sonic hedgehog signaling pathway is activated and causes the apoptosis of ovarian cells after exposure to ZnO NPs."”
The toxicity of ZnO NPs in mouse ovarian cells has also been confirmed in vitro.'®

Studies have indicated that the oxidative stress caused by reactive oxygen species (ROS) is involved in the process of
toxicity owing to nanoparticles.'” In some in vitro and in vivo experiments, ZnO NPs trigger oxidative stress pathways,
resulting in tissue and cell damage.'®'? The endoplasmic reticulum (ER) stress response has recently been identified as
a potential early indicator of ZnO NPs exposure.”” As an organelle, the ER is vital in protein construction and folding into
appropriate tertiary structures.”’ When cells are triggered by external stimuli such as ZnO NPs, the amount of unfolded
proteins in the ER lumen increases, disrupting ER homeostasis and producing ER stress to relieve the pressure on the ER.*
Long-term ER stress may induce the activation of apoptotic signals, leading to tissue and organ damage.”® In pregnant mice,
ER stress can be activated by ZnO NPs, leading to developmental abnormalities in offspring and miscarriages.* In male
mice, ZnO NPs cause testicular loss and sperm abnormalities via the activation of ER stress and apoptosis.?® These data show
that oxidative stress and ER stress may be involved in ZnO NPs-induced reproductive system damage. However, whether the
ovarian damage in female mice caused by ZnO NPs is related to oxidative stress or ER stress is still unclear.

In this research, we evaluated the negative effects of ZnO NPs on the ovaries of female mice and used N-acetyl-
cysteine (NAC) and salubrinal (Sal) to explore the potential mechanisms of toxicity. The adverse effects caused by
different doses of ZnO NPs were evaluated by analyzing changes in ovarian coefficient, pathology, serum sex hormone
levels, and Zn accumulation in tissues. We added inhibitors to the dose group in which ZnO NPs caused the most
damage. We further investigated the potential mechanisms of ZnO NPs toxicity by analyzing the expression of genes and

proteins linked to oxidative stress, ER stress, and apoptosis.
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Materials and Methods

Material and Animal Treatment

Xiya Reagent, LLC (Chengdu, China) provided ZnO NPs powder. The characterization of the ZnO NPs has been
reported in our previous research.”2’ In general, Scanning Electron Microscopy micrographs showed that the diameter
of ZnO NPs was about 27.5 + 4.1 nm and the shape was spherical. Before the experiment, ZnO NPs powder was mixed
with sterile water, placed in the ultrasonic instrument for 30 min, and then swirled for 1 min.

Healthy female C57BL/6 mice (weight 18+2 g) were provided by Hunan SJA Laboratory Animal Company (Hunan,
China). The temperature in the animal room was controlled at 20-25 °C, the humidity was set at 40%—50%, the dark and
light cycle was 12 h, and the padding was changed every 2 days. All experiments were authorized by Nanchang
University’s Animal Care Review Committee (authorization number: 0064257) and conducted in strict conformity with
China’s Guidelines for the Ethical Review of Laboratory Animal Welfare (GB/T35892-2018). Before the experiment, all
animals were acclimated for 7 days on normal maintenance feed. Then, the mice were subdivided into four groups at
random according to the dose of ZnO NPs: 0 (the control group), 100, 200, and 400 mg/kg (n =7 /group). The mice were
orally administered after the preparation of ZnO NPs with different concentrations for 7 days. The control group was
given the equivalent amount of sterile water. Body weight was monitored during the experiment. The mice were
sacrificed after the last ZnO NPs treatment for 24 h. Blood was collected immediately by removing their eyeballs and
stored at 4 °C. Then, the mice were carefully anatomized, and their ovaries were removed and saved.

NAC and Sal Supplementation

Forty female C57BL/6 mice (weight 18 + 2 g) were divided into four groups at random: the control, 400 mg/kg ZnO
NPs, 400 mg/kg ZnO NPs + 100 mg/kg NAC, and 400 mg/kg ZnO NPs + 1.5 mg/kg Sal treatment groups (n= 10 /
group). NAC and Sal (MedChemExpress, USA) were injected intraperitoneally at 30 min after the gavage adminis-
tration of 400 mg/kg ZnO NPs. Mice in the control group were given sterile water. The experiment was carried out for
7 days. Body weight was monitored daily. As mentioned above, the serum and ovaries were collected and kept at
— 80°C.

