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Abstract: Zinc oxide nanoparticles (Nano-ZnO) have been widely used in the food, cosmetics, and
biomedical fields due to their excellent antibacterial and antioxidant properties. However, with
the widespread application of Nano-ZnO, Nano-ZnO inevitably enters the environment and living
organisms, causing harm to human health and ecosystem safety. Therefore, the biosafety and
toxicological issues of Nano-ZnO are gradually being emphasized. Our study found that Nano-ZnO
has superior antibacterial properties compared to ofloxacin in the fight against Staphylococcus aureus
(S. aureus). Given that ofloxacin can inhibit bacterial-induced inflammation, we constructed a model
of bacterial inflammation using S. aureus in zebrafish. We found that Nano-ZnO inhibited the NF-
κB-mediated inflammatory signaling pathway. However, in the process, we found that Nano-ZnO
caused hepatic steatosis in zebrafish. This suggested that Nano-ZnO had a certain hepatotoxicity, but
did not affect liver development. Subsequently, we investigated the mechanism of hepatotoxicity
produced by Nano-ZnO. Nano-ZnO triggered oxidative stress in the liver by generating ROS, which
then induced endoplasmic reticulum stress to occur. It further activated srebp and its downstream
genes fasn and acc1, which promoted the accumulation of fatty acid synthesis and the development
of steatosis, leading to the development of nonalcoholic fatty liver disease (NAFLD). To address the
hepatotoxicity of Nano-ZnO, we added carbon dots for the treatment of NAFLD. The carbon dots
were found to normalize the steatotic liver. This provided a new strategy to address the hepatotoxicity
caused by Nano-ZnO. In this work, we systematically analyzed the antibacterial advantages of Nano-
ZnO in vivo and in vitro, explored the mechanism of Nano-ZnO hepatotoxicity, and proposed a new
method to treat Nano-ZnO hepatotoxicity.

Keywords: Nano-ZnO; zebrafish; antibacterial; anti-inflammatory; oxidative stress; endoplasmic
reticulum stress; hepatotoxicity; NAFLD; carbon dots

Key Contribution: The two-sided behavior of zinc oxide nanoparticles is presented. Although zinc
oxide nanoparticles possess antibacterial behavior, they are toxic to the liver.

1. Introduction

In recent years, Nano-ZnO has been found to exhibit many special functions in catal-
ysis, optics, magnetism, and mechanics. It has become a multifunctional material that
is widely used in cosmetics, medical supplies, biomedical and other daily biochemical
products, such as optical devices [1], photocatalysts [2,3], automatic cleaning coatings [4],
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paints [5], textile industry [6], medical devices [7], dentistry [8], sunscreens [9], cosmet-
ics [10], medical bioimaging, drug/gene delivery drug delivery [11,12], etc. Earlier studies
on Nano-ZnO focused on the antimicrobial effect in vitro. It can be used as an effective
antimicrobial agent in ointments, lotions, mouthwashes, and surface coatings of various
medical devices to prevent microbial adhesion, colonization, and spread [13–15]. However,
there has been no report on the antimicrobial activity of Nano-ZnO in vivo.

With the increasing release of Nano-ZnO-containing products into the environment,
especially the aquatic environment, it is easy accumulation in aquatic organisms to occur,
causing toxic effects. In addition, Nano-ZnO can easily enter the body through inhalation,
ingestion, or skin barrier. It is concentrated in various organs and difficult to excrete [15].
Therefore, the biosafety and toxicological issues of Nano-ZnO should not be ignored.
Nano-ZnO enters the body through different pathways such as respiratory, digestive and
parenteral routes and accumulates mainly in the heart, liver, spleen, kidneys and lungs.
Researchers believe that it produces oxidative stress and endoplasmic reticulum stress,
causing liver damage [16]. It has been shown that Nano-ZnO induces apoptosis in mouse
liver through oxidative stress [17]. Nano-ZnO also causes apoptosis in human hepatocytes
(HepG2), lung epithelial cells and some cancer cells through the production of reactive
oxygen species (ROS) [18–20]. These results confirm that oxidative stress triggered by ROS
is one of the possible mechanisms of Nano-ZnO-induced toxicity.

Zebrafish (Danio rerio) has become a major model organism in the field of toxicology
and drug screening because of its small size, easy management, high spawning capacity,
transparent early embryos, and ease of observation [21]. Previous studies have shown
that Nano-ZnO can inhibit the development and hatching of zebrafish embryos [22,23].
Acute Nano-ZnO exposure can induce the production of excessive ROS causing DNA
damage [24]. It has also been found that Nano-ZnO inhibits development and other life
activities by affecting the cell cycle in zebrafish [25]. However, there is no research to solve
the toxicity of Nano-ZnO.

In this study, we conducted a systematic study from the antibacterial properties of
Nano-ZnO to the anti-inflammatory response and its side effects. We explored the develop-
mental toxicity and hepatotoxicity of Nano-ZnO and further studied the mechanism of liver
injury caused by Nano-ZnO and how to mitigate the liver injury caused by Nano-ZnO. Our
study found that the same concentration of Nano-ZnO was more effective antibacterial than
ofloxacin. In addition, it inhibited the production of bacterial inflammation in zebrafish,
but with some hepatotoxicity. Nano-ZnO has also been reported to be hepatotoxic [16]. To
overcome this problem, we introduced egg-white-based carbon dots (EWCDs) with the
function of treating iron-overloaded NAFLD prepared by our team [26]. We found that
EWCDs could repair Nano-ZnO-induced liver damage and alleviate Nano-ZnO-induced
hepatotoxicity. This provides guidelines for the future application of Nano-ZnO and
post-application treatment.

2. Materials and Methods
2.1. Materials

Zebrafish is a wild-type strain AB, which was purchased from Heilongjiang Institute
of Fisheries, Chinese Academy of Fisheries Sciences. Trizol, PrimeScriptTM RT reagent
Kit with gDNA Eraser, Premix TaqTM and SYBR® Premix Ex TaqTM II (Tli RNaseH Plus)
were bought from Takara (Tokyo, Japan). PCR primers were synthesized by Jilin Kumei
Biotechnology Co., Ltd, Cahngchun, China. Powder-form Nano-ZnO was obtained from
Sigma Co., Ltd. (Product No. 677450, Berlin, Germany). In addition, the morphological
data of Nano-ZnO were examined in our previously published article [27].

