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Abstract

This experiment aimed to evaluate the beneficial and toxic properties of synthetic zinc oxide nanoparticles (ZnO NPs) on the
liver of normal and high-fat diet (HFD) fed-rats. The ZnO NPs were synthesized and, its characterizations were determined
by different techniques. Effect of ZnO NP on cell viability, liver enzymes and lipid accumulation were measured in HepG2
cells after 24 h. After that, rats orally received various dosages of ZnO NPs for period of 4 weeks. Toxicity tests were done
to determine the appropriate dose. In the subsequent step, the hepatoprotective effects of 5 mg/kg ZnO NPs were determined
in HFD-fed rats (experiment 2). The oxidative stress, NLRP3 inflammasome, inflammatory, and apoptosis pathways were
measured. Additionally, the activity of caspase 3, nitric oxide levels, antioxidant capacity, and various biochemical factors
were measured. Morphological changes in the rat livers were also evaluated by hematoxylin and eosin (H & E) and Masson
trichrome. Liver apoptosis rate was also approved by terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
assay. Treatment of animals with 5 mg/ZnO NPs revealed potential hepatoprotective properties, while ZnO NPs at the doses
of above 10 mg/kg showed toxic effects. Antioxidant enzyme gene expression and activity were significantly augmented,
while apoptosis, NLRP3 inflammasome, and inflammation pathways were significantly reduced by 5 mg/kg ZnO NPs. Liver
histopathological alterations were restored by 5 mg/kg ZnO NPs in HFD. Our study highlights the hepatoprotective effects
of ZnO NPs against the HFD-induced liver damage, involving antioxidant, anti-inflammatory, and anti-apoptotic pathways,
indicating their promising therapeutic potential.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is known as a
predominant form of chronic liver disorders throughout the
D Ebrahim Abbasi world [1], affecting approximately 24% of the worldwide
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pathways, such as tumor necrosis factor-a (TNF-a), induc-
ible nitric oxide synthase (iNOS), and NLR family pyrin
domain containing 3 (NLRP3) inflammasome, is associ-
ated with the pathogenesis of NAFLD [5]. The activation of
inflammasomes leads to caspase-1 activation and interleukin
1 beta (IL-1p) secretion. High levels of IL-1p have been
reported in animal models of NASH, induced by HFD [3].
Furthermore, in the IL-1p knockout animal model, there was
a significant decrease in liver damage, a reduced progression
from simple steatosis to NASH, and lowered liver fibrosis in
HFD-induced NASH model [3, 5]. Recently, the importance
of these pathways in the context of metabolic syndrome and
different type of liver disorders, especially NASH, is receiv-
ing much attention [5]. At present, no approved medicines
are available for the treatment of NAFLD.

During the last decade, antioxidant agents, such as vita-
mins E and C, resveratrol, and eugenol, have garnered
increasing interest as potential therapeutic option for the
occurrence of NAFLD. Nevertheless, many well-recognized
substances have not been used in clinical trials for treatment
or prevention of NAFLD mostly due to issues of lack of
specificity, and subsequent side effects [1].

Previous studies have established the effectiveness of
zinc in alleviating oxidative stress, apoptosis, and inflam-
mation [6, 7]. Zinc acts as a cofactor for about 300 enzymes
in the body [7]. It has been proved that zinc plays a critical
role in the inhibition of lipid peroxidation and protects the
liver from free radical damage [7]. Zinc oxide nanoparticles
(ZnO NPs), a zinc product with a diameter between 1 and
100 nm, have been considered a useful agent in both in vivo
and in vitro experiments [8, 9]. It seems that nanoparticles
can be absorbed easily through body barriers, thereby effec-
tively targeting cells and molecules in various disorders [8].
Nanoparticles enhance the safety and efficiency of drugs,
promoting their bioavailability and stability, providing tar-
geted delivery, and increasing their effectiveness in the target
tissue. They can be used to deliver a wide range of drugs
to various organs, including liver, brain, spleen, lungs, and
lymphatic system [10]. However, certain nanoparticles come
into close contact with humans, and previous studies showed
the mechanisms of action of these nanoparticles [11].

ZnO NP administration in NAFLD animal model led to
significant reduction in fasting blood glucose, normalization
of glucose tolerance, and improvement in insulin resistance
[12]. As a result, previous studies provide substantial evi-
dence for the involvement of ZnO NPs in reducing the devel-
opment of hepatic steatosis through the activation of AMPK
signaling [12]. While studies have reported that ZnO NPs
can interact with various organs in the body, the liver is a
primary target of ZnO NPs [8]. Several studies have reported
beneficial effects of ZnO NPs, while others proved their
toxic effects [8, 9, 13—15]. The antioxidant properties are
dependent on and influenced by various factors, including
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surface properties, concentration, and size of ZnO NPs. Pre-
vious studies have demonstrated that ZnO NPs can mimic
the activity of the catalase enzyme, which is responsible for
the removal of hydrogen peroxide [16].

NPs in the commercial formulations or those used
by some of the previous studies tend to agglomerate and
accumulate in the target organs, inducing oxidative stress.
Moreover, these types of NPs exhibit poor tissue clearance,
thereby reducing their biological activity [17]. Indeed, syn-
thetic NPs with appropriate physicochemical properties can
increase their positive effects. In this experiment, we aimed
to assess the toxicity of ZnO NP, its hepatoprotective effects,
and underlying mechanism of action in normal and HFD-
fed rats with regard to liver fibrosis, generation of oxida-
tive stress, inflammasome activation, as well as apoptosis
pathways.