The Histopathological Studies of the Ovary

The negative effects of ZnO NPs on the ovary were visualized by hematoxylin and eosin (HE) staining. After collecting
the blood, the ovaries were removed and treated with 10% paraformaldehyde. The ovaries were fixed and then
dehydrated in graded ethanol before being embedded in paraffin. The paraffin blocks were cut into 5 microns thick
slices and flattened on a slide before being stained with hematoxylin and eosin and sealed with a cover glass. The
changes in ovarian morphology were observed by an optical microscope at 200 and 400x magnifications.

Determination of Estradiol and Progesterone in Serum

Ovarian function was evaluated by measuring serum estradiol and progesterone levels. The serum was separated by
centrifuging at 4000 r/min for 10 min after the whole blood was refrigerated at 4°C for 4 h. The mouse estradiol and
progesterone ELISA kits were used for the determination. According to the instructions of the kits (YSRIBIO, Shanghai),
the absorbance was detected at 450 nm with the enzyme label instrument (Thermo Scientific, USA). The standard
material in the kit was used to establish a standard curve and calculate the sex hormone levels.

Determination of Total Zn Content in Ovary

The pre-treatments of the sample were referred to in the previous report.”® Specifically, about 0.05 g of ovarian tissue was
digested with 300 pL. HNOj; and 100 uL HC1O, in a water bath at 95 °C for 2 h. The liquid was transferred to a 10 mL
centrifuge tube after digestion, and ultra-pure water was added until a volume of 5 mL was reached. The Zn concentra-
tion was analyzed by Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES; Perkin Elmer Instruments,
USA, 15005225). According to the weight of the samples and the measured concentration, the total Zn content in the
ovary can be calculated.
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Real-Time Quantitative PCR (RT-qPCR)

Total RNA from the ovary was isolated and reverse transcribed into cDNA according to the techniques described in the
previous work.?’ Primer Express Software (Applied Biosystems, Foster City, CA, USA) was used to design the primers,
which were then manufactured by TSINGKE Biological Technology (Beijing, China). Table S1 contains the primer
sequences. The Agilent AriaMx Real-Time PCR Program (Agilent Technologies, USA) was used to operate RT-qPCR.
The fluorochrome was TB Green II (TAKARA, Japan). The process was as follows: 95°C for 30s, then 40 cycles of 95°C
for 5s, 60°C for 1 min, and 72°C for 30s. The 2~ **“* method was used to compute gene expression fold changes. f-actin
was used as the internal reference.

Immunohistochemistry Analysis (IHC)

The paraffin sections of ovarian tissue were soaked in xylene and alcohol for dewaxing. An appropriate amount of EDTA
buffer was used to repair antigens. Then the sections were incubated in 3% hydrogen peroxide at room temperature for 15
min to inhibit endogenous peroxidase. The goat serum covered the paraffin sections for 30 min. After overnight
incubation with primary antibody against JNK (1:200, 24164-1-AP, Proteintech, Wuhan) at 4°C, the slices were
incubated with HRP-marked secondary antibody (GB23303, Servicebio) for 30 min at 37°C. Diaminobenzidine
(DAB) was used to develop the sections, and the nuclei were re-stained with hematoxylin. Then the slices were
dehydrated in alcohol and xylene. Finally, the sheet is sealed with neutral gum and dried. IHC was quantified with
IMG software based on a previous study.*

Immunofluorescence Assay (IF)

As described in the IHC section, paraffin sections of ovarian tissue were dewaxed, put in EDTA buffer to repair antigens,
and then in goat serum to reduce non-specific staining. After overnight incubation with primary antibody against
Caspase3 (1:200, 19677-1-AP, Proteintech, Wuhan) at 4°C, the slices were treated with fluorescent secondary antibody
(1:100, BA1032, Bode Biological Engineering, Wuhan) for 60 min at 37°C. To redye the nucleus, the slices were
incubated in 4’,6-diamidino-2-phenylindole (DAPI) for 5 min in the dark before being sealed with the sealing solution.
Image J software was used to quantify the mean fluorescence intensity.

