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ABSTRACT

Zinc oxide nanoparticles (ZnO NPs) measuring 30 = 10 nm in diameter are utilized in various applications,
including batteries, plastics, ceramics, cosmetics, flame retardants, and food. However, their potential impact
and risk on aquatic ecosystems remain unclear. This study examined the hepatotoxic effects of dietary ZnO NPs
in rare minnow. Three hundred rare minnows were fed diets containing 0 mg/kg, 20 mg/kg and 60 mg/kg of
ZnO NPs for 60 days, with hepatotoxicity assessments at 15-day intervals. The histological data showed that ZnO
NPs severely damage liver tissues, causing cytoplasmic vacuolization and irregular or missing nuclei. The
treatment groups showed a significant rise in the liver injury index (P < 0.05). Moreover, there was a notable
increase in zinc accumulation in the ZnO NPs groups compared to the control group (P < 0.05). ZnO NPs also
reduced body weight and hepato-somatic index (HSI) in rare minnows. The enzyme activity results showed
elevated levels of reactive oxygen species (ROS), total cholesterol (T-CHO), triglyceride (TG), acetyl Coa
carboxylase (ACC), and fatty acid synthase (FAS) in the ZnO NPs fed groups, while total antioxidant capacity (T-
AOC) and malondialdehyde (MDA) decreased. Further investigation found that accumulation of ZnO NPs in the
liver tissues up-regulated the levels of genes related to antioxidant (mn-sod, cat and nf-xb), pro-apoptotic (bax)
and lipogenesis (gpat3, dgatla and dgatl1b), while down-regulating genes associated with lipid catabolism (cpt1
and tpil). These findings suggest that dietary ZnO NPs cause hepatotoxicity by inducing oxidative stress through
ROS, triggering apoptosis, and inhibiting lipid peroxidation. The results indicate that ZnO NPs may pose a sig-
nificant threat to aquatic animals and ecosystems.

1. Introduction

performance, health status, and stress resistance in fish species such as
rabbitfish (Siganus rivulatus) (Sallam et al., 2020), grass carp (Cteno-

Nanoparticles (NPs) have become ubiquitous daily due to their
extensive use in healthcare, industry, and household products (Fonseca
et al., 2023; Gad et al., 2021; Stoller and Ochando-Pulido, 2020). Zinc
oxide nanoparticles (ZnO NPs), known for their absorption, antimicro-
bial, antioxidant, immunomodulatory, and growth-promoting proper-
ties, have recently been used as feed additives to enhance breeding
quality. Studies have demonstrated that ZnO NPs can improve growth
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pharyngodon idella) (Faiz et al., 2015), gilthead seabream (Sparus aurata)
(Izquierdo et al., 2017) and nile tilapia (Oreochromis niloticus)
(Mohammady et al., 2021). However, the potential toxicity and mech-
anisms of ZnO NPs as dietary supplements remain unclear.

The widespread production and use of ZnO NPs inevitably lead to
their release into the environment. Research has shown that water-phase
ZnO NPs induce nephrotoxic (Alkaladi et al., 2015), immunotoxic (Choi
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et al., 2016), and hepatotoxic (Rajkumar et al., 2022) effects in aquatic
organisms. The liver and kidneys are the main targets for ZnO NPs
accumulation, and food-phase metals can be more toxic than
water-phase metals (Chen et al., 2016, 2017; Yan et al., 2012; Zheng
et al., 2015). ZnO NPs produce oxidative stress and inhibit antioxidant
mechanisms, particularly in hepatic and kidney cells (Xiao et al., 2016;
Yao et al., 2019), and induce inflammation in the hepatic and kidney
(Almansour et al., 2019; Tang et al., 2016). In the aquatic environment,
ZnO NPs cause significant oxidative stress and organ damage in carp
(Cyprinus carpio) (Hao et al., 2013), zebrafish (Danio rerio) (Xiong et al.,
2011), and nile tilapia (Kaya et al., 2015), thus jeopardizing the health
of aquatic organisms. Moreover, ZnO NPs induce hepatic oxidative
stress, leading to alterations in antioxidant enzyme activities
(Mahjoubian et al., 2023) and the levels of apoptosis-related genes in the
liver, resulting in apoptosis and structural changes in the hepatic tissue
(Daei et al., 2023). Dietary addition of ZnO NPs also disrupts hepatic
zinc metabolism, increases lipid accumulation, and downregulates
lipolysis (Chen et al., 2022; Mawed et al., 2022).

The rare minnow (Gobiocypris rarus) is a small freshwater fish
endemic to China, known for its long reproductive cycle, rapid sexual
maturity, continuous spawning, and wide temperature tolerance (Wang
and Cao, 2017). The rare minnow, known for its high sensitivity to
pollutants, is extensively utilized in pollutant risk assessments in China.
It is a native model fish recommended by China’s national standard
(GB/T29763-2013) for monitoring environmental pollutants in water
quality. Previous studies have shown that excess zinc causes develop-
mental toxicity in rare minnow embryos (Zhu et al., 2014). However, the
hepatotoxic effects of ZnO NPs on the rare minnow have not been pre-
viously reported.

This study examined the impact of dietary ZnO NPs on hepatic lipid
metabolism, oxidative stress and apoptosis in rare minnow through
histopathology, enzyme activities, and gene and protein levels in the
liver. This research aims to enhance the understanding of the risks
associated with adding ZnO NPs to feed and elucidate the mechanisms of
hepatotoxicity induced by dietary ZnO NPs, focusing on reactive oxygen
species (ROS)-mediated activation of oxidative stress, apoptosis and
inhibition of lipid peroxidation.