Methods
Synthesis of ZnO NPs

To obtain pure nanoparticles, ZnO NPs were synthesized
based on solvothermal method with minor modifications
[18]. Briefly, zinc acetate (50 mM) and urea (150 mM) were
dissolved in 160 mL of deionized water and ethylene gly-
col with a volume ratio of 1:1 and stirred for 30 min. The
obtained solution was transferred to a 200-mL Teflon-lined
autoclave and kept for 14 h at 180 °C. The produced ZnO
NPs were allowed to cool naturally to room temperature and
were then collected and washed several times with deionized
water. After that, the ZnO NPs were separated by centrifu-
gation, dried at 60 °C, and annealed at 450 °C for 2 h in air
atmosphere.

Characterization of ZnO NPs

The morphology of synthesized ZnO NPs particles was
evaluated using a field emission scanning electron micros-
copy (Nova NanoSEM 630, FEI Company, USA) equipped
with energy-dispersive spectroscopy (EDS). Transmission
electron microscopy (TEM) images were taken by a Tecnai
F20 S/TEM operated at 200 kV and equipped with energy-
dispersive X-ray spectroscopy. The X-ray diffraction (XRD)
pattern was recorded by a Bruker D8 using Cu/Ka radiation
to identify the crystal phase. An Autosorb-1, Quantachrome,
USA, was used to measure the specific area of the ZnO NPs.

Surface Charge and Energy Band Gap
Zeta potential measurements and the point of zero charge

(pH,,.) of catalysts were determined by using a Zeta-
Plus (Brookhaven Instrument Corp.) In this test, the
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surface charge and colloidal stability of ZnO NP in Milli-
Q water were determined [19]. For calculation of ZnO
band gap, the UV-vis diffuse reflectance absorption spec-
tra (DRS) were recorded by a UV-vis spectrophotometer
(UV3600, Shimadzu).The energy band gap (E,,) of synthe-
sized ZnO NPs was calculated using the formula, E,,g: 1240/
(eV), where E,,, and 4 represent energy band gap in eV and
cutoff wavelength in nanometer, respectively [19].

ZnO Dissolution

At different ZnO dosage, we assessed the equilibrium zinc
concentrations in water by dissolving ZnO NPs in 25-mL
volumes of water for 4 days at room temperature. After
that, 2 mL aliquots were centrifuged, and the zinc concen-
tration was determined according previous paper by using
an atomic absorption spectrophotometer (PinAAcle 900 F,
PerkinElmer, USA) [20].

Cell Culture

The human hepatoma cell line (HepG2) is usually used
in vitro as an alternative to human hepatocytes for various
investigations of liver action, drug toxicity, and metabolism.
This cell line shows many of the biochemical, physiological,
and structural features of normal hepatocytes [15]. Since
HepG?2 cells retain several of the features of normal liver
cells, they were used in this experiment to evaluate whether
ZnO NPs have hepatoprotective or toxic properties [15].
HepG2 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 1% penicillin/streptomycin
and 10% fetal bovine serum in a humidified incubator at 37
°C with 5% CO,. Cells were subcultured at 80% confluence
and treated with various concentrations (1-60 pg/mL) for
24 h. After receiving ZnO NPs treatments, the HepG2 cells
were lysed in the lysis buffer for the determination of lipid
levels. The medium was also used for enzyme activity.

Cytotoxicity and Cell Viability

Cell viability was measured using the thiazolyl blue tetrazo-
lium bromide (MTT) method. The viability was stated as a
percentage relative to the control. The cytotoxicity proper-
ties of ZnO NPs on HepG2 cells were determined by meas-
uring the lactate dehydrogenase (LDH) activity according
to the commercial kit [21].

Lipid Accumulation in HepG2 Cells

The cells were seeded in 24-well plates at a density of 1.5
% 10° cells per well for 24 h and then treated with 250 uM
palmitic acid (PA) and ZnO NPs at different concentrations.
After treatment for 24 h, the cells were rinsed with PBS,

fixed in 4% paraformaldehyde for 30 min, and then stained
with 300 uL Oil Red O (0.7 g in 200 mL isopropanol) for 15
min and then 300 L. hematoxylin for 60 s. The cell images
were observed under a light microscope at a magnifica-
tion of X400 following three rinses with 60% isopropanol
(n=3). To take the quantitative measurements of lipids, 500
pL of isopropanol was added to every well of the stained
culture plate. The extracted dye was instantly removed, and
its absorbance was determined at 510 nm according to the
previous published report [22].

Determination of Biochemical Factors

HepG2 cells at about 80% confluence were incubated for
24 h with 250 uM PA and ZnO NPs at various concentra-
tions. After washed with PBS, the intracellular triglyceride
(TG) and total cholesterol (TC) were measured using the
colorimetric method according to previous published reports
[22, 23]. To determine liver enzyme levels, the cells were
seeded in a 24-well plate (1 .5%10° cells/well) and incubated
with different concentrations of ZnO NPs for 24 h at 37 °C.
After that, the levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were determined using
commercial kits (Pars Azmoon, Iran).