Detection of Malondialdehyde (MDA) and Superoxide Dismutase (SOD) in Serum
The kits were purchased from Jiancheng Bio-tech Co. Ltd. (Nanjing, China). The content of MDA (A003-2) and SOD
activity (A001-3-2) in serum were detected following the instructions.

Statistical Analysis

All measurements were made three times and analyzed by IBM SPSS Statistics 26 software. The final results were
represented by mean +SD. Differences between groups were statistically analyzed by one-way ANOVA. A significant
difference is indicated by P< 0.05. The following nomenclatures: *P< 0.05, **P < 0.01, ***P < (0.001 (versus the control
group) and “P< 0.05, P < 0.01, P < 0.001 (versus the 400 mg/kg ZnO NPs treatment group) were used to state
significant differences between the investigated groups.

Results

ZnO NPs Damaged Ovarian Structure and Function

Changes in body weight and ovarian coefficient (ovarian weight [mg]/ body weight [g]) reflected the damaging effects of ZnO
NPs to some extent. The body weights of mice in all experimental groups were not remarkably different from those of the
control group after 7 days of exposure (Figure 1A). The ovarian coefficient decreased substantially in the 400 mg/kg ZnO NPs
treatment group, but did not change remarkably in the 100 and 200 mg/kg ZnO NPs treatment groups, and showed an overall
decreasing trend (Figure 1B). Pathological changes in ovarian tissues were assessed using HE staining (Figure 1C). Among
the mice in the control group, the follicle structure was complete, the zona pellucida and corona radiata were clearly visible,
the granulosa cells were neatly arranged, and the oocyte membrane was intact. However, the number of atretic follicles in the
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Figure | Changes of ovarian structure and function. (A) Body weight. (B) Ovarian coefficient. (C) Pathological changes of ovary. Red arrow: atretic follicle; blue arrow:
shedding of granulosa cells; blue circle: disarray of granulosa cells; black square: localized enlargement. Magnification: X200 and x400. (D and E) The levels of estradiol and
progesterone in serum. (F) Concentration of Zn in ovary. Ovarian coefficient = ovarian weight (mg)/ body weight (g). *P< 0.05, **P < 0.01, **P < 0.001: ZnO NPs
treatment groups versus the control group; “P< 0.05, “P < 0.01, *P < 0.001: the 100 mg/kg and 200 mg/kg ZnO NPs treatment groups versus the 400 mg/kg ZnO NPs
treatment group.

ovary of mice increased after treatment with 100 mg/kg ZnO NPs, but the follicle structure was not remarkably damaged.
Granulosa cells in the 200 mg/kg group were disordered and their exfoliation could be seen. The zona pellucida and corona
radiata in the 400 mg/kg ZnO NPs treatment group were incomplete, more granulosa cells were exfoliated, and the oocyte
membranes were uneven. Ovarian function was assessed according to serum steroid hormone levels. The serum levels of
estradiol and progesterone decreased gradually with increasing ZnO NPs dosage compared with the control group.
Considerable differences in estradiol and progesterone levels were found between the 100 or 200 mg/kg ZnO NPs treatment
groups and the 400 mg/kg ZnO NPs group. (Figures 1D and E). Overall, the 400 mg/kg ZnO NPs treatment group caused the
most structural and functional damage to the ovaries. As shown in Figure 1F, Zn content showed an upward trend and was
prominently increased in the ovary of mice in the 400 mg/kg ZnO NPs treatment group (P < 0.001).

Expressions of Genes and Proteins Related to Oxidative Stress, ER Stress, and
Apoptosis were Altered by ZnO NPs

As shown in Figure 2, ZnO NPs altered gene expression in antioxidant pathways. The expression of Kelch-like ECH-
associated protein 1 (Keapl) was only prominently downregulated in the 400 mg/kg ZnO NPs treatment group, whereas
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Figure 2 The expression levels of genes related to oxidative stress, ER stress, apoptosis and steroid hormone synthesis in ovary. *P< 0.05, **P < 0.01, **P < 0.001: ZnO
NPs treatment groups versus the control group; "P< 0.05, P < 0.01, ##P < 0.001: the 100 mg/kg and 200 mg/kg ZnO NPs treatment groups versus the 400 mg/kg ZnO
NPs treatment group.

the expression of nuclear factor erythroid 2-related factor 2 (Nrf2) and NAD(P)H quinone oxidoreductase 1 (NQO-1) was
considerably upregulated in all ZnO NPs treatment groups, especially in the 400 mg/kg ZnO NPs treatment group.