The automatic light-controlled circulating water system for zebrafish feeding was
purchased from Taiwan Chuanfu Science and Technology Development Co., Ltd. (Taipei,
China), the SPX-250BIII biochemical incubator of Tester was used for embryo culture. Ster-
ilization operation used GI54DWS type autoclave. qRT-PCR was performed using Applied
Biosystems ABI 7500. DNA and RNA purity analysis used Thermo Fisher NanoDrop 2000.
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Gel imaging system Tanon 1600 was purchased from Tanon Science & Technology Co.,
Ltd. (Shanghai, China). Other conventional equipment included metal bath, water bath,
centrifuge, electronic balance, electrophoresis apparatus, etc.

2.2. Method
2.2.1. Anti-Bacterial Properties of Nano-ZnO

Staphylococcus aureus cultured in triangular vials was coated on a plate. Cover slides
coated with Nano-ZnO and ofloxacin were placed in the middle of the plate and incubated
in a 37 ◦C for 24 h. Measurement of bacteriostatic zone diameter.

2.2.2. Zebrafish Rearing and Mating

The AB strain zebrafish used in the experiment was raised in the (AAE-022-AA-A,
Taiwan) circulating water system. The water temperature in the circulatory system is 28
◦C, and the photoperiod is 14 L:10 D. To obtain healthy zebrafish embryos, adult fish
with normal body shape and good physiological condition were selected for mating, and
fish eggs with the same physiological cycle and normal development were collected. The
collected fish eggs were washed with deionized water and then divided into control and
treated groups and placed in a six-well plate for 20 pieces per well. In addition, they were
kept in incubators with a constant temperature of 28 ◦C. Among them, the control group
was cultured in E3 medium, and the test group was exposed to different concentrations of
Nano-ZnO solution for subsequent gene expression studies.

2.2.3. Establishment of Inflammation Model in Zebrafish

Adult zebrafish with normal body shape, agile predation, undamaged scales and fins
and flexible swimming were selected as experimental objects. Zebrafish were cultured
in sterile water for 24 h and randomly divided into 4 groups. After anesthesia with 0.3%
tricaine, the muscle tissue of zebrafish tail was cut with scalpel in ultra-clean table. Sterile
water was added to the scratches as control group (Control 2), 107 CFU/mL Staphylococcus
aureus suspension as bacterial inflammation group (S. uresus), 125 nmol/mL Nano-ZnO
and 107 CFU/mL bacterial suspension co-treatment group (Nano-ZnO). After 20 min, the
zebrafish were put back into sterile water for feeding. After 24 h, the fish were compared
with the uninjured control group (Control 1) for observation. Body fluids at the wounds of
the zebrafish were extracted for plate coating, and the total number of bacteria on the plate
was calculated after incubation at 37 ◦C for 24 h.

2.2.4. Acute Toxicity Test of Nano-ZnO on Zebrafish

The concentration gradient of the Nano-ZnO in the experimental group was designed
to be 0, 31.25, 62.5, 125, 250 nmol/mL, 4 mL of the above zinc oxide solution was added to
the single well for exposure to the treatment group, and the control group was cultured with
equal volume of E3 water. Zebrafish were kept in incubators with a constant temperature
of 28 ◦C. A six-hole plate is a parallel, with three groups. The development of zebrafish
embryos was observed at different time points after fertilization (24 h/48 h/72 h/96 h).
The survival rate at four time points, the hatching rate of 72 h, the heart rate at 48 h, and
the rate of malformation at 96 h were recorded, and the typical malformation occurred
was counted and photographed (The research is supported by the Experimental Animal
Welfare Ethics Committee of Harbin Institute of Technology. The ethical approval code is
IACUC-2019022. Approval date: 6 December 2019).

2.2.5. Detection of Zebrafish Cell Apoptosis

Apoptosis of zebrafish juveniles was detected by acridine orange staining. At 96 hpf,
10 zebrafish embryos from the control group and 31.25 nmol/mL Nano-ZnO treatment
group were selected. After PBS washing, AO staining agent diluted with PBS and finally
diluted at 2 mg/L was added for staining. After immersion in the dark for 20 min, the
PBS was washed. The luminescence area of the control group and the treated group was
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observed under a fluorescence microscope to determine the effect of Nano-ZnO on the
apoptosis of zebrafish embryo cells.

2.2.6. Gene Expression Analysis

The zebrafish used in the experiment were tested for apoptosis gene, liver development
gene and endoplasmic reticulum stress gene, and the relative expression of the gene was
analyzed by semi-quantitative method. First, the total RNA of the sample material was
extracted by Trizol method. The collected samples were lysed and homogenized by Trizol
(Invitrogen, Sigma), and then passed through chloroform, isopropanol and 75% ethanol
(both from Tianjin Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China). DEPC water
was purchased from Beijing Biotopped Science & Technology Co., Ltd. (Beijing, China).
Centrifugal washing was performed to obtain the desired total RNA, and RNA was reverse-
transcribed into cDNA as a PCR template using TaKaRa’s PrimeScript RT reagent Kit with
gDNA Eraser kit. PCR reaction conditions: 95 ◦C for 5 min, 95 ◦C for 30 s, 72 ◦C for 30–60 s,
28–40 cycles, 2 ◦C for 4 min. PCR primers are shown in Table S3.

2.2.7. Oil Red Staining

Juvenile zebrafish from different treatment groups were collected and placed in 4%
paraformaldehyde solution overnight at 4 ◦C for fixation. The tissues were dehydrated with
40%, 60% and 80% of 1,2-propanediol solution, respectively. The dehydrated samples were
then stained overnight in 0.5% oil red o solution. The stained zebrafish were eluted using
80%, 60%, and 40% 1,2-propanediol solutions, and the non-specifically stained fraction was
removed and preserved by adding 80% glycerol. The fattened portions are stained orange
when observed under the microscope.

2.2.8. HE Staining, Picric Acid-Aspirate Scarlet Staining

Liver tissues from control and Nano-ZnO-treated groups were taken, fixed, dehy-
drated, transparent, wax-impregnated and embedded for paraffin embedding. The paraffin-
embedded samples were cut into 4 µm slices. After dewaxing, hematoxylin eosin (H&E)
staining or dropwise staining with saturated picric acid-aspirate scarlet stain was per-
formed, photographed, and observed under a light microscope.