Animals
Experimental Design

Male Wistar rats (8 weeks old) weighing about 200 + 10 g
were purchased from Hamadan University of Medical Sci-
ences (Hamadan, Iran). They were kept in standard condition
at a temperature of 23 + 2 °C, relative humidity of 65 + 2%,
and 12 h light/12 h dark cycle. After 10 days of acclimatiza-
tion in the animal house, the rats were randomly divided into
eight groups (n = 6-8) as follows:

Experiment 1(toxicity assessment): group 1: normal
diet (ND), 2: ND + 5 mg/kg ZnO NPs, 3: ND + 10 mg/
kg ZnO NPs, 4: ND + 25 mg/kg ZnO NPs, 5: ND + 50
mg/kg ZnO NPs, 6: ND + 100 mg/kg ZnO NPs. Rats
received ZnO NPs every day for 4 weeks by oral gavage.
Experiment 2 (hepatoprotective assessment): Group
1: normal diet (ND), 2: high-fat diet (HFD), 3: HFD + 5
mg/kg ZnO NPs. Animals were treated with high fat diet
(with 60 kcal% fat) for 8 weeks to induce nonalcoholic
fatty liver disease model, then received ZnO NPs every
day for 4 weeks by oral gavage according to previously
published paper [24]. The normal chow diet (21% protein,
32.5% carbohydrate, 3.69% fat, and 5.5% crude fiber) and
HFD (D12492, Research Diet, 20% protein, 20% carbohy-
drate, and 60% fat) were purchased from Royan Labora-
tory Animal Feeds (Isfahan, Iran).
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Samples Preparation

At the end of the experiment, rats were anesthetized with
ether after overnight fasting, and blood samples were col-
lected from the hearts; serum was prepared by centrifuga-
tion at 2000 rpm for 15 min. A piece of liver, kidney, testis,
brain, intestine, heart, and pancreas tissues were fixed in
10% formalin for 48 h and stained and were studied under a
light microscope. A small portion of tissues also was rapidly
frozen in liquid nitrogen and stored at —70 °C for biochemi-
cal analysis.

Determination of Toxicity

About 500 mg of different tissues was homogenized with lysis
buffer (Sigma-Aldrich), and the supernatant was used to meas-
ure chemical factors. For the total antioxidant assay, 10 uL. of
BHT (0.5M in acetonitrile) was added to all samples to prevent
the oxidative reaction. Total antioxidant capacity (TAC) and
total oxidant status (TOS) were measured using the xylenol
orange and ferric ion reducing antioxidant potential (FRAP)
method, respectively [25]. The glutathione (GSH) levels and
catalase (CAT), glutathione peroxidase (GPx), and superoxide
dismutase (SOD) activity were measured using commercially
available ELISA kits (ZellBio, Ulm, Germany). Malondial-
dehyde (MDA) levels were also determined by thiobarbituric
acid reactive substances (TBARS) [25].

Reactive oxygen species (ROS) levels in the liver tissues
were measured by fluorometric assay using 2',7'-dichloro-
fluorescein diacetate (DCFH-DA). Briefly, liver was homog-
enized in saline solution and incubated in the presence of
DCFH-DA at 37 °C for 60 min. The intensity of fluorescence
was evaluated with excitation and emission wavelengths set
at 485 and 530 nm, respectively [26].

Determination of Biochemical Factors

Serum levels of alanine aminotransferase (ALT), aspar-
tate amino-transferase (AST), alkaline phosphatase (ALP),
gamma-glutamyl transferase (GGT), urea, creatinine and
uric acid, triglycerides (TG), and total cholesterol (TC) were
determined with a commercial colorimetric assay kit (Pars
Azmoon, Iran). The zinc levels were determined by an atomic
absorption spectrophotometer (Varian, Spectron 220, Brunn
amGebirge, Australia) according to previous paper [24].

Real-time qRT-PCR Assay

Total RNA was isolated from liver tissue using RNX-plus solu-
tion (Cinnagen, Tehran, Iran). The purity and concentration of
extracted RNA were evaluated by agarose gel electrophoresis
and Nano-Drop spectrophotometry, respectively. After that,
cDNA synthesis was done using a Reverse Transcription Kit
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(Fermentas Life Sciences, Vilnius, Lithuania). Gene expres-
sion levels were determined by Real-Time PCR using a
QuantiTect® SYBR® Green PCR Kit, as previously reported.
Primers used in this experiment were used according to the
previous papers [14, 27]. The calculated formulas were
as follows: ACt = Target gene (Ct) — Internal control (Ct),
AACt = Test gene ACt — Control ACt, expression= 242,

TNF-q, IL-1$3, and Nitric Oxide (NO) Levels

The TNF-a and IL-1f protein levels were determined using
an ELISA kit according to the manufacturer’s protocols (Bio-
legend, UK). The level of NO was measured according to the
Griess method with small modifications [28].

TUNEL Assay and Caspase 3 Activity

Cell deaths in the livers of different treatment groups were
examined in the paraffin-embedded sections by terminal deox-
ynucleotidyl transferase dUTP nick-end labeling (TUNEL)
assay using an in situ cell death detection kit (Roche Diagnos-
tics, Germany). Caspase 3 activity in rat livers was determined
using the ELISA kit according to the manufacturer’s instruc-
tions (Beijing, PR China).

Histological Procedures

To identify morphological changes, a small slice of differ-
ent tissues (n = 4 rats per group) was removed and fixed in
10% formalin. After dehydration, samples were embedded in
paraffin, and sections of 5-pum thickness were prepared. Brain
and liver slides were stained with Nissl and Masson trichrome
staining, respectively. All tissue slides also were stained with
hematoxylin and eosin (H & E) and photographed by using a
light microscopy. The quality of spermatogenesis was scored
based on Johnson’s scoring method [29].