Compared with the control group, the expression of genes related to ER stress was also prominently upregulated in the

ZnO NPs treatment groups. Among them, eukaryotic translation initiation factor 2a (e/F2a), CCAAT/enhancer binding
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protein homologous protein (CHOP), and c-Jun N-terminal kinase (JNK) were upregulated in a dose-dependent manner.
Moreover, as key genes in apoptotic pathways, the expressions of Caspasel2, Caspase9, and Caspase3 were also
considerably upregulated with a dose gradient. Finally, the expression of steroid hormone biosynthesis-related gene
cholesterol side chain cleavage enzyme Cypllal (P450scc) was overtly downregulated in the 400 mg/kg ZnO NPs
treatment group.

At the protein level, JNK and Caspase3 expression were observed using IHC (Figures 3A and C) and IF (Figures 3B
and D) respectively. Compared with the control group, JNK expression increased gradually with increasing ZnO NPs
dose, and Caspase3 was only increased in the 400 mg/kg ZnO NPs treatment group.

Serum malondialdehyde (MDA) content was substantially up-regulated, whereas superoxide dismutase (SOD)
activity was down-regulated with the increase in ZnO NPs dosage (Figures 3E and F).

NAC and Sal Repaired Damage to Ovarian Structure and Function

The ovarian coefficient was substantially increased after treatment with inhibitors (Figure 4B). In addition, the
pathological sections showed that the follicular structure was complete, granulocytes were arranged in order, and atretic
follicles were fewer (Figure 4A). Moreover, NAC or Sal supplementation remarkably increased the serum estradiol and
progesterone levels compared with the 400 mg/kg ZnO NPs treatment group (Figures 4C and D).

ZnO NPs Damaged Ovary via Oxidative Stress and ER Stress
At the transcriptional level, the expression of Keap/ in the antioxidant pathway was upregulated, and the expression of
Nrf2 and NOO-1 was markedly downregulated after NAC and Sal supplementation compared with the 400 mg/kg ZnO
NPs treatment group (Figure 5). Except for the relative expression levels of elF2a and activating transcription factor 4
(ATF4) in the NAC group, the expression of other genes in the ER stress and apoptosis pathways was remarkably
downregulated. Furthermore, P450scc expression showed an obvious upregulation trend (Figure 5). However, the
expression levels of PERK, elF20, ATF4, CHOP, JNK and Caspase3 in the inhibitor groups were still significantly
higher than those in the control group.

At the protein level, the expression levels of JNK (Figures 6A and B) and Caspase3 (Figures 6C and D) were
substantially decreased in both inhibitor groups.

Serum MDA content in serum was significantly downregulated and SOD activity was markedly upregulated after the
inhibitors supplied were compared with the 400 mg/kg treatment group (Figures 6E and F).

Discussion

Considering the widespread use of ZnO NPs in daily life, this study aimed to explore the potential toxic effects of ZnO
NPs on the ovary of female mice. The dosage selection was based on the study by Shen et al*' and the standard set by the
European Union. According to the European Committee for Standardization, the maximum daily intake of ZnO based on
the 70 kg body weight of an adult is 0.45 mg/kg. The safety factor for investigating a substance’s toxicity is usually 100
—1000 times. Our ZnO NPs dosage is within this range. Although the body weight of mice did not change considerably
after the intragastric administration of ZnO NPs, the declining ovarian coefficient showed that ZnO NPs damaged the
ovary. The same trend was reported by Liu et al, who studied the damage caused by ZnO NPs to neuronal factors and
neuroendocrine cells in the ovary of hens.’” Tang et al orally administered ZnO NPs to male mice and found that the
relative epididymis weight began to decrease remarkably in the low-dose group (50 mg/kg), possibly because of the
different sensitivity of different organs to ZnO NPs.*