2.3. Statistical Analysis and Processing of Results

(1) Survival rate: The number of surviving embryos compared to the total number
of embryos.

(2) Hatching rate: The number of hatching embryos compared to the total number
of embryos.

(3) Heart rate: The number of embryonic heartbeats within 15 s was counted under
the microscope.

(4) Autonomous exercise frequency: The number of spontaneous movements of the
embryo within 60 s under the microscope.

(5) Gene expression level: Based on the expression level of the ef1α internal reference
gene, the electrophoresis band diagram was subjected to gray scale analysis using
ImageJ software.

(6) Statistical analysis of results: The experimental results are expressed as mean ±
standard error, and each experiment was repeated three times. Statistical analysis was
performed on the results of the control group and the experimental group by t-test.
p < 0.01 was considered to be significantly different, and p < 0.05 was significant.

3. Results and Discussion
3.1. Anti-Bacterial Properties of Nano-ZnO In Vivo and In Vitro

Current studies on the biology of Nano-ZnO are mainly focused on the antibacterial
properties. Studies have shown that Nano-ZnO has antibacterial effects on both foodborne
pathogens E. coli and Staphylococcus aureus, among which it is more sensitive to S. aureus [28].
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Ofloxacin is a broad-spectrum antibacterial fluoroquinolone drug. It is mainly used for
acute and chronic infections caused by gram-negative bacteria. It is a common clinical
antibacterial drug at present. We chose to use a well-known antibiotic to make a visual
comparison of the antibacterial ability of Nano-ZnO.

We used ofloxacin as a control to observe the antibacterial ability of Nano-ZnO. Versus
against S. aureus. As the concentration of Nano-ZnO increased, its antibacterial effect
against S. aureus was better, as shown in Figure 1. In vitro antibacterial assays demonstrated
that Nano-ZnO was sensitive to Staphylococcus aureus. At the same mass concentration,
Nano-ZnO and ofloxacin had similar antibacterial effects. However, in fact, with respect to
the broad-spectrum antibacterial effect, ofloxacin was superior [29,30].

Figure 1. Antibacterial effect of Nano-ZnO on S. aureus: (A) inhibition circle of Nano-ZnO and
ofloxacin, (B) quantitative column chart of (A), (C) single colony formation of Nano-ZnO and
ofloxacin, (D) quantitative column chart of (C).

We subsequently established a zebrafish bacterial inflammation model to study the
in vivo anti-inflammatory effects of Nano-ZnO. Compared to control 1, we found that the
antioxidant gene nqo1 was significantly decreased in the S. aureus group that underwent
tail scratching, and its upstream Nrf2a, Nrf2b were not significantly changed (Figure 2A–C).
The expression levels of inflammatory factors TNF-a, IL-1b, IL-6 and their upstream NF-κB
were significantly increased (Figure 2D–G), indicating that scratching resulted in reduced
antioxidant capacity and induced inflammation in zebrafish. Compared with the S. aureus
group, Nano-ZnO enhanced the antioxidant capacity of wound-infected zebrafish and sig-
nificantly reduced the inflammatory signaling pathways NF-κB and TNF-a. This indicated
that Nano-ZnO had a certain inhibitory effect on the inflammation caused by S. aureus. The
above results indicate that Nano-ZnO not only has excellent broad-spectrum antibacterial
properties, but also inhibits the inflammatory response caused by bacteria. It can be used
as a potential anti-infection drug as an alternative to ofloxacin.



Toxics 2022, 10, 144 6 of 14

Figure 2. Effect of Nano-ZnO on the inflammatory response induced by S. aureus. Changes in mRNA
levels of antioxidant signaling pathway (A) nrf2-a, (B) nrf2-b, (C) nqo1, and inflammatory signaling
pathway (D) nf-kb, (E) tnf-a, (F) il-6, and (G) il-1b. (Control1: no treatment, Control2: wound + sterile
water, S. aureus: wound + S. aureus, Nano-ZnO: wound + S. aureus + Nano-ZnO, n = 30, * p < 0.05,
**** p < 0.0001).

3.2. Hepatotoxicity of Nano-ZnO in Zebrafish

Although Nano-ZnO exhibited excellent resistance to infection, exposure to Nano-
ZnO was toxic. We exposed zebrafish embryos to 0, 31.25, 62.5, 125, and 250 nmol/mL
Nano-ZnO solutions, respectively. As shown in Figure 3A, the survival rate of zebrafish
embryos was related to the concentration of Nano-ZnO solution. The survival rate of
embryos decreased significantly as the concentration of Nano-ZnO solution increased. The
semi-lethal concentration of Nano-ZnO was 31.25 nmol/mL. We remarked that between
48 hpf and 72 hpf, the survival rate of embryos decreased sharply. The embryos died
without reaching the hatching stage, but the survival rate after hatching was essentially
the same. This phenomenon suggested that Nano-ZnO caused zebrafish embryos to fail to
hatch properly, resulting in death or delayed development. The hatching rate of embryos
was calculated based on the number of surviving zebrafish embryos and the number of
hatchings. The hatching rate of embryos showed a decreasing trend with the increase
of Nano-ZnO concentration, as shown in Figure 3B. In the mortality and hatching rate
statistics, we found that even though zebrafish survived, different types of malformations
were present, and the malformation rate was shown in Figure 3C. Typical malformations in
zebrafish embryos included incomplete yolk sac absorption, pericardial edema, curvature
of the spine, and absence of the swim bladder. As shown in Figure 3D, most of these
zebrafish had missing swim bladders. We counted and photographed the different types of
malformations, as shown in Tables S1 and S2. As the concentration of the treatment solution
increased, the number of surviving zebrafish embryos decreased, and the malformation
rate gradually increased, indicating that Nano-ZnO was highly developmentally toxic.
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Figure 3. The effect of nano zinc oxide on (A) the survival rate, (B) the hatching rate, (C) the
malformation rate, and (D) the swim bladder formation rate. Data are expressed as means ± SD.
(n = 30, * p < 0.05, ** p < 0.01, **** p < 0.0001).