2. Materials and methods
2.1. Experimental animals and culture

In this research, 300 healthy mature rare minnows (1.2 + 0.2 g per
fish, nine months old) were obtained from the National Aquatic Bio-
logical Resource Center (NABRC). These minnows were acclimated for
one week in eight-liter seamless glass tanks and no instances of mortality
were observed. Throughout both the acclimatization and experimental
periods, a consistent 12-hour light-dark photoperiod (08:00 — 20:00)
was maintained. Water quality was carefully monitored, with each six-
liter tank being refreshed twice daily to ensure optimal conditions,
including temperature (25 — 27 °C), pH (7.0 - 8.5), and dissolved oxygen
levels (7 — 9 mg/L). The minnows were provided with a basal diet twice
daily until satiety, with the ingredient composition detailed in Table S1
of the Supporting Information. All experiments received approval from
the Ethics Committee of Wuhan Polytechnic University (approval
number WPUF20221008, approval date 8 October 2022).

2.2. Experimental design

After one week of acclimatization, 300 healthy and mature rare
minnows were randomly selected for use in this experiment. Based on
the results of previous studies on sub-chronic toxicity of 7 d larvae
(Unpublish) and Shukry et al. (2022), 20 mg/kg and 60 mg/kg ZnO NPs
were used as the dose of this experiment. Generally, this experiment was
randomly assigned to three groups: the control group (basal diet +
0 mg/kg ZnO NPs), the N-20 group (basal diet + 20 mg/kg ZnO NPs),
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and the N-60 group (basal diet + 60 mg/kg ZnO NPs). Each group was
housed in 10 seamless glass tanks (n = 10 per tank). ZnO NPs at 0, 20
and 60 mg/kg were added to the feed ingredients, mixed thoroughly and
then made into 1 mm pellets using a laboratory granulator. The pellets
were air-dried at 25 °C for 24 hours and then crushed, passed through a
24-mesh sieve and stored at 4 °C. ZnO NPs (99.9 % metals basis) were
obtained from Shanghai MACKLIN Biochemical Technology Co.
(Shanghai, China). The experimental period lasted for 60 days.
Following feeding durations of 15, 30, 45, and 60 days, 25 fish from each
cohort were euthanized using a solution of 200 mg/L MS-222 (Shanghai
Adamas Reagent Co., Ltd., Shanghai, China) for body weight measure-
ment and rapid dissection for hepatic tissues. Five hepatic tissues from
each group were weighed to calculate the hepato-somatic index (HSI).
These hepatic tissues were then used for subsequent testing. Feeding was
suspended 12 hours before sampling. During the acclimatization and
experimental periods, water quality parameters were consistently
maintained at a temperature of 25.8 + 0.95 °C, a pH level of 8.32 +
0.21, and a dissolved oxygen concentration of 8.29 + 0.52 mg/L. The
nutritional composition of the feeds for each experimental group is
presented in Table 1. The crude protein, ether extract, ash and moisture
in the experimental diet were analyzed in accordance with standards
GB/T 6435-2014, GB/T 6432-2018, GB/T 6433-2006, and GB/T
6438-2007, respectively.

2.3. Analyses of Zn content in hepatic tissues of rare minnow and
experimental diets

The zinc concentration in the liver of the rare minnow was deter-
mined utilizing inductively coupled plasma mass spectrometry (ICP-MS)
(PerkinElmer NexION 300X; Pekin Elmer, Waltham, MA, USA). One
liver sample of rare minnow and 0.05 g feed ration from each group
were digested separately in a microwave digestion system with 200 pL of
HNOj3 and incubated at 65 °C for 24 hours. Liver and feed samples were
analyzed in three replicates (n = 3). Following the digestion process, the
addition of 9.8 mL of deionized water achieved a final volume of 10 mL,
resulting in a 2 % concentration of HNOs. Subsequently, the samples
underwent analysis utilizing HPLC-ICP-MS. The detection limit was
0.01 pg/g dry weight, with recoveries ranging from 96 % to 98 %. Zinc
concentration in the liver was expressed as pg/g dry weight. The results
were reported as the average values accompanied by their respective
standard deviations (SD).

2.4. Assessment of hepatic injury

Paraformaldehyde-fixed hepatic samples were paraffin-embedded to
visualize hepatic damage and stained with hematoxylin and eosin
(H&E). Each group consisted of three liver tissue samples that were
dissected and then fixed in paraformaldehyde at 4 °C for 24 hours. After
fixation, the liver samples were graded, dehydrated in an ethanol series,
and embedded in paraffin following standard histological procedures.
Thick Section (5 um) were cut from the paraffin blocks using a rotary
microtome and stained with H&E. The sections were examined utilizing

Table 1

Nutritional levels in the diets of experimental groups fed with rare minnow basal
diet + 0 mg/kg ZnO NPs (The control group), basal diet + 20 mg/kg ZnO NPs
(The N-20 group), and basal diet + 60 mg/kg ZnO NPs (The N-60 group) (%, dry
weight basis).