Statistical Analysis

Data were presented as mean =+ SD. Statistical analysis and com-
parisons among various groups were done using one-way analysis
of variance (ANOVA) and Tukey test, respectively. The signifi-
cance levels were considered when p value was less than 0.05.
Results

In Vitro Tests

Nanoparticle Characterization

Fig. 1A shows the scanning electron microscope (SEM)
images of pure ZnO NP. As illustrated, the synthesized
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ZnO NP consist of some irregular shapes with different sizes
which were agglomerated in some parts. The X-ray spectros-
copy (EDS) spectrum of the sample presented in Fig. 1B
confirms the presence of Zn and O elements in the structure
without impurities. The transmission electron microscope
(TEM) images of ZnO NP are provided in Fig. 1C, indi-
cating that the nanoparticles are about 30-35 nm in size
and exhibiting spherical or polygonal morphology. The N2
adsorption-desorption isotherm of ZnO NP is presented in
Fig. 1D. The XRD pattern of the ZnO NP shows narrow and
sharp peaks, which confirms that the prepared sample was
well crystallized. The peaks of ZnO NP are compatible with
the hexagonal phase of ZnO (JCPDS 65-3411) [30]. The
sharp peaks at 31.6°, 34.2°, and 36.3° correspond with the
(100), (002), and (101) faces of ZnO, respectively (Fig. 1E).
The isotherm was a typical IV-type, and the H3 hysteretic
loop in the isotherms indicates the presence of mesoporous
in the structure. The specific surface area of the ZnO sam-
ple was found to be 27.32 m%g when measured by the BET
method.

The pH of zero point charge of ZnO NPs (pH ) is calcu-
lated as 8.7, and the energy bandgap ( E,,,) of ZnO NPs was
found to be 3.1 eV. Our finding established that dissolution
of ZnO NPs increased in dose-dependent manner (Fig. 1F).

Effect of ZnO NPs on the Viability of HepG2 Cells

The effect of different doses of ZnO NPs on HepG2 cells
viability was assessed in this study. As depicted in Fig. 2A,
only the doses of 20-60 pg/mL ZnO NPs reduced the cells’
viability 24 h after treatment.

Biochemical Factors in Animals and HepG2 Cells

The liver enzymes (AST, ALT) and lactate dehydrogenase
(LDH] levels (as a marker of cell integrity and toxicity),
were markedly elevated in the palmitate-treated HepG2 cells
(Fig. 2B). Treatment by ZnO NPs at doses of 2.5, 5, 7.5,
10, 12.5, and 15 normalized these enzyme levels in HepG2
cells after 24 h.

Lipid Accumulation in HepG2 Cells

At a concentration of 250 uM, palmitic acid induced cellu-
lar lipid accumulation in HepG2 cells. Oil Red O staining
revealed that the ZnO NPs treatment at the concentrations
ranging from 5 to 15 ug/mL led to a dose-dependent reduction
in intracellular lipid droplets within HepG2 cells, as compared
to the palmitate-treated cells (p < 0.05, Fig. 2C, D).
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Fig. 1 Characterization of synthetic ZnO NP. A Scanning electron
microscopy (SEM) image of synthesized ZnO. B Energy-dispersive
spectroscopy spectrum (EDS) of ZnO NP. C Transmission electron
microscopy (TEM) images of ZnO NP. D N2 adsorption—desorption
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isotherms of ZnO NP. E X-ray powder diffraction (XRD) patterns.
F ZnO NP dissolution. Abbreviation: SEM scanning electron micros-
copy, EDS energy-dispersive spectroscopy spectrum, TEM transmis-
sion electron microscopy, XRD X-ray powder diffraction
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Fig.2 Effect of ZnO NP on cell viability, liver enzymes, and lipid
accumulation in HepG2 cells after 24 h. A ZnO NP at the concen-
tration of 20-60 significantly reduced cell viability. B Treatment of
HepG2 by ZnO NP at low doses normalized aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), and lactate dehydro-
genase (LDH) after 24 h in HepG2 cells. C ZnO NP significantly
reduced lipid accumulation in HepG2 cells after 24 h in a dose-

Experiment 1

Toxicity Assessment

Oxidative Stress and Biochemical Factors Administration of
NPs at doses of 25, 50, and 100 mg/kg significantly elevated
AST, ALT, ALP, and GGT levels. A dose of 10 mg/kg ZnO NP
also increased ALT levels (Fig. 3A). Furthermore, MDA and
TOS levels were markedly higher in the liver of ZnO NP-treated
rats (10, 25, 50, and 100 mg/kg) compared to untreated animals,
while GSH and TAC were significantly lower (p <0.05).The
activity of antioxidant enzyme, including SOD, catalase, and
GPx, also significantly reduced in an animal treated with ZnO
NPs except at the dosage of 5 mg/kg (p < 0.05) (Fig. 3B, C).

Livers Histological Changes Analysis of liver histopathologi-

cal alterations (H & E) within the control group revealed
normal structure. Conversely, the livers of the animals
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dependent manner, as determined by Oil Red O staining. D Quan-
titative analysis of lipid accumulation in HepG2 cells. Values are

expressed as mean+SD (n=3). 5 <0.001 as compared to con-

trol. *p<0.05, **p<0.01, and ***p <0.001 as compared to high fat
model (PA-treated cells). Abbreviation: AST aspartate aminotrans-
ferase, ALT alanine aminotransferase, LDH lactate dehydrogenase,
PA palmitic acid, C control

treated with ZnO NP at the doses of 25, 50, and 100 mg/kg
showed hepatocellular necrosis, portal inflammation, bal-
looning degeneration, and leukocyte infiltration. However,
treatment with 10 mg/kg ZnO NP induced mild changes in
the liver, and administration of 5 mg/kg ZnO NP did not
elicit any detrimental effects (Fig. 3D, E).

Experiment 2

Biochemical Factors and Lipid Accumulation in Animals
The administration of ZnO NP significantly normalized
the levels of GGT, ALP, AST, and ALT in HFD-fed rats
(Fig. 4A).