The malformation of the yolk sac is mainly characterized by hepatotoxicity. As the
largest detoxification and metabolism organ, the liver can promote the metabolism of some
toxic substances and then excrete them out of the body, thus playing a detoxifying role [31].
We treated zebrafish with Nano-ZnO at a semi-lethal concentration of 31.25 nmol/mL.
The differences in liver development and morphology between the experimental and
control groups were compared. We saw the deepened color and larger size of the liver
in the experimental group, as shown in Figure 4C. When the liver was observed under
magnification, it could be seen that the liver of the control zebrafish was pale yellow with
a relatively free shape and indistinct outline, as shown in Figure 4B. In contrast, the liver
of zebrafish in the experimental group was well-defined and black in color with a good
“vacuum”-like structure, as shown in Figure 4D. These changes suggested that Nano-ZnO
might have some effects on the liver of zebrafish. Furthermore, the microstructural changes
of the liver were observed by H&E staining, as shown in Figure 4E,F. The hepatocytes were
neatly and closely arranged in the control group. However, in the experimental group, the
spacing between cells was large, the structure of the liver was loose, and the vacuolous
structure inside the cells might be fat. In addition, then, we used oil red to stain the liver
of zebrafish. Our experiments revealed that the liver of zebrafish in the experimental
group were stained light red, while the control group remained light yellow, as shown in
Figure 4G,H. These results indicate that Nano-ZnO has a certain hepatotoxicity to zebrafish.
We found that zebrafish liver staining was similar in the experimental and control groups,
with the same fiber type and the same degree of fibrosis by picric acid-Sirius scarlet staining,
as shown in Figure 4I,J. This indicated that the Nano-ZnO-induced steatosis in zebrafish
had not yet entered the fibrosis stage.
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Figure 4. Hepatotoxic effects of 125 nmol/mL Nano-ZnO on zebrafish. Live observation of zebrafish
liver differences between the control group and the Nano-ZnO treatment group: (A) control group
(250×), (B) control group (410×), (C) Nano-ZnO treatment group (250×), (D) Nano-ZnO treatment
group (410×). H&E staining of zebrafish liver: (E) control group (410×), (F) Nano-ZnO treatment
group (410×). Oil red staining of zebrafish liver steatosis: (G) control group (410×), (H) Nano-ZnO
treatment group (410×). Picric acid-Sirius scarlet staining of zebrafish liver steatosis: (I) control group
(410×), (J) Nano-ZnO treatment group (410×). (K) Liver development-related genes relative level of
mRNA. (L) Liver disease-related genes relative level of mRNA ** p < 0.01.

To further explore whether Nano-ZnO is toxic to liver development and to test whether
the steatosis is due to underdevelopment of the liver. We examined the expression level
of some liver development-related and typical liver lesion marker genes, as shown in
Figure 4K,L. wnt2bb and mypt1 play important roles in the formation phase of liver
progenitor cells. They are essential molecules for liver development in zebrafish [32]. It
was found that the expression level of wnt2bb and mypt1 decreased after exposure to
Nano-ZnO, but there was no significant difference. Meanwhile, there was little difference
in the size and shape of the liver between the experimental and control groups and the
degree of liver development was consistent. This indicated that Nano-ZnO had no effect
on the development of the liver, as shown in Figure 4K. Retinol-binding protein (rbp4) is
a member of the retinol-binding protein family and is mainly expressed in the liver and
fat. When nonalcoholic fatty liver disease (NAFLD) occurs, the expression level of rbp4 is
higher than normal [33]. In addition, fabp10 encodes the fatty acid binding protein (fabp),
which is mainly expressed in the liver and small intestine. It has been reported that when
NAFLD occurs, fabp expression is significantly higher than that in the control group [34].
As seen in Figure 4L, the expression of rbp4 and fabp10 genes was significantly higher in
the experimental group than in the control group. This further confirmed the results of
the preliminary oil red staining and H&E staining, and identified the Nano-ZnO-induced
hepatotoxicity as nonalcoholic fatty liver.

3.3. Molecular Mechanism of Nano-ZnO Toxicity in Zebrafish

To further explain the toxic effects of Nano-ZnO on zebrafish liver, we explored the
causes of liver damage caused by Nano-ZnO at the molecular level. Xia et al. suggest
that the toxicity of Nano-ZnO originates from the leaching of zinc ions. This process
generates ROS that destabilize zinc ions, inhibit enzymatic activity, and ultimately lead to
cell death [35]. Another part of the study focuses on the dissolved oxygen produced by
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Nano-ZnO, which causes some oxidative damage to the organism [36,37]. In addition, zinc
ion dissolution leads to cell membrane breakdown in normal cells, which further induces
cells apoptosis [35].

Our previous experiments revealed that there was a large amount of death in ze-
brafish embryos before hatching after high concentration of Nano-ZnO treatment. We
hypothesized that apoptosis might be induced by zinc ions solubilization. Therefore, we
examined the expression level of apoptotic genes and stained the apoptotic cells with
acridine orange. The mitochondrial apoptotic pathway is regulated by proteins of the
Bcl-2 family, which plays an anti-apoptotic or pro-apoptotic role. It is the predominant
regulator of the mitochondrial apoptotic pathway. Bax and bid in the Bcl-2 family are
pro-apoptotic, while bcl-2 and mcl-1b, in contrast, have the effect of inhibiting apoptosis
and promoting cell survival [38]. The effect of Nano-ZnO on the expression of apoptotic
genes is shown in Figure 5A–D. Compared with the control group, the pro-apoptotic gene
bid was significantly up-regulated and the other pro-apoptotic gene bax was significantly
down-regulated in the experimental group. Among the anti-apoptotic genes, mcl-1b was
significantly up-regulated in the experimental group, showing an enhanced anti-apoptotic
effect, while bcl-2 was somewhat down-regulated. bcl-2 and bax are opposing pairs of
genes. If the trends are the same, the ratio of the two will be more meaningful. Our study
showed that the ratio of bcl-2/bax was almost unchanged after Nano-ZnO exposure. Bid
interacts with mcl-1. The trends of were both consistent. This suggested that Nano-ZnO
exposure did not cause apoptosis. In addition, staining of apoptotic cells by acridine orange
revealed that no significant apoptosis occurred in the experimental group, as shown in
Figure 5E. This was consistent with our previous apoptosis gene assay results. The above
results suggested that the mechanism of organism damage or even embryonic death caused
by Nano-ZnO was not due to apoptosis caused by the breakdown of cell membrane by zinc
ion solubilization.