Items Measured Content (%, dry weight basis)

The control group The N-20 group The N-60 group

Crude protein 39.96 + 0.46 39.24 £ 0.47 39.30 + 0.49
Ether extract 6.08 + 0.17 7.00 + 0.72 7.21 £ 0.32
Ash 6.348 £ 0.73 6.94 + 0.09 6.66 + 0.47
Moisture 8.85+ 0.11 8.43 £ 0.38 8.39 £ 0.11

Data are measured as mean =+ standard deviation.
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an Olympus CX33 light microscope (Olympus Corporation, Tokyo,
Japan) equipped with a camera. The staining of the sections was per-
formed by Wuhan Service Bio Technology Co., Ltd (Wuhan, China).

To compare the degree of hepatic tissue injury caused by ZnO NPs,
the liver injury status index (I) was estimated according to the weighted
index method proposed by Bernet et al. (1999) for fish with modifica-
tions. All experiments were analyzed in three replicates. This method
accounts for the biological significance (weights) of each observed
alteration and its degree of spread (score). Weight values ranged be-
tween 1 and 3 (most severe), and scores ranged from 0 (no featur-
es/alterations observed) to 6 (diffuse). The liver injury status index was
calculated using the following formula:

J
h=>_w an

where I is the liver injury status index for the individual h; w; is the
weight of the jth liver injury status alteration and aj, the score attributed
to the hth individual for the jth alteration.

2.5. Hepatic lipid profile

One liver sample from each group was homogenized with 0.45 mL of
hypothermic PBS at a milling frequency of 60.00 Hz, a milling run time
of 30 seconds, a milling interruption of 10 seconds, and two milling runs
at a milling run temperature of 4°C (n = 3 replicates per group, 1 liver
sample per replicate). The homogenates were centrifuged at 3500 rpm
at 4 °C for 15 minutes to obtain a 10 % hepatic tissue supernatant.
Protein levels were examined utilizing the BCA protein assay kit
(Nanjing Jiancheng, Nanjing, China). The hepatic lipid profile was
assessed utilizing 10 % liver tissue homogenate. Total cholesterol (T-
CHO), triglyceride (TG), lipoprotein lipase (LPL), and hepatic lipase
(HL) levels were detected using kits from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China). Enzyme-linked immunosorbent assay
(ELISA) Kkits for fish acetyl CoA carboxylase (ACC) and fatty acid syn-
thase (FAS) were obtained from Jiangsu Meimian Industrial Co., Ltd
(Jiangsu, China). The ACC and FAS levels were quantified following the
manufacturer’s guidelines.

2.6. Detection of reactive oxygen species (ROS) in hepatic of rare minnow

ROS was analyzed through fluorescence intensity quantification to
observe liver oxidative stress levels. One liver sample from each group
was rinsed in pre-cooled PBS, and 2 mL of 0.25 % trypsin was added to
digest for 5 minutes at 37 °C (n = 3 replicates per group, 1 liver sample
per replicate). The cells were collected by filtering through an 80-mesh
cell sieve to remove tissue clumps. The cells were labeled with a 2,7-
dichlorpfuorescin diacetate (DCFH-DA) probe, incubated for 1 hour at
37 °C, and then centrifuged at 941 rpm for 5 minutes to collect the cell
precipitate. The cells were resuspended in PBS and analyzed for ROS
levels at an excitation wavelength of 488 nm and an emission wave-
length of 525 nm. ROS levels were detected using a kit produced by
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

2.7. Determination of antioxidant capacity

Two randomly selected liver samples from each group were ho-
mogenized in a mixture of 0.9 mL of low-temperature PBS, with a
milling frequency of 60.00 Hz, a milling run time of 30 seconds, a
milling interruption of 10 seconds, two milling runs, and a milling run
temperature of 4 °C (n = 3 replicates per group, 2 liver samples per
replicate). The homogenates were centrifuged at 3500 rpm at 4 °C for
15 minutes to obtain a 10 % hepatic tissue supernatant. Protein content
was determined using the BCA protein assay kit (Nanjing Jiancheng,
Nanjing, China). Hepatic antioxidant status-related indicators, such as
total antioxidant capacity (T-AOC), catalase (CAT), total superoxide
dismutase (T-SOD), glutathione peroxidase (GSH-PX) and
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malondialdehyde (MDA), were determined according to Zhang et al.
(2024) and Liu et al. (2023) and were measured and calculated ac-
cording to the kit procedures from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China).

The activity of T-AOC was determined by the colorimetry method.
The T-AOC unit in tissue was defined as per milligram of tissue protein
per minute increased the absorbance (OD) value of the reaction system
at 37 °C for 0.01 as 1 unit of T-AOC activity (U/mgprot). The activity of
CAT was determined by the ammonium molybdate method. The CAT
unit in tissue was defined as per milligram of tissue protein broken down
1 pmol of HyO5 per second as 1 unit of enzyme activity (U/mgprot). The
activity of T-SOD was determined by the water-soluble tetrazolium salt-
1 (WST-1) method. The T-SOD unit in tissue was defined as when the T-
SOD inhibition rate per milligram of tissue protein reached 50 % in a
reaction solution volume of 1 mL, the corresponding T-SOD amount was
1 unit of T-SOD activity (U/mgprot). The activity of GSH-PX was
determined by the colorimetry method. The GSH-PX unit in tissue was
defined as per milligram of tissue protein per minute reduced the con-
centration of GSH in the reaction system by 1 pmol/L at 37 °C as 1 unit of
enzyme activity (U/mgprot). The content of MDA (nmol / mgprot) was
determined by the thiobarbituric acid (TBA) method.