The ovary is an important reproductive and endocrine organ. Follicular atresia is normal in mammals and occurs in
about 99% of follicles.*> However, increased atresia can result in impaired ovarian function. One study reported that
atretic follicles in the ovaries of rats increased gradually with the increase in ZnO NPs dosage,** which showed a pattern
similar to the results of our study. Follicular development and maturation are accompanied by the secretion of sex
hormones.* Estradiol and progesterone are the most important sex hormones in women, and their serum levels reflect
ovarian function to a certain extent. P450scc plays a vital function in the manufacture of ovarian steroid hormones, which
can convert cholesterol into pregnenolone to produce estradiol and progesterone. Several studies have reported that the
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Figure 3 Protein expression of JNK and Caspase3 in ovary. (A) JNK expression detected by immunohistochemistry (IHC) (Magnification: X200). (B) Caspase3 expression
detected by immunofluorescence (IF) (Magnification: x200). Blue: DAPI, red: Caspase3. (C and D) Semiquantitative analysis of JNK and Caspase3. (E) Content of MDA in
serum. (F) SOD activity in serum. *P < 0.05, ¥P < 0.01, ¥*P < 0.001: ZnO NPs treatment groups versus the control group; *P< 0.05, *P < 0.01, **P < 0.001: the 100 mg/
kg and 200 mg/kg ZnO NPs treatment groups versus the 400 mg/kg ZnO NPs treatment group.

activation of oxidative stress and ER stress can inhibit the synthesis of steroid hormones by downregulating P450scc.**’
In this study, the damaged ovarian function was reflected by increased atresia and considerably lower serum levels of sex
hormones. It may be related to the downregulation of P450scc. These results were confirmed by Hong et al.*® However,
in the study of Liu et al, 30 nm ZnO NPs had no remarkable effect on sex hormones in adolescent hens, which is possibly
due to the smaller dosages they used (25, 50 and 100 mg/kg).*?
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Figure 4 Changes of ovarian structure and function after the supplementation of NAC and Sal. (A) Pathological changes of ovary. Red arrow: atretic follicle; blue arrow:
shedding of granulosa cells; blue circle: disarray of granulosa cells; black square: localized enlargement. Magnification: X200 and x400. (B) Ovarian coefficient. (C and D) The
levels of estradiol and progesterone in serum. Ovarian coefficient = ovarian weight (mg)/ body weight (g). *P < 0.05, **P < 0.0, ***P < 0.001: the 400 mg/kg ZnO NPs
treatment group and the inhibitor groups versus the control group; *P< 0.05, P < 0.01, *#P < 0001 the inhibitor groups versus the 400 mg/kg ZnO NPs treatment group.

Zn accumulation in the ovary is a manner by which ZnO NPs produce toxicity.** The findings in our study were
comparable to those of a previous study, which found that mice in the 400 mg/kg ZnO NPs treatment group had
a considerably higher Zn level in their uterus during early pregnancy.*® Moreover, we found that the 100 and 200 mg/kg
ZnO NPs treatment groups had similar Zn levels as the control group, but the structure and function of the ovary were
impaired in both groups, indicating that certain signaling pathways were potentially activated.

The accumulation of nanomaterials in vivo could increase ROS production.*’ ROS production can be induced in
a variety of ways. For ZnO NPs, it may be related to surface catalytic reactions. In short, special catalytic reactions occur
between O, and surface defects on ZnO NPs, resulting in ROS formation. The absence of light exposure, such as in the
body, may lead to more potent toxicity.*> ROS production is followed by the activation of the antioxidant pathway
Keapl/Nrf2.** Nrf2 is normally found inactive in the cytoplasm, bound to its inhibitor protein, Keapl. When ROS
stimulates cells, Nrf2 is uncoupled from Keapl. Then, Nrf2 is activated and transported into the nucleus, where it
modulates the transcriptional activity of downstream molecules such as phase II metabolic enzymes and antioxidant
enzymes, and plays the role of antioxidants. Various downstream target proteins can be activated after the activation of
the Keap1/Nrf2 signaling pathway.** These target proteins can regulate the oxidation—reduction balance in the body after
activation. A study has shown that silver nanoparticles induce the activation of the stress response gene Nrf2 in
zebrafish.*> In addition, ZnO NPs could upregulate NOO-1 expression in the lungs of female mice.*® Increased MDA
content is associated with cell damage as a biomarker of oxidative stress.*” In our study, the Keapl/Nrf2 signaling
pathway was activated, and both MDA content and SOD activity were altered, indicating that the toxic effects of ZnO
NPs may be related to the induction of oxidative stress and the destruction of the antioxidant enzyme system.