Another cause of Nano-ZnO-induced toxicity is the generation of oxidative damage.
This is caused by the ROS generated by the dissolution of zinc ions. We found that Nano-
ZnO increased the level of ROS. Nano-ZnO induced oxidative stress in the organism, as
shown in Figure 6A. Nano-ZnO stimulation caused oxidative stress in zebrafish embryos.
This resulted in increased expression of the nrf2 gene, which further led to upregulation of
the gstp1 gene as well as the nqo1 gene, enabling resistance to damage caused by oxidative
stress, as shown in Figure 6B–E. Nano-ZnO disrupted the balance between oxidants and
antioxidants in zebrafish, but this organismal defense system did not alleviate the damage
caused by Nano-ZnO to the organism.

It has been shown that oxidative stress and endoplasmic reticulum stress (ER stress)
are subject to crosstalk, and oxidative stress can activate ER stress [39]. To further inves-
tigate whether oxidative stress response triggers the generation of ER stress, we tested
the expression of ER stress-related genes in zebrafish. Compared with the control group,
the bands of ER stress-related genes were significantly brighter treated with Nano-ZnO
in zebrafish. The ER stress genes bip and eif2a were significantly upregulated as shown
in Figure 6F,G, indicating that Nano-ZnO induced ER stress. Several studies have shown
that some important endoplasmic reticulum stress signaling pathways can intervene and
regulate lipid metabolism in the liver through different mechanisms. Most importantly, it
affects lipid metabolism by regulating the activation of srebp, which increases the synthesis
of fatty acids in the liver. To further explore the mechanism of Nano-ZnO causing NAFLD,
we examined the expression of lipid metabolism-related genes acc1, fasn, srebp-1 and
srebp-2 after Nano-ZnO exposure. We found that Nano-ZnO promoted the expression
of lipid synthesis genes. srebp-1 expression was promoted, which led to the expression
upregulation of the downstream lipid synthesis genes fasn and acc1, as shown in Figure 6F.
These changes activated the synthesis of fatty acids and increased their uptake by the liver.
As a result, large amounts of lipids were deposited in the liver. Ultimately, these results led
to lipid changes in the liver of zebrafish.
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Figure 5. Effect of 125 nmol/mL Nano-ZnO on apoptosis in zebrafish. Changes in mRNA level of pro-
apoptosis genes (A) bid and (B) bax, and anti-apoptosis genes (C) bcl-2 and (D) mcl-1b. (E) Acridine
orange apoptosis staining. (n = 30, ** p < 0.01).

Figure 6. Mechanism of liver injury caused by 125 nmol/mL Nano-ZnO. (A) Relative levels of ROS;
changes in mRNA levels of antioxidant signaling pathways (B) nrf2-a, (C) nrf2-b, (D) gstp1, and
(E) nqo1; changes in mRNA levels of ER stress-related genes (F) elf2a and (G) bip. (H) Changes
in mRNA levels of the lipid metabolism-related genes acc1, fasn, strebp-1 and strebp-2. (n = 30,
* p < 0.05, ** p < 0.01, **** p < 0.0001).
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Zebrafish resist oxidative stimulation by Nano-ZnO through oxidative stress; however,
the antioxidant Nrf2 signaling pathway does not completely eliminate ROS-induced liver
injury. To address the NAFLD produced by Nano-ZnO exposure, we used pre-synthesized
carbon dots to mitigate the liver injury caused by Nano-ZnO. The carbon dots were used to
treat NAFLD. The CDs were extremely safe and did not cause liver damage compared to
the control group, as shown in Figure 7B. However, after Nano-ZnO exposure, we found
significant lipid droplet accumulation at the liver, as shown in Figure 7C. Surprisingly,
EWCDs were found to effectively alleviate the accumulation of lipid droplets caused by
Nano-ZnO, as shown in Figure 7D. The above results indicated that CDs could alleviate the
liver damage caused by Nano-ZnO, which provided a new approach to solve the toxicity
problem of Nano-ZnO.

Figure 7. Alleviation of 125 nmol/mL Nano-ZnO toxicity by CDs: (A) control group, (B) CDs group,
(C) Nano-ZnO group, (D) CDs + Nano-ZnO group. The arrow sites are zebrafish liver. (A,B,D) are
normal zebrafish liver. (C) has obvious lipid droplets.

4. Conclusions

In this work, we first explored the in vitro antibacterial effect of Nano-ZnO. It was
found that Nano-ZnO has good antibacterial effect and can effectively inhibit the inflamma-
tory response caused by S. aureus. However, Nano-ZnO showed a certain hepatotoxicity,
mainly in the form of NAFLD. Secondly, we explored the mechanism of Nano-ZnO toxicity
based on the current reports. We verified both apoptosis induced by zinc ion solubilization
and ROS generated by zinc ion and found that Nano-ZnO does not cause apoptosis. We
found that Nano-ZnO leads to oxidative stress mainly by promoting the production of
ROS. Oxidative stress activates endoplasmic reticulum stress, which directly regulates
the activation of genes related to fat metabolism in the srebp-fas pathway. This caused
excessive uptake and formation of fatty acids, which were eventually deposited in the liver
to form NAFLD. Nano-ZnO agglomerates when it enters the aqueous phase. Due to the
agglomeration effect, the hydrodynamic diameter of Nano-ZnO in the solution is larger
than its original particle size. It has been suggested that the toxicity of Nano-ZnO in aque-
ous environment depends on its hydrodynamic diameter, and within a certain range, the
larger the hydrodynamic diameter, the more toxic it is [40]. The smaller-sized nanoparticles
are more prone to agglomeration due to their larger surface energy [41,42]. Therefore, the
smaller diameter of Nano-ZnO is more toxic. The average diameter of Nano-ZnO particles
selected for this experiment was 35.65 ± 6.63 nm, and the small size may be another reason
for the toxicity of Nano-ZnO. In addition, we introduced CDs for the first time to alleviate
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the hepatotoxicity of Nano-ZnO, which provided a new strategy to solve the toxicity of
Nano-ZnO.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxics10030144/s1. Table S1. Statistics of zebrafish malformations treated with different
concentrations of nano-ZnO. Table S2. Development of zebrafish swim bladder treated with different
concentrations of nano-ZnO. Table S3. Oligonucleotide primers.