2.8. Quantitative real-time PCR (qRT-PCR) analysis

Total RNA was isolated from the liver samples of rare minnows (n =
3 replicates per group, 1 liver sample per replicate). Following the
method of Rio et al. (2010), homogenization was performed in 5 mL of
Trizol reagent (Invitrogen, Carlsbad, CA, USA), followed by RNA
extraction. The quality of the extracted RNA was assessed by measuring
optical density at 260 and 280 nm utilizing spectrophotometry (Thermo
Fisher Scientific, Waltham, MA, USA). Subsequently, 1 pg of total RNA
was reverse-transcribed into cDNA utilizing Moloney murine leukemia
virus (M-MLV) reverse transcriptase (Yudhi et al., 2024) (Sangon
Biotech, Shanghai, China) and oligo d(T) primers, resulting in a final
reaction volume of 20 pL. The synthesized cDNAs were stored at - 20 °C
for RT-PCR analysis.

RT-PCR analysis was carried out utilizing a SYBR Green PCR master
mix (Bimake, Houston, TX, USA) on a fluorescence quantitative PCR
instrument from Bio-Rad (California, USA). Each reaction mixture
consisted of 10 pL. SYBR Green PCR master mix, 7 pL nuclease-free
water, 2 pL cDNA (100 ng), and 0.5 pL of each primer. The PCR proto-
col included an initial denaturation at 95 °C for 5 minutes, followed by
40 cycles of denaturation at 95 °C for 10 seconds, annealing at 60 °C for
10 seconds, and extension at 72 °C for 30 seconds. A subsequent disso-
ciation curve analysis was performed to verify single-product amplifi-
cation at the completion of each PCR run. All reactions were run in
triplicate. The reference gene p-actin was employed as an internal con-
trol to normalize the expression levels of the target genes, which were
evaluated using the comparative threshold cycle method (LA
method). Detailed primer sequences for the RT-PCR analysis can be
found in Table S2 of the Supporting Information.

2.9. Western blot (WB) analysis

Liver samples from each group (n = 3 replicates per group, 1 liver
sample per replicate) were utilized for protein extraction. Hepatic pro-
tein was extracted utilizing ice-cold RIPA lysis buffer containing 1 %
triton X-100, 1 % sodium deoxycholate, 0.1 % SDS, and protease in-
hibitors (CWBIO, Beijing, China). Protein concentration was examined
through the BCA method. Proteins (30 pg) were separated by 10 % SDS-
PAGE and transferred to polyvinylidene fluoride membranes (Millipore,
Billerica, USA). Membranes were probed with rabbit anti-Nrf2, anti-P53,
and anti-Srebp-1 (all 1:1000, Wanlei, China), and mouse anti-p-actin
(1:2000, Guanxing Yun Sci&Tech Co., Beijing, China). Anti-p-actin
served as the loading control. The blots were probed with horseradish
peroxidase-conjugated secondary antibodies (anti-rabbit 1:1500, anti-
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mouse 1:3000, Beyotime, Jiangsu, China). Immunoreactive bands were
visualized using ECL reagents (Advansta, California, USA) and analyzed
with a ChemiDoc XRS+ imaging system (Bio-Rad, California, USA) and
ImageJ 1.48 software.

2.10. Statistical analyses

Statistical analyses were conducted utilizing SPSS version 19.0 (IBM,
Armonk, NY, USA). The normality and homogeneity of variance were
evaluated using the Kolmogorov-Smirnov and Levene tests, respectively.
Upon the fulfillment of the normality and homogeneity assumptions, the
data were analyzed using one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s HSD post hoc test for multiple comparisons. Data
significance was determined at P < 0.05. The results were reported as
mean + SD. Graphs were generated utilizing GraphPad Prism version
7.0 (GraphPad Software Inc., La Jolla, USA).

3. Results
3.1. Effects of ZnO NPs on body weight and HSI

Dietary supplementation with ZnO NPs reduced body weight in rare
minnow (Fig. 1a). At 60 d, the weight of fish in the control group was 1.2
+ 0.04 g, while the weight of fish in N-20 and N-60 groups was signif-
icantly reduced to 0.93 + 0.01 g and 0.88 + 0.07 g (P < 0.05). Simi-
larly, dietary supplementation of ZnO NPs reduced the HSI of rare
minnow (Fig. 1b). At 60 d, the HSI of fish in the control group was
1.61 % =+ 0.12 % whereas the HSI of fish in the N-20 and N-60 groups
was significantly lower at 1.06 % + 0.16 % and 1.11 % £ 0.12 % (P <
0.05).

3.2. Effect of ZnO NPs on Zn content in the hepatic tissues and
experimental group feed

Dietary supplementation with ZnO NPs altered Zn contents in the
hepatic tissues of rare minnow. The Zn contents in control fish ranged
from 38.54 pg/g to 39.21 pg/g. In the ZnO NPs-fed groups, Zn content
significantly increased compared to control levels (P < 0.05, Table 2).

3.3. Effects of ZnO NPs on hepatic histological indices

Control fish exhibited normal hepatocyte structure, characterized by
large nuclei, stained dark blue-purple, centrally located in hepatocytes,
fewer and visible hepatic blood sinusoids, and clear red blood cells in
microvessels (Figs. 2a, 2d, 2g and 2j). However, N-20 and N-60 groups
showed pathological features, including severe vacuolization of hepa-
tocytes, loss of hepatocyte shape, swelling of hepatocytes, and
displacement of nuclei in some cells (Figs. 2b-c, 2e-f, 2h-i and 2k-1). The
liver injury status index exhibited a significant increase in the treatment
groups (P < 0.05, Table 3).