Lipid and Zinc Levels in the Serum and Liver

Rats fed with HFD significantly exhibit a significant
increase in TC and TG levels in comparison to control rats.
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Fig.3 Effect of ZnO NP on
liver function and structure in
normal rats. A Effects of ZnO
NP on serum levels of aspartate
aminotransferase (AST), alanine
aminotransferase (ALT), alka-
line phosphatase (ALP), and
gamma-glutamyl transferase
(GGT). B Effects of ZnO NP on
liver total antioxidant capac-

ity (TAC), total oxidant status
(TOS) and malondialdehyde
(MDA), and glutathione (GSH)
levels. C Effects of ZnO NP on
liver on superoxide dismutase
(SOD), glutathione peroxidase
(GPx), and catalase activity in
animal models. D Hematoxylin
and eosin (H & E) stained liver
sections (original magnification
100 x and 400 x). E Liver injury
score. Values are presented

as mean+ SD. *p <0.05,
“p<0.01, and “*p<0.001 as
compared to control or normal
diet (ND) group (n=06). 0:

No damage; 1: Mild injury;

2: Moderate injury; 3: Severe
injury. Scale bar: 20 um.
Abbreviation: AST aspartate
aminotransferase, ALT alanine
aminotransferase, LDH lactate
dehydrogenase, GGT gamma-
glutamyl transferase, TAC total
antioxidant capacity, TOS total
oxidant status, MDA malondial-
dehyde, GSH glutathione, H &
E hematoxylin and eosin. In his-
tology picture: A: Control; B:
C+5 mg/kg NPs; C: C+10 mg/
kg NPs; D: C+25 mg/kg

NPs; E: C+50 mg/kg NPs; F:
C+ 100 mg/kg NPs
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Fig.3 (continued)
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Conversely, ZnO NP reduced TC and TG levels compared
to HFD group (Fig. 4B). Zinc concentrations in the liver of
various treated groups are presented in Fig. 4C.

Antioxidant Pathways
Antioxidant Genes Expression The expression of antioxi-
dant genes, including SOD, catalase, and GPx, exhibited a

significant decrease in HFD animals (p < 0.05). However,
in animals treated with 5 mg/kg ZnO NPs, the expression
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of antioxidant genes was notably increased compared to the
HFD group (p < 0.05, Fig. 5A).

Antioxidant Activity and Oxidative Stress Markers

Based on our data, the activities of SOD, GPx, and CAT
were significantly reduced (p < 0.001) in the liver of HFD
rats compared to control rats. However, the administration of
ZnO NP improved the activity of these antioxidant enzymes
compared to the HFD group (p < 0.05, Fig. 5B).
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Fig.4 Effect of 5 mg/kg ZnO
NP on chemical factors. A
Effect of 5 mg/kg ZnO NP

on serum levels of aspartate
aminotransferase (AST), ala-
nine aminotransferase (ALT),
alkaline phosphatase (ALP),
and gamma-glutamyl trans-
ferase (GGT). B Serum levels
of triglyceride (TG) and total
cholesterol (TC). C Effects of
ZnO NP on liver zinc levels in
animal models. Treatment with
ZnO NP significantly reduced
liver enzymes and blood lipid
in HFD-treated rats. Values

are presented as mean + SD.
#1 <0.01 and ¥ p <0.001 as
compared to control. *p <0.05
and ***p <0.001 as compared
to HFD group. Abbreviation:
AST aspartate aminotransferase,
ALT alanine aminotransferase,
ALP alkaline phosphatase, GGT
gamma-glutamyl transferase,
TG triglyceride, TC total cho-
lesterol, ND normal diet, HFD
high-fat diet, TG triglyceride,
TC total cholesterol
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Fig.5 Effect of ZnO NP on antioxidant enzyme gene expression
and activity. A, B Treatment with 5 mg/kg ZnO NP significantly
was increased superoxide dismutase (SOD), glutathione peroxidase
(GPx), and catalase gene expression and activity in NAFLD ani-
mal models. C Effects of 5 mg/kg ZnO NP on liver total antioxidant
capacity (TAC), total oxidant status (TOS), and malondialdehyde
(MDA) levels. D Effects of 5 mg/kg ZnO NP on glutathione (GSH)
levels. E Effects of 5 mg/kg ZnO NP on reactive oxygen species
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(ROS) levels. Values are presented as mean+SD (n=06). #p<0.05
and **p <0.001 as compared to control. *p<0.05, **p<0.01, and
*#%p <(0.001 as compared to HFD group. Abbreviation: TAC total
antioxidant capacity, TOS total oxidant status, MDA malondialde-
hyde, GSH glutathione, SOD superoxide dismutase, GPx glutathione
peroxidase, GSH glutathione, ROS reactive oxygen species, ND nor-
mal diet, HFD high-fat diet
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Fig.6 Effect of 5 mg/kg ZnO NP on NLRP3 inflammasome path-
way. A Treatment with 5 mg/kg ZnO NP significantly reduced NLR
Family Pyrin Domain Containing 3 (NLRP3), interleukin 1beta (IL-
1P), and caspase-1 genes expression. B Effects of 5 mg/kg ZnO NP
on IL-1P levels. C Treatment with 5 mg/kg ZnO NP significantly
reduced iNOS and TNF-a genes expression in HFD rats. D NO
and TNF-a levels reduced by ZnO NP in HFD rats. Values are pre-

TAC and GSH levels in the liver and serum were observed
to be lower in HFD rats compared to normal animals, while
MDA and TOS levels were higher (p < 0.001). In ZnO NP-
treated rats, the levels of TAC and GSH increased, while
MDA and TOS levels decreased compared to the HFD rats
(p <0.001, Fig. 5C, D).