Nanoparticles induce ER stress.® The ER is an important site for protein synthesis.** The unfolded protein response
(UPR), also known as ER stress, is activated when the organism is stimulated by an excessive buildup of misfolded or
unfolded proteins.*’ Under normal conditions, ER transmembrane proteins require IRE1, PERK, and ATF6 to form
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Figure 5 The expression levels of genes related to oxidative stress, ER stress, apoptosis and steroid hormone synthesis in ovary after the supplementation of NAC and Sal.
#P < 0.05, #*P < 0.01, ¥*P < 0.001: the 400 mg/kg ZnO NPs treatment group and the inhibitor groups versus the control group; “P< 0.05, *P < 0.01, ##P < 0.001: the
inhibitor groups versus the 400 mg/kg ZnO NPs treatment group.
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Figure 6 Protein expression of JNK and Caspase3 in ovary after the supplementation of NAC and Sal. (A) JNK expression detected by immunohistochemistry (IHC)
(Magnification: x200). (B) Caspase3 expression detected by immunofluorescence (IF) (Magnification: X200). Blue: DAPI, red: Caspase3. (C and D) Semiquantitative analysis
of JNK and Caspase3. (E) Content of MDA in serum. (F) SOD activity in serum. **P < 0.01, ***P < 0.001: the 400 mg/kg ZnO NPs treatment group and the inhibitor groups
versus the control group; #P< 0.05, P < 0.01, *P < 0.001: the inhibitor groups versus the 400 mg/kg ZnO NPs treatment group.

a stable complex with regulatory protein GRP78. After the abnormally excessive accumulation of ER proteins, these
proteins dissociate from their corresponding regulatory proteins, thereby activating ER stress pathways, including the
PERK/elF2a/ATF4 pathway. When the UPR is activated, PERK autophosphorylation promotes the phosphorylation of
the translation initiation factor e[F20, which leads to the upregulation of ATF4 expression.”® When the stress response
cannot be alleviated, apoptosis is induced through a variety of pathways, including CHOP, INK and the caspase family.**
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The critical changes of these genes in the present study indicated that the toxic effects on the ovary may be strongly
related to ER stress, which induces apoptosis.

The toxicity of ZnO NPs is dose-dependent. When the dosage of ZnO NPs increased gradually, the activation degree
of oxidative stress, ER stress and other pathways in the body increased gradually, leading to the gradual deterioration of
body damage. This occurrence has been shown in several studies.®**=!

NAC is the acetylated form of cysteine, a precursor of reduced glutathione, which is known as a potent and
commonly used inhibitor of oxidative stress. An in vivo experiment showed that the intraperitoneal injection of NAC
can alleviate the follicular atresia and granulosa cell cycle arrest induced by advanced oxidation protein products.”'
Mahmoodi et al found that NAC could improve the function of ovarian grafting and follicular survival in mice by
inhibiting oxidative stress.> Chinese scholars also found that NAC can regulate Keapl/Nrf2 signaling via miR-141 to
improve prostatitis.>> In addition to its antioxidant effects, NAC also has a metal-chelating capability.”* However, the
toxicity of ZnO NPs is due to Zn>" and NPs in various investigations.”>® Therefore, the effect of metal chelation by
NAC on the results was not further considered in this study. Sal is a selective dephosphorylation inhibitor of elF2a. It
specifically targets the PERK/elF2a/ATF4 signaling pathway. Sal inhibits ER stress, and thus alleviates rotenone-induced
neuronal injury.’” In addition, Sal could ameliorate chronic hyperalgesia in mice with sickle cell via reducing ER stress.”®
As a result, NAC and Sal were administered to mice treated with ZnO NPs in this work to further validate the possible
mechanism of ZnO NPs on mouse ovarian toxicity. The results revealed that NAC and Sal showed considerable

inhibitory effects on the oxidative stress pathway and ER stress pathway, finally alleviating ovarian damage.

Conclusion

In this study, the toxic effects of ZnO NPs on the ovaries were investigated in female mice after a seven-day oral
administration. Our results suggest that ZnO NPs had toxic effects on the ovary of female mice, which were due to
oxidative stress, ER stress, and the eventual activation of apoptosis, and that NAC and Sal could serve as antidotes for
unintentional ZnO NPs ingestion. Further studies focusing on the effect of the metal chelating ability of NAC on the
results should be performed for confirmation.
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