(a)
1.4
-*- control
1.2 -# N-20
-+ N-60

Weight (g)
S
1

Time (day)
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Table 2

Zn content in the hepatic tissues of rare minnow after dietary supplement with
basal diet + 0 mg/kg ZnO NP (Control group), basal diet + 20 mg/kg ZnO NPs
(N-20 group) and basal diet + 60 mg/kg ZnO NPs (N-60 group) for 15d, 30 d, 45
d and 60 d, including actual measurements of Zn content in the diets of each
treatment group.

samples The concentration of ZnO NPs (pg/g dry weight)
Control group N-20 group N-60 group
hepatic tissues 15d 38.54 £ 0.92°  46.43 +3.08°  51.93 + 4.27°
30d 39.53 £1.67°  49.10 + 3.35" 53.22 + 2.11°
45d 40.17 £0.83°  50.90 + 2.25" 52.57 + 2.08°
60 d 39.21 £1.61°  52.11 + 3.07° 55.43 + 2.24°
experimental group feed 66.62 + 1.46% 78.39 + 1.78° 84.89 + 1.48°

Different letters in the same column indicate significant differences (P < 0.05).
Values are measured as mean =+ standard deviation.

3.4. Effects of ZnO NPs on hepatic lipid profile in rare minnow

Dietary supplement with ZnO NPs increased T-CHO and TG levels in
hepatic tissues overall, with significantly differences in T-CHO levels at
feeding for 15 and 45 days (P < 0.05, Fig. 3a). Except for the N-60 group
at 15 days and the N-20 group at 45 days, TG contents generally elevated
in ZnO NPs-treated groups than in the control levels (P > 0.05, Fig. 3b).
For LPL, dietary ZnO NPs at 20 mg/kg and 60 mg/kg significantly
inhibited its activity at 15 and 30 days (P < 0.05), but significantly
improved it at 45 and 60 days (P < 0.05, Fig. 3c). For HL, dietary ZnO
NPs significantly altered its activity in hepatic tissues (P < 0.05, Fig. 3d).
However, the opposite trend was observed in the 60 mg/kg ZnO NPs-
treated group, showing a decrease followed by a significant increase
(P > 0.05, Fig. 3e). After ZnO NPs feeding, FAS content in liver tissues
initially decreased significantly and then slowly increased (P < 0.05,
Fig. 3f). In ACC research, the activity of hepatic tissues showed an initial
increase after dietary supplementation with 20 mg/kg of ZnO NPs
within the first 30 days, followed by a subsequent decline There was no
statistically significant distinction detected between the treatment group
and the control group (P > 0.05, Fig. 3e). In contrast, a different pattern
was observed in the group treated with 60 mg/kg of ZnO NPs. Specif-
ically, the ACC content significantly rose after 60 days of treatment (P <
0.05, Fig. 3e). FAS content in hepatic tissues initially reduced and then
increased, with higher levels found in the hepatic tissues of rare minnow
fed ZnO NPs for 60 days (P < 0.05, Fig. 3f).

3.5. Effects of ZnO NPs on antioxidant enzyme in rare minnow hepatic
tissues

Dietary supplementation with 20 mg/kg ZnO NPs for 15, 45 and 60
days significantly increased ROS production in the hepatic tissues (P <
0.05, Fig. 4a). However, a notable decrease in ROS levels was observed
in the group supplemented for 60 days (P < 0.05, Fig. 4a). Compared to
control levels, T-SOD and CAT activities generally increased in the ZnO

(b)
2.5
-o- control
2.0' - N_zo
-+ N-60

Hepato-somatic index (HSI, %)
n
1

Time (day)

Fig. 1. Body weight and hepato-somatic index (HSI) of rare minnow after dietary supplement of 0 mg/kg, 20 mg/kg and 60 mg/kg ZnO NPs for 15 d, 30 d, 45 d and

60 d (n = 3). (a) Weights of rare minnow. (b) HSI of rare minnow.
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Fig. 2. Hepatic tissues of rare minnow after dietary supplement of 0 mg/kg, 20 mg/kg and 60 mg/kg ZnO NPs (n = 3). (a, d, g, j) Normal hepatic tissues (fed with the
control diet for 15 d,30 d,45 d and 60 d, respectively). (b, e, h, k) Hepatic tissues of 20 mg/kg ZnO NPs-fed group (fed with the N-20 diet for 15 d,30 d, 45 d and 60 d,
respectively). (c, f, i, 1) Hepatic tissues of 60 mg/kg ZnO NPs-fed group (fed with the N-20 diet for 15 d, 30 d, 45 d and 60 d, respectively). p = hepatocyte

vacuolization; v = absence of nucleus.

Table 3
The liver injury status index of rare minnow supplemented with 0 mg/kg,
20 mg/kg and 60 mg/kg ZnO NPs in diets for 15 d, 30 d, 45 d and 60 d.

Feeding days (d) I
Control group N-20 group N-60 group
15 4.67 + 0.47% 13.67 + 0.47° 17.67 + 0.47¢
30 6.00 + 0.82% 15.00 =+ 0.82° 18.33 + 0.94¢
45 5.33 + 0.47° 17.67 + 0.47° 18.00 + 0.82°
60 5.67 £ 0.47% 17.33 + 0.47° 19.67 + 0.47¢

Weight values ranged between 1 and 3 (most severe), and scores ranged from
0 (no features/alterations observed) to 6 (diffuse). w = 1: intercellular oedema
and structural alterations, w =2: nuclear alterations and atrophy, w =3: necrosis
and vacuolar degeneration. Different letters in the same column indicate sig-
nificant differences (P < 0.05). Values are measured as mean =+ standard
deviation.