The ROS levels significantly increased in HFD group
when compared to controls (p < 0.001). However, in ZnO
NP-treated rats, ROS levels were found to be reduced com-
pared to untreated animals (p < 0.05, Fig. 5E).

Inflammatory and Inflammasome Pathway

NLRP3 Inflammasome The expression of genes related to
NLRP3 inflammasome pathway, including NLRP3, cas-
pase-1, and IL-1p, exhibits a significant increase in HFD
animals (p < 0.001). However, the administration of ZnO

sented as mean+SD (n=6). ¥p <0.05, #p <0.01, and #*p <0.001 as
compared to control. *p<0.05 and **p<0.01 as compared to HFD
group. Abbreviation: NLRP3 NLR Family Pyrin Domain Contain-
ing 3, IL-1p interleukin 1beta, ND normal diet, HFD high-fat diet,
NLRP3 NLR Family Pyrin Domain Containing 3, IL-1f interleukin
Ibeta, TNFo tumor necrosis factor alpha, iNOS inducible nitric oxide
synthase, NO nitric oxide

NP markedly normalized inflammasome pathways compared
with the HFD animals (p < 0.05, Fig. 6A).

The level of IL-1B was markedly increased in HFD rats
compared to normal rats (p < 0.001). Nevertheless, the admin-
istration of ZnO NP led to a significant reduction in IL-1f
levels when compared to the HFD group (p < 0.001, Fig. 6B).

Inflammation The gene expression of the inflamma-
tory markers, including TNF-a, iNOS were significantly
increased in HFD animals (p < 0.001). Nevertheless, the
administration of ZnO NP notably normalized inflammatory
genes expression compared with the HFD rats (p < 0.05,
Fig. 6C). Both TNF-a and NO levels were significantly
elevated in HFD animals in comparison to normal rats
(p < 0.001). Nevertheless, treatment with ZnO NPs led to
a significant reduction in both TNF-a and NO levels when
compared to the HFD group (p < 0.001, Fig. 6D).
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Fig. 7 Effect of 5 mg/kg ZnO
NP on liver apoptosis. Adminis-
tration of ZnO NP significantly
reduced apoptosis in HFD 8
group. A Effect of 5 mg/kg
ZnO NP on apoptosis genes
expression (P53, Bax, Bcl2). B
Effect of 5 mg/kg ZnO NP on
caspase 3 activity in the liver.
C Effect of 5 mg/kg ZnO NP
on liver apoptosis determined
by terminal deoxynucleotidyl
nick-end labeling (TUNEL)
staining. Counter staining was
done using DAPI nuclear stain-
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Apoptosis Pathways

Apoptosis Pathways Gene Expression The expression of
P53, Bax, and Bcl2 was significantly augmented in the liver
of the HFD groups (p < 0.001). However, animals treated
with ZnO NP showed a notable decrease in apoptosis
gene expression compared with the HFD group (p < 0.05,
Fig. 7A). These findings were further supported by the high
cleaved caspase-3 levels in the livers of HFD-fed animals as
compared to normal rats. Treatment with ZnO NP also led to
reduction in cleaved caspase-3 activity (p < 0.05, Fig. 7B).

TUNEL Assay
A number of TUNEL-positive apoptotic cells were significantly

detected in the livers of the HFD group compared to the control

@ Springer

rats (Fig. 7C, D). The administration of 5 mg/kg ZnO NP signif-
icantly reduced TUNEL-positive apoptotic cells in hepatocytes.

Livers Histological Changes

The livers of rats in the control group exhibited a normal
structure, whereas the livers of the HFD group revealed
hepatocellular necrosis, fatty changes, ballooning degenera-
tion, portal inflammation, necrosis, and leukocyte infiltration
(Fig. 8A, B). However, liver injury significantly normalized
in animals that received ZnO NPs.

Discussion

The synthesized ZnO NPs in this study were found to be
very pure with good scale homogeneity, 30-35 nm, and
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uniform morphology which prompt us to evaluate the ZnO
NPs effects on the livers of normal and HFD-fed rats.

In general, zinc function as an antioxidant, preventing the
activating of oxidative stress pathways through the protec-
tion of proteins sulthydryl groups against oxidative damage
and decreasing the formation of free radicals through pro-
tective mechanisms [7]. However, ZnO NPs with smaller
sizes can be more easily absorbed by the body. ZnO NP is
usually applied as a food additive and has shown potential
antioxidant, anticancer, anti-inflammatory, and antidiabetic
activities [31]. Furthermore, ZnO is graded as a generally

recognized as safe (GRAS) agent by the US Food and Drug
Administration (FDA) [31].

The results of toxicity assay involving different doses
of ZnO NPs showed harmful effects on body for doses of
25 mg/kg, 50 mg/kg, and 100 mg/kg, with the exception
of 5 mg/kg which demonstrated beneficial effects. As well
documented, the treatment of rats with ZnO NPs at doses
ranging from 200 to 600 mg/kg caused significant detri-
mental effects on inflammatory markers, liver enzymes,
oxidative stress, hematologic parameter, and histologic
characteristics of liver [32-34]. These finding has recently
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Fig. 8 Histological changes of rat liver treated with 5 mg/kg ZnO
NP. A Hematoxylin and eosin (H & E) stained and Masson trichrome
stained (collagen and reticulum appear blue) liver sections (original
magnification 400X). B Liver injury score. In both staining, liver
showed potential injury (fatty changes, ballooning degeneration,
portal inflammation, focal necrosis, and confluent necrosis), while

been proved by Tang et al. who reported that ZnO NPs at
high doses (above 10 mg/kg) are toxic and have adverse
effects on the body [8]. On the other hand, previous study
highlighted that oral administration of ZnO NP at 5 mg/
kg seems to exert anti-inflammatory, antioxidant, and anti-
diabetic effects in rats [35]. Similarly, when considering
the administration of different doses of ZnO NPs (5, 10,
and 15 mg/kg) in fish, the dose of 5 mg/kg possessed the
greatest antioxidant activity [36].