Author Contributions: All authors contributed to the study conception and design. Conceptual-
ization: L.L.; Methodology: S.D.; Formal analysis and investigation: L.Y.; Writing—original draft
preparation: M.H.; Writing—review and editing: X.L.; Resources: J.J.; B.L., N.G.; Supervision: L.L., J.J.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Technologies R&D Program of China under
Grant Number: 2019YFA0705202, the National Natural Science Foundation of China (No. 31701296,
11474076 and 21974097), and the Education Department of Guangdong Province (No. 2020KSYS004).

Institutional Review Board Statement: The research is supported by the Experimental Animal
Welfare Ethics Committee of Harbin Institute of Technology. The ethical approval code is IACUC-
2019022.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Rogozea, E.A.; Olteanu, N.L.; Petcu, A.R.; Lazar, C.A.; Meghea, A.; Mihaly, M. Extension of optical properties of ZnO/SiO2

materials induced by incorporation of Au or NiO nanoparticles. Opt. Mater. 2016, 56, 45–48. [CrossRef]
2. Parihar, V.; Raja, M.; Paulose, R. A brief review of structural, electrical and electrochemical properties of Zinc Oxide nanoparticles.

Rev. Adv. Mater. Sci. 2018, 53, 119–130. [CrossRef]
3. Kolodziejczak-Radzimska, A.; Jesionowski, T. Zinc Oxide-From Synthesis to Application: A Review. Materials 2014, 7, 2833–2881.

[CrossRef]
4. Vaja, F.; Comanescu, C.; Oprea, O.; Ficai, D.; Guran, C. Effects of ZnO Nanoparticles on the Wet Scrub Resistance and Photocatalytic

Properties of Acrylic Coatings. Rev. Chim. 2012, 63, 722–726.
5. Ponnamma, D.; Cabibihan, J.J.; Rajan, M.; Pethaiah, S.S.; Deshmukh, K.; Gogoi, J.P.; Pasha, S.K.K.; Ahamed, M.B.; Krishnegowda,

J.; Chandrashekar, B.N.; et al. Synthesis, optimization and applications of ZnO/polymer nanocomposites. Mater. Sci. Eng. C
Mater. Biol. Appl. 2019, 98, 1210–1240. [CrossRef]

6. Vaja, F.; Ficai, D.; Ficai, A.; Oprea, O.; Guran, C. Multifunctional advanced coatings based on ZnO/M obtained by nanocasting
method. J. Optoelectron. Adv. Mater. 2013, 15, 107–113.

7. Vasile, B.S.; Oprea, O.; Voicu, G.; Ficai, A.; Andronescu, E.; Teodorescu, A.; Holban, A. Synthesis and characterization of a novel
controlled release zinc oxide/gentamicin-chitosan composite with potential applications in wounds care. Int. J. Pharm. 2014, 463,
161–169. [CrossRef]

8. Totu, E.E.; Cristache, C.M.; Voicila, E.; Oprea, O.; Agir, I.; Tavukcuoglu, O.; Didilescu, A.C. On Physical and Chemical Characteris-
tics of Poly(methylmethacrylate) Nanocomposites for Dental Applications. I. Mater. Plast. 2017, 54, 666–672. [CrossRef]

9. Niculae, G.; Badea, N.; Meghea, A.; Oprea, O.; Lacatusu, I. Coencapsulation of Butyl-Methoxydibenzoylmethane and Octocrylene
into Lipid Nanocarriers: UV Performance, Photostability and in vitro Release. Photochem. Photobiol. 2013, 89, 1085–1094.
[CrossRef]

10. Ficai, D.; Oprea, O.; Ficai, A.; Holban, A.M. Metal Oxide Nanoparticles: Potential Uses in Biomedical Applications. Curr.
Proteomics 2014, 11, 139–149. [CrossRef]

11. Radulescu, M.; Popescu, S.; Ficai, D.; Sonmez, M.; Oprea, O.; Spoiala, A.; Ficai, A.; Andronescu, E. Advances in Drug Delivery
Systems, from 0 to 3D Superstructures. Curr. Drug Targets 2018, 19, 393–405. [CrossRef]

12. Zhang, Y.; Nayak, T.R.; Hong, H.; Cai, W. Biomedical Applications of Zinc Oxide Nanomaterials. Curr. Mol. Med. 2013, 13,
1633–1645. [CrossRef]

13. Krol, A.; Pomastowski, P.; Rafinska, K.; Railean-Plugaru, V.; Buszewski, B. Zinc oxide nanoparticles: Synthesis, antiseptic activity
and toxicity mechanism. Adv. Colloid Interface Sci. 2018, 254, 37–52. [CrossRef]

14. Sevinc, B.A.; Hanley, L. Antibacterial activity of dental composites containing zinc oxide nanoparticles. J. Biomed. Mater. Res. Part
B 2010, 94, 22–31. [CrossRef]

https://www.mdpi.com/article/10.3390/toxics10030144/s1
https://www.mdpi.com/article/10.3390/toxics10030144/s1
http://doi.org/10.1016/j.optmat.2015.12.020
http://doi.org/10.1515/rams-2018-0009
http://doi.org/10.3390/ma7042833
http://doi.org/10.1016/j.msec.2019.01.081
http://doi.org/10.1016/j.ijpharm.2013.11.035
http://doi.org/10.37358/MP.17.4.4922
http://doi.org/10.1111/php.12117
http://doi.org/10.2174/157016461102140917122838
http://doi.org/10.2174/1389450117666160401122926
http://doi.org/10.2174/1566524013666131111130058
http://doi.org/10.1016/j.cis.2018.04.006
http://doi.org/10.1002/jbm.b.31620


Toxics 2022, 10, 144 13 of 14

15. Kteeba, S.M.; El-Adawi, H.I.; El-Rayis, O.A.; El-Ghobashy, A.E.; Schuld, J.L.; Svoboda, K.R.; Guo, L. Zinc oxide nanoparticle
toxicity in embryonic zebrafish: Mitigation with different natural organic matter. Environ. Pollut. 2017, 230, 1125–1140. [CrossRef]