NPs-fed groups (Figs. 4b and 4c). Specifically, CAT activity significantly
decreased in the N-60 group at 15 days (P < 0.05), and both T-SOD and
CAT activities decreased in the N-20 group at 45 days. In the treated

groups, T-AOC activities exhibited a general suppression when
compared to those in the control group. GSH-PX activity in the N-20
group exhibited a pattern of activation-inhibition-activation-inhibition.
The N-60 group showed activation-inhibition-activation, with signifi-
cant inhibition at 14 days and significant activation at other times
(Fig. 4e). Compared to the control group, MDA content was generally
suppressed in the treated groups. However, MDA activity in the N-20
group significantly increased to 2.73 + 0.07 nmol/mg at 30 days
(Fig. 4f).

3.6. Effects of ZnO NPs on antioxidant response in rare minnow hepatic
tissues

To further explore the potential mechanism of oxidative stress
induced by dietary ZnO NPs, the levels of antioxidant defense-related
genes was examined in the hepatic tissues of rare minnow. Nrf2 pro-
tein expression in rare minnow hepatic tissues was significantly altered
in response to dietary ZnO NPs (P < 0.05, Figs. 5a and 5b). Specifically,
supplementation of hepatic tissues with 20 mg/kg ZnO NPs initially led
to an increase in Nrf2 protein expression, followed by a significant
reduction (P < 0.05). In the N-60 group, Nrf2 protein levels increased at
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Fig. 3. Hepatic lipid metabolism of rare minnow after dietary supplement of 0 mg/kg (Control group), 20 mg/kg (N-20 group) and 60 mg/kg ZnO NPs (N-60 group)
for 15d, 30 d, 45 d and 60 d (n = 3). (a) Total cholesterol (T-CHO) content. (b) Triglyceride (TG) content. (c¢) Lipoprotein lipase (LPL) activity. (d) Hepatic lipase (HL)
activity. (e) Acetyl CoA carboxylase (ACC) content. (f) Fatty acid synthase (FAS) content. Data are represented as mean =+ standard deviation. Different letters
indicate a statistically significant difference in the treated group compared to the control group (P < 0.05).

first, then decreased, and elevated significantly at 60 days (P < 0.05).
The relative expression of nrf2 in the hepatic tissues of rare minnow fed
with 20 mg/kg ZnO NPs for 30 and 45 days was significantly lower than
those fed the control diet (P < 0.05, Fig. 5e), but higher relative
expression levels were found at 60 days (P < 0.05, Fig. 5e). Dietary
supplement of ZnO NPs in rare minnow activated the antioxidant de-
fense response in its hepatic tissues (Fig. 5¢). The mRNA expression of
mn-sod, gclc, gpx1, cat, and nf-xb were all significantly up-regulated in
the N-60 group at 15 days. The mRNA expression of mn-sod in the ZnO
NPs-treated group was upregulated. The mRNA levels of the Nrf2
signaling pathway positively correlated with the mRNA levels of mn-sod,
gcle, gpx1, and cat in response to ZnO NPs (Fig. 5d).

3.7. Effects of ZnO NPs on apoptosis response in rare minnow hepatic
tissues

To explore the potential mechanism of apoptosis induced by ZnO
NPs, the levels of apoptosis-related genes in the liver tissues of rare
minnow was examined. P53, a crucial regulator of apoptosis, signifi-
cantly contributes to mediating the apoptosis pathway. Dietary supple-
mentation with ZnO NPs significantly altered P53 protein expression in
liver tissues (Figs. 6a and 6b). Specifically, P53 protein expression in the
N-20 group was significantly reduced, except for a significant increase at
30 days of feeding (P < 0.05). In the N-60 group, P53 protein levels
initially decreased significantly, then increased significantly, and finally
decreased (P < 0.05). The relative levels of p53 in hepatic tissues of rare
minnows fed 20 mg/kg ZnO NPs for 15, 30, and 45 days was signifi-
cantly higher than control levels but significantly lower at 60 days. In
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Fig. 4. Hepatic oxidative activities of rare minnow after dietary supplement of 0 mg/kg (Control group), 20 mg/kg (N-20 group) and 60 mg/kg ZnO NPs (N-60
group) for 15 d, 30 d, 45 d and 60 d (n = 3). (a) Reactive oxygen species (ROS) production. (b) Total superoxide dismutase (T-SOD) activity. (c) Catalase (CAT)
activity. (d) Total antioxidant capacity (T-AOC) activity. (e) Glutathione peroxidase (GSH-PX) activity. (f) Malondialdehyde (MDA) content. Data are represented as
mean =+ standard deviation. Different letters indicate a statistically significant difference in the treated group compared to the control group (P < 0.05).

the N-60 group, p53 gene expression was significantly downregulated
except at 30 days (P < 0.05, Fig. 6e). ZnO NPs ingestion activated the
apoptotic response in liver tissues of rare minnow (Fig. 6¢). The mRNA
expression of casp3, casp8, casp9, bcl2, and bax was significantly up-
regulated in the N-20 group at 30 days. The mRNA expression of bax
was up-regulated in the ZnO NPs-treated group. The mRNA levels of p53
signaling pathway were significantly and positively correlated with the
mRNA levels of casp3, casp8, casp9 and bcl2 (P < 0.05, Fig. 6d).