Hussein et al. showed that ZnO NPs oral administra-
tion in diabetic rats at the doses of 5and 10 mg/kg for
1 month yields similar antidiabetic effects [37]. Hence,
based on our first experiment that showed toxicity of high
dosage, it can be argued that high dose of ZnO NPs might
reduce its efficiency by increasing its toxicity which leads
us to choose ZnO NPs at the dose of 5 mg/kg to carry out
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treatment with ZnO NP normalized histological alteration. Values
are presented as mean=+SD. *¥p<0.001 as compared to control.
*#%p<(0.001 as compared to HFD group. 0: No damage; 1: Mild
injury; 2: Moderate injury; 3: Severe injury. Scale bar: 20 um. Abbre-
viation: H & E hematoxylin and eosin, ND normal diet, HFD high fat
diet

experiment 2 (treatment of HFD rats). The higher dose
used in this study was considerably lower than what is
expected in human body daily ingestion [38]. Indeed, ZnO
dissolution within the lysosomes is responsible for injuries
of the lysosomal membrane, and it is released into the cell,
causing damages to organelles and ultimately leading to
cell death.

Our results demonstrated an increase in the dissolution
of ZnO NPs in a dose-dependent manner. Previous studies
have also reported that ZnO dissolution is heightened by
increasing of concentration, under acidic pH condition, and
in the existence of biological components such as peptides
and amino acids [39, 40]. In fact, the toxicity of Zn depends
on the concentration of free ions. There are numerous papers
describing the harmful effect of Zn at high concentrations,
which include the changes in mitochondrial membrane
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stability and permeability, oxidative stress generation, and
activation of apoptosis [36, 41]. ROS production upon nano-
particle treatment strongly depends on its energy band gap.
Reducing the band gap increase the photocatalytic activ-
ity, consequently increasing ROS production in biological
situation. Therefore, the nanoparticle with increased photo-
catalytic activity exhibits more ROS-dependent cytotoxicity.
Hence, change of the ZnO NP band gap can alter the ROS-
mediated cytotoxicity. In this experiment, ZnO NP had wide
band gap (indicating low energy donor capacity), resulting
in low photocatalytic activity and low ROS-dependent cyto-
toxicity. Therefore, ZnO NP can act as novel photosensitiz-
ers and enhance the effects of conventional photosensitizing
drugs in photodynamic therapy for cancer, as reported in
various studies [42, 43]. Furthermore, the tendency of nano-
particle to form aggregates depends on the surface charge.
Z-potentials results proposed that this particle is relatively
stable in an aqueous condition [43]. Accordingly, the oxida-
tive responses mostly depend on factors such as dosage, size,
physicochemical properties, and duration of exposure to
ZnO NPs [44]. Our study showed that treatment of animals
with different doses of ZnO NP did not cause any significant
change in body and organs weight (data not shown).

Our results are in agreement with previous reports that dem-
onstrated ZnO NPs significantly reduced TG and TC in animal
model [45-49]. Zinc plays a vital role in metabolic diseases by
regulating oxidative stress, inflammation, and lipid metabolism.
Previous research has indicated that ZnO NPs significantly
reduce adipose tissue weight, body mass index (BMI), and food
intake in obese rats. Moreover, zinc promotes the biosynthe-
sis of serotonin, inducing satiety and decreasing food intake.
Furthermore, ZnO NPs can affect the leptin and adiponectin
secretions, which consequently affect lipid levels [45, 50].

It has been reported that ZnO NPs increase the expression
of carnitine palmitoyltransferase (CPT1), enhancing fatty
acid oxidation. Additionally, zinc reduces the activities of
lipogenic enzymes such as 6-phosphogluconate (6PGD),
malic enzyme (ME) and isocitrate dehydrogenase (ICDH),
and fatty acid synthase (FAS) [51]. Wei reported that zinc
reduces hepatic lipid deposition via calcium/calmodulin-
dependent protein kinase kinase-f} (Ca2+/CaMKKp)/AMPK
pathway [52].

In this experiment, ZnO NP also significantly reduced
lipid accumulation in HepG2 cells. HepG2 cells is used for
various experiments due to their exhibition of most phe-
notypic and genotypic characteristics of normal liver cells.
This type of cell also present numerous normal functions of
human liver cells. HepG2 show various physiological and
biochemical and structural features of normal hepatocytes.
These cells are generally used as an alternative to human
hepatocytes in diverse experiments related to liver function,
metabolism, drug studies, and drug toxicity. Additionally,
these cells are also used for drug screening to evaluate the

safety and efficacy of possible drug candidates. Since these
cell lines retain several features of normal liver cells, we
used HepG2 to survey the effects of ZnO NPs [53].