16. Schilling, K.; Bradford, B.; Castelli, D.; Dufour, E.; Nash, J.F.; Pape, W.; Schulte, S.; Tooley, I.; van den Bosch, J.; Schellauf, F. Human
safety review of “nano” titanium dioxide and zinc oxide. Photochem. Photobiol. Sci. 2010, 9, 495–509. [CrossRef]

17. Yang, X.; Shao, H.L.; Liu, W.R.; Gu, W.Z.; Shu, X.L.; Mo, Y.Q.; Chen, X.J.; Zhang, Q.W.; Jiang, M.Z. Endoplasmic reticulum stress
and oxidative stress are involved in ZnO nanoparticle-induced hepatotoxicity. Toxicol. Lett. 2015, 234, 40–49. [CrossRef]

18. Sharma, V.; Singh, P.; Pandey, A.K.; Dhawan, A. Induction of oxidative stress, DNA damage and apoptosis in mouse liver after
sub-acute oral exposure to zinc oxide nanoparticles. Mutat. Res. Gen. Toxicol. Environ. 2012, 745, 84–91. [CrossRef]

19. Sharma, V.; Anderson, D.; Dhawan, A. Zinc oxide nanoparticles induce oxidative DNA damage and ROS-triggered mitochondria
mediated apoptosis in human liver cells (HepG2). Apoptosis 2012, 17, 852–870. [CrossRef]

20. Huang, C.C.; Aronstam, R.S.; Chen, D.R.; Huang, Y.W. Oxidative stress, calcium homeostasis, and altered gene expression in
human lung epithelial cells exposed to ZnO nanoparticles. Toxicol. In Vitro 2010, 24, 45–55. [CrossRef] [PubMed]

21. Akhtar, M.J.; Ahamed, M.; Kumar, S.; Khan, M.A.M.; Ahmad, J.; Alrokayan, S.A. Zinc oxide nanoparticles selectively induce
apoptosis in human cancer cells through reactive oxygen species. Int. J. Nanomed. 2012, 7, 845–857. [CrossRef]

22. Xie, Y.L.; Wang, Y.Y.; Zhang, T.; Ren, G.G.; Yang, Z. Effects of nanoparticle zinc oxide on spatial cognition and synaptic plasticity
in mice with depressive-like behaviors. J. Biomed. Sci. 2012, 19, 11. [CrossRef]

23. Yu, L.P.; Fang, T.; Xiong, D.W.; Zhu, W.T.; Sima, X.F. Comparative toxicity of Nano-ZnO and bulk ZnO suspensions to zebrafish
and the effects of sedimentation, (OH)-O-center dot production and particle dissolution in distilled water. J. Environ. Monit. 2011,
13, 1975–1982. [CrossRef]

24. Xia, T.A.; Zhao, Y.; Sager, T.; George, S.; Pokhrel, S.; Li, N.; Schoenfeld, D.; Meng, H.A.; Lin, S.J.; Wang, X.; et al. Decreased
Dissolution of ZnO by Iron Doping Yields Nanoparticles with Reduced Toxicity in the Rodent Lung and Zebrafish Embryos. ACS
Nano 2011, 5, 1223–1235. [CrossRef]

25. Zhao, X.S.; Wang, S.T.; Wu, Y.; You, H.; Lv, L.N. Acute ZnO nanoparticles exposure induces developmental toxicity, oxidative
stress and DNA damage in embryo-larval zebrafish. Aquat. Toxicol. 2013, 136, 49–59. [CrossRef]

26. Hou, J.; Liu, H.Q.; Zhang, S.Y.; Liu, X.H.; Hayat, T.; Alsaedi, A.; Wang, X.K. Mechanism of toxic effects of Nano-ZnO on cell cycle
of zebrafish (Danio rerio). Chemosphere 2019, 229, 206–213. [CrossRef]

27. Hu, H.; Guo, Q.; Fan, X.; Wei, X.; Yang, D.; Zhang, B.; Liu, J.; Wu, Q.; Oh, Y.; Feng, Y.; et al. Molecular mechanisms underlying
zinc oxide nanoparticle induced insulin resistance in mice. Nanotoxicology 2020, 14, 59–76. [CrossRef] [PubMed]

28. Yu, L.; He, M.; Liu, S.; Dou, X.; Li, L.; Gu, N.; Li, B.; Liu, Z.; Wang, G.; Fan, J. Fluorescent Egg White-Based Carbon Dots as a
High-Sensitivity Iron Chelator for the Therapy of Nonalcoholic Fatty Liver Disease by Iron Overload in Zebrafish. ACS. Appl.
Mater. Inter. 2021, 13, 54677–54689. [CrossRef]

29. Aldin, K.S.; Al-Hariri, S.; Ali-Nizam, A. Effectiveness of ZnO Nano Particles against the Foodborne Microbial Pathogens E. coli
and S. aureus. Jordan J. Chem. 2020, 15, 87–94. [CrossRef]

30. Gudkov, S.V.; Burmistrov, D.E.; Serov, D.A.; Rebezov, M.B.; Semenova, A.A.; Lisitsyn, A.B. A Mini Review of Antibacterial
Properties of ZnO Nanoparticles. Front. Phys. 2021, 9, 12. [CrossRef]

31. Hayakawa, I.; Atarashi, S.; Yokohama, S.; Imamura, M.; Sakano, K.; Furukawa, M. Synthesis and antibacterial activities of
optically active ofloxacin. Antimicrob. Agents Chemother. 1986, 29, 163–164. [CrossRef]

32. Nayek, S.; Lund, A.K.; Verbeck, G.F. Inhalation exposure to silver nanoparticles induces hepatic inflammation and oxidative
stress, associated with altered renin-angiotensin system signaling, in Wistar rats. Environ. Pollut. 2022, 37, 457–467. [CrossRef]
[PubMed]

33. Huang, H.; Ruan, H.; Aw, M.Y.; Hussain, A.; Guo, L.; Gao, C.; Qian, F.; Leung, T.; Song, H.; Kimelman, D.; et al. Mypt1-mediated
spatial positioning of Bmp2-producing cells is essential for liver organogenesis. Development 2008, 135, 3209–3218. [CrossRef]
[PubMed]