3.8. Effects of ZnO NPs on lipid metabolism response in rare minnow
hepatic tissues

To explore the potential mechanism of ZnO NPs-induced lipid
metabolism changes, the expression of lipid metabolism-related genes in
the liver tissues of rare minnow was examined. Srebpl protein

expression in liver tissues was significantly altered by dietary ZnO NPs
(Figs. 7a and 7b). Specifically, Srebpl protein in the N-20 group
significantly increased at 15 and 45 days of feeding (P < 0.05) and
slightly decreased at 30 and 60 days of feeding (P < 0.05). In the N-60
group, Srebpl protein initially elevated and then significantly decreased
(P < 0.05). The relative expression of srebpl in the N-20 group was
initially upregulated and then downregulated after 30 days. In the N-60
group, srebpl mRNA levels were significantly upregulated initially and
then significantly downregulated after 45 days (P < 0.05, Fig. 7e). ZnO
NPs ingestion activated and then inhibited the lipid metabolic response
in the liver tissue (Fig. 7c). The mRNA expression of tpil, pgkl, dgatla,
dgatlb, acaca, acach, fasn, gpatl and gpat3 was significantly down-
regulated in the N-20 group at 30 days. In response to ZnO NPs, the
mRNA levels of the srebpl signaling pathway demonstrated a notable
positive correlation with the mRNA levels of tpil, dgat1a, fasn, and gpat3
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downstream genes (* P < 0.05, ** P < 0.01, *** P < 0.001). (e) Relative mRNA level of nrf2. Data are represented as mean =+ standard deviation. Different letters
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(P < 0.05, Fig. 7d).
4. Discussion

In this study, rare minnows that were exposed to 20 mg/kg and
60 mg/kg ZnO NPs for 60 days exhibited a reduction in body weight.
The HSI values were measured at 1.06 & 0.16 % and 1.11 &+ 0.12 %,
respectively, which were significantly lower compared to the control
group. These findings are consistent with those reported by Pourmor-
adkhani et al. (2023) and Rajkumar et al. (2022). ZnO NPs may compete
with other nutrients in the gut and reduce their absorption
(Moreno-Olivas et al., 2019), thus affecting fish growth and body
weight. The toxic effects of ZnO NPs may lead to a decrease in the ac-
tivity level of fish (De Souza et al., 2018), affecting their predatory and
feeding behavior and thus body weight. Generally, ZnO NPs are absor-
bed primarily as zinc and partially as particles, increasing zinc content in
hepatic tissues (Fujihara and Nishimoto, 2023). Thus, the decreased HSI
and weight loss in rare minnows may be due to the elevated zinc content
caused by dietary ZnO NPs, which can increase lipid accumulation and
down-regulate lipolysis, as evidenced by the deepening of hepatic color
and weight loss in rare minnow.

In rare minnow, dietary supplementation with ZnO NPs caused he-
patic injury, including extensive cytoplasmic vacuolization, focal ne-
crosis, and irregular or absent nuclei in hepatic tissues. Similar
phenomena were observed in gilthead seabream (Sparus aurata)
(Izquierdo et al., 2017) and nile tilapia (Mohammady et al., 2021).
Similar to the findings of Zhuo et al. (2024) and Farag et al. (2023), this
study also found significantly elevated ROS production in liver tissue.
ZnO NPs in organisms can release zinc ions, elevating ROS production
(Bordin et al., 2024; Chong et al., 2021). ZnO NPs stand as among the
most significant metal oxide nanoparticles in trigger the formation of
ROS and induce apoptosis (Mishra et al., 2017). ROS are oxidizing free
radicals produced by mitochondria during metabolic processes, and
their excessive presence in tissues induces oxidative stress, promoting
apoptosis and exacerbating liver injury (Li et al., 2023). Excessive pro-
duction of ROS can lead to liver lesions such as hepatitis and fatty liver,
further exacerbating liver damage and malfunctions. Thus, the hepatic
injury in rare minnow caused by dietary ZnO NPs supplementation
might be attributed to extensive ROS production.

Oxidative stress, resulting from the imbalance between ROS gener-
ation and detoxification, is crucial in determining cell fate. In response
to excess ROS, apoptotic signaling pathways are activated to promote
normal cell death (Sajadimajd and Khazaei, 2018). The heightened
reactivity and enhanced cellular uptake of ZnO NPs can result in toxicity
at high concentrations (Ma et al., 2013). ZnO NPs induce oxidative stress
and elevate ROS formation, leading to the loss of mitochondrial mem-
brane potential, lysosomal activity, nuclear cohesion, and ultimately
apoptosis (Reshma and Mohanan, 2017). Similar to the findings of Chen
et al. (2022), ZnO NPs up-regulated the expression of nrf2 genes and
proteins, and the expression of genes related to antioxidant (mn-sod, cat
and nf-kb) in rare minnow liver further indicated that dietary supple-
ments with ZnO NPs could cause oxidative stress, resulting in hepatic
injury. Under oxidative stress, cells activate antioxidant responses to
neutralize ROS (Poljsak et al., 2013). Nrf2 is a key transcription factor
that responds to oxidative stress (Ma, 2013) by regulating the expression
of antioxidant enzyme genes, such as mn-sod and cat. The up-regulation
of nrf2 suggests that the cell is attempting to resist oxidative stress, but
excessive oxidative stress may be more than the antioxidant system is
able to handle.