34. Karamfilova, V.; Gateva, A.; Alexiev, A.; Zheleva, N.; Velikova, T.; Ivanova-Boyanova, R.; Ivanova, R.; Cherkezov, N.; Kamenov,
Z.; Mateva, L. The association between retinol-binding protein 4 and prediabetes in obese patients with nonalcoholic fatty liver
disease. Arch. Physiol. Biochem. 2022, 128, 217–222. [CrossRef]

35. Mukai, T.; Egawa, M.; Takeuchi, T.; Yamashita, H.; Kusudo, T. Silencing of FABP1 ameliorates hepatic steatosis, inflammation,
and oxidative stress in mice with nonalcoholic fatty liver disease. FEBS Open Bio 2017, 7, 1009–1016. [CrossRef]

36. Xia, T.; Kovochich, M.; Liong, M.; Madler, L.; Gilbert, B.; Shi, H.B.; Yeh, J.I.; Zink, J.I.; Nel, A.E. Comparison of the Mechanism of
Toxicity of Zinc Oxide and Cerium Oxide Nanoparticles Based on Dissolution and Oxidative Stress Properties. ACS Nano 2008, 2,
2121–2134. [CrossRef]

37. Feris, K.; Otto, C.; Tinker, J.; Wingett, D.; Punnoose, A.; Thurber, A.; Kongara, M.; Sabetian, M.; Quinn, B.; Hanna, C.; et al.
Electrostatic Interactions Affect Nanoparticle-Mediated Toxicity to Gram-Negative Bacterium Pseudomonas aeruginosa PAO1.
Langmuir 2010, 26, 4429–4436. [CrossRef] [PubMed]

38. Hou, J.; Wu, Y.Z.; Li, X.; Wei, B.B.; Li, S.G.; Wang, X.K. Toxic effects of different types of zinc oxide nanoparticles on algae, plants,
invertebrates, vertebrates and microorganisms. Chemosphere 2018, 193, 852–860. [CrossRef]

39. Erdogdu, U.; Dolgikh, N.; Laszig, S.; Särchen, V.; Meister, M.; Wanior, M.; Knapp, S.; Boedicker, C. Selective BH3 mimetics
synergize with BET inhibition to induce mitochondrial apoptosis in rhabdomyosarcoma cells. Neoplasia 2021, 24, 109–119.
[CrossRef]

http://doi.org/10.1016/j.envpol.2017.07.042
http://doi.org/10.1039/b9pp00180h
http://doi.org/10.1016/j.toxlet.2015.02.004
http://doi.org/10.1016/j.mrgentox.2011.12.009
http://doi.org/10.1007/s10495-012-0705-6
http://doi.org/10.1016/j.tiv.2009.09.007
http://www.ncbi.nlm.nih.gov/pubmed/19755143
http://doi.org/10.2147/ijn.S29129
http://doi.org/10.1186/1423-0127-19-14
http://doi.org/10.1039/c1em10197h
http://doi.org/10.1021/nn1028482
http://doi.org/10.1016/j.aquatox.2013.03.019
http://doi.org/10.1016/j.chemosphere.2019.04.217
http://doi.org/10.1080/17435390.2019.1663288
http://www.ncbi.nlm.nih.gov/pubmed/31519126
http://doi.org/10.1021/acsami.1c14674
http://doi.org/10.47014/15.2.4
http://doi.org/10.3389/fphy.2021.641481
http://doi.org/10.1128/AAC.29.1.163
http://doi.org/10.1002/tox.23412
http://www.ncbi.nlm.nih.gov/pubmed/34792841
http://doi.org/10.1242/dev.024406
http://www.ncbi.nlm.nih.gov/pubmed/18776143
http://doi.org/10.1080/13813455.2019.1673429
http://doi.org/10.1002/2211-5463.12240
http://doi.org/10.1021/nn800511k
http://doi.org/10.1021/la903491z
http://www.ncbi.nlm.nih.gov/pubmed/20000362
http://doi.org/10.1016/j.chemosphere.2017.11.077
http://doi.org/10.1016/j.neo.2021.11.012


Toxics 2022, 10, 144 14 of 14

40. Victor, P.; Umapathy, D.; George, L.; Juttada, U.; Ganesh, G.V.; Amin, K.N.; Viswanathan, V.; Ramkumar, K.M. Crosstalk between
endoplasmic reticulum stress and oxidative stress in the progression of diabetic nephropathy. Cell Stress Chaperones 2021, 26,
311–321. [CrossRef]

41. Bhuvaneshwari, M.; Iswarya, V.; Archanaa, S.; Madhu, G.M.; Kumar, G.K.S.; Nagarajan, R.; Chandrasekaran, N.; Mukherjee, A.
Cytotoxicity of ZnO NPs towards fresh water algae Scenedesmus obliquus at low exposure concentrations in UV-C, visible and
dark conditions. Aquat. Toxicol. 2015, 162, 29–38. [CrossRef] [PubMed]

42. Peng, C.; Zhang, W.; Gao, H.; Li, Y.; Tong, X.; Li, K.; Zhu, X.; Wang, Y.; Chen, Y. Behavior and Potential Impacts of Metal-Based
Engineered Nanoparticles in Aquatic Environments. Nanomaterials 2017, 7, 21. [CrossRef] [PubMed]

http://doi.org/10.1007/s12192-020-01176-z
http://doi.org/10.1016/j.aquatox.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25770694
http://doi.org/10.3390/nano7010021
http://www.ncbi.nlm.nih.gov/pubmed/28336855

	Introduction 
	Materials and Methods 
	Materials 
	Method 
	Anti-Bacterial Properties of Nano-ZnO 
	Zebrafish Rearing and Mating 
	Establishment of Inflammation Model in Zebrafish 
	Acute Toxicity Test of Nano-ZnO on Zebrafish 
	Detection of Zebrafish Cell Apoptosis 
	Gene Expression Analysis 
	Oil Red Staining 
	HE Staining, Picric Acid-Aspirate Scarlet Staining 

	Statistical Analysis and Processing of Results 

	Results and Discussion 
	Anti-Bacterial Properties of Nano-ZnO In Vivo and In Vitro 
	Hepatotoxicity of Nano-ZnO in Zebrafish 
	Molecular Mechanism of Nano-ZnO Toxicity in Zebrafish 

	Conclusions 
	References