Excessive ROS may disrupt the mitochondrial membrane and affect
mitochondrial function, including ATP production and cellular energy
supply (Nolfi-Donegan et al., 2020). Impaired mitochondrial function
may also release pro-apoptotic factors, further exacerbating apoptosis.
P53 is a key player in mitochondria-mediated apoptotic cell death,
promoting the levels of various pro-apoptotic genes and inducing cell
growth arrest or apoptosis (Nayak et al.,, 2009). Through the
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upregulation of pro-apoptotic proteins Bax and Bak, P53 protein inhibits
Bcl-2 activity to facilitate apoptosis. P53 activates the apoptotic
pathway by affecting the integrity of the mitochondrial membrane and
releasing pro-apoptotic factors (e.g. cytochrome C) (Li et al., 1999; Wolff
et al., 2008). The mitochondria-mediated apoptotic mechanism is
essential for the removal of damaged cells, but if over-activated, it may
result in the death of a large number of healthy cells and compromise
liver function. Sustained apoptosis can lead to loss of hepatocytes,
activating hepatic stellate cells and contributing to liver fibrosis
(Chakraborty et al., 2012; Wiering et al., 2023). Fibrosis alters the
structure and function of the liver, which in turn leads to cirrhosis and
severe liver disease. Notably, changes in mRNA expression of some
genes did not always coincide with changes in protein expression, a
phenomenon observed in other studies (Chen et al., 2022). Parallel
changes in mRNA levels did not always accompany the protein levels in
response to dietary ZnO NPs. This discrepancy can be attributed to the
influence of mRNA and protein stability, including transcriptional
and/or post-translational modifications (Rigault et al., 2013). Thus,
hepatic injury in rare minnows caused by dietary ZnO NPs supplemen-
tation may be related to ROS-mediated oxidative stress and apoptosis.

Lipid metabolism is essential for producing energy and regulating
various physiological, reproductive, and developmental processes (Dong
et al., 2016). Lipid accumulation in tissues results from the balance
between synthesis and degradation, which is controlled by enzyme ac-
tivity and gene expression. In our study, dietary supplementation with
ZnO NPs in rare minnow induced hepatic lipid peroxidation, as evi-
denced by the up-regulation of adipogenesis genes such as gpat3, dgatla,
and dgatlb mRNA, and down-regulation of cptl, tpil mRNA, along with
increased T-CHO and TG content and ACC and FAS enzyme activities.
The findings suggest that ZnO NPs can lead to liver injury in rare
minnow. For adipogenesis, FAS plays a crucial role in fatty acid
biosynthesis by catalyzing the final step of the process, while ACC, as the
rate-limiting enzyme, regulates fatty acid synthesis in invertebrates
(Lopes et al., 2021; Thampy et al., 2000). Additionally, there appears to
be a synergistic interaction between FAS and ACC (Toussant et al.,
1981). FAS catalyzes fatty acid synthesis using acetyl coenzyme A and
malonyl coenzyme A, which ultimately synthesizes TG (Lutfi et al.,
2018). Changes in TC and TG levels and ACC and FAS enzyme contents
in this experiment were similar to those of Lee et al. (2014) and Chen
et al. (2021) suggesting that dietary ZnO NPs have a lipid-accumulating
effect on the liver of the rare minnow. Fatty acids undergo degradation
via p-oxidation, with CPT1 serving as the rate-limiting enzyme in this
process within the mitochondria (McClelland, 2004). Increased CPT1
activity is associated with enhanced hepatopancreatic fat metabolism.
Moreover, srebp promoted the concentrations of lipid synthesis genes
and inhibited lipid catabolism genes, increasing fatty acid synthesis in
the liver. This study showed that dietary ZnO NPs decreased cpt] mRNA
but increased srebp mRNA. A similar phenomenon was also found in the
study by He et al. (2022). Oxidative stress triggers lipid peroxidation,
leading to the breakage and denaturation of fatty acid chains, thereby
interfering with lipid synthesis and metabolism (Ayala et al., 2014). This
lipid damage contributes to the accumulation of abnormal lipids in he-
patocytes. Oxidative stress and cellular damage induced by ZnO NPs
may interfere with the overall metabolic processes within the cell,
including lipid synthesis, transport and catabolism. This interference
allows an imbalance in normal lipid metabolism, which increases lipid
accumulation in the liver. The inhibition of fatty acid metabolism and
the activation of fatty acid synthesis and steatosis caused lipid accu-
mulation in liver tissues, leading to hepatic injury in ZnO NPs-fed rare
minnow. Therefore, it is speculated that hepatic lipid deposition is
closely related to lipid peroxidation.

5. Conclusion

The current research indicated that dietary ZnO NPs caused hepa-
totoxicity in rare minnows through ROS-mediated activation of
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oxidative stress, activation of apoptosis, and inhibition of lipid peroxi-
dation. In addition, rare minnow treated with ZnO NPs showed a
decrease in body weight and HSI, and caused liver damage. Accumula-
tion of ZnO NPs in the liver led to elevated levels of ROS, T-SOD, T-CHO
and TG. Accumulation of ZnO NPs in liver tissues up-regulated the levels
of genes related to antioxidant, pro-apoptotic and lipogenesis, while
down-regulating genes associated with lipid catabolism.
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