In the same trend, previous studies have reported that the
use of HFD in rats for a short period (4 weeks) caused liver
steatosis and for longer period (8—12 weeks) led to steatosis
accompanied by mild inflammation [54]. In agreement with
previous study [55], our results show that HFD (60 kcal%)
induced liver steatosis, inflammation, oxidative stress, and
lipid peroxidation (LPO) after an 8-week duration. Increased
liver oxidative stress can lead to the formation of MDA and
subsequently result in extensive liver damage. It has been
reported that elevated intracellular MDAconcentration
and oxidative DNAdamage are associated with the stage
of necro-inflammatory alterations seen in steatosis among
NASH patients [56]. Supportive evidence of clinical studies
has revealed that patients with high levels of MDAand TOS
and low TAClevels are prone to experiencing liver damage,
type 2 diabetes (T2D), atherosclerosis, and other metabolic
disorders [57]. Increased levels of enzymes may contribute to
hepatic oxidative stress and inflammation in rats treated with
high dose ZnO NP [54]. Regarding these findings, admin-
istration of 5 mg/kg ZnO NPs appears to normalize TAC,
TOS, MDAlevels and an improvement of antioxidant capac-
ity in various tissues, all without inducing side effects on
biochemical markers and histological alterations. Conversely,
treatment with the high doses of ZnO NPs increased liver
enzymes, biochemical markers and induced oxidative stress.

These observations were along with the findings of Atef
et al. who showed an increase in oxidative stress and tissue
damage following exposure to high doses of ZnO NPs, in
contrast to the beneficial effects observed with low doses
[58]. Furthermore, Abdel-Daim et al. reported that high
doses of ZnO increase in MDA and reduce GSH SOD and
catalase activities in fish [59]. Zinc serves as a cofactor for
various antioxidant systems and has a pivotal role in stabil-
ity of protein and biomembranes, aiding in the equilibrium
between scavenging and production of reactive oxygen spe-
cies (ROS) due to its existence in SOD enzyme structure. It
appears that significant increases were observed in the SOD
gene expression and its activity in the liver tissue of animal
treated with only 5 mg/kg ZnO NPs. Zhang et al. reported
that high doses of ZnO NPs significantly reduced antioxidant
activity in different organs. It has also been reported that
SOD activity is reduced in the presence of excess zinc [60].

In our study low-dose ZnO NPs normalized CAT, GPx,
and GSHcontents in HFD fed animals. Previous reports
have indicated that the treating of diabetic rats with 10 mg/
kg ZnO NPs reduced MDAlevels, increased GSHcontents,
and enhanced the activity of antioxidant enzymes and gene
expression of SOD, CAT, GPx, and GSHin the testis [14].
These findings suggest that high ZnO NPs concentration
might not contribute to biological function [9]. The influence
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of NPs may be related to particle dosage and size. Whereas
low concentrations of ZnO NPs have not shown toxic effects
in vivo, high doses can lead to cell death [8].

Treatment of rats with 5 mg/kg ZnO NPs normalized
blood factors, increased the activity of antioxidant enzymes,
and reduced the inflammatory and inflammasome pathways,
as well as alleviated liver apoptosis in HFD-fed rats. Moreo-
ver, it normalized pathological changes in the liver of HFD
group. In agreement with previous reports demonstrating the
beneficial effects of ZnO NPs in various diseases, [36, 37],
we propose that low dose of ZnO NPs can ameliorate the
oxidative stress, inflammation, and metabolic abnormalities
in NAFLD model.

Hepatic apoptosis is induced by several signaling path-
ways and cell membrane death receptor cascades, including
ROS production, endoplasmic reticulum (ER) stress, and
mitochondria dysfunction. Apoptotic death is a main feature
of nonalcoholic steatohepatitis and is often accompanied by
fibrosis [54]. Zinc is required for the protection of cells against
various pro-apoptotic molecules and can suppress apoptosis
[61]. However, zinc deficiency may also be involved in the
activation of ROS-induced intrinsic apoptotic pathway. Inter-
estingly, in this experiment zinc nanoparticle significantly
inhibits the intrinsic apoptotic pathway in the liver [62].

We observed a significant increase in the expression of
pro-apoptotic protein pS3 and Bax, alongside a reduction of
anti-apoptotic Bcl-2 in the HFD diet compared with the con-
trol rats. The administration of 5 mg/kg ZnO NPs notably
normalized p53, Bax, and Bcl-2 levels in the HFD group,
initiating a cascade of events that led to the inactivation of
caspase-3, and finally inhibited hepatocyte death. As a results,
treatment with 5 mg/kg ZnO NPs markedly decreased the
number of TUNEL-positive cells and caspase-3 activity in
the HFD group. Several findings strongly support the notion
that increases in oxidative stress and inflammation in NAFLD
stimulated p53 and Bax expression while suppressing Bcl-2
[63]. Another investigation suggested that zinc nanoparticle
reduced apoptosis, which could be due to a reduction in the
number of TUNEL-positive cells and caspase activities [64].

As reported in this study, HFD stimulated liver apoptosis
and inflammation which is associated with a notable increase
in liver oxidative stress, TNF-a, and iNOS gene expression.
This suggests that elevated apoptosis could potentially con-
tribute to liver inflammation and damage [4]. Moreover,
lipid accumulation in the liver can sensitize hepatocytes to
Fas and TNF-a-induced apoptosis, leading to the develop-
ment of liver steatosis [65].

TNF-a expression considerably increased in patients with ste-
atosis and plays a significant role in progression of liver steatosis
[63]. In animals fed a HFD diet, TNF-a stimulated the release
of cytochrome c, activates caspase 3, and triggers ROS produc-
tion [65]. Furthermore, the expression of iNOS was increased
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in hepatic cells in pathological situations. The induction iNOS
is associated with the development of liver fibrosis, making it
a therapeutic target for this condition [66]. The current study
showed that the administration of 5 mg/kg ZnO NPs normalized
the gene expression of TNF-a and iNOS, along with the levels
of TNF-a and NO in the liver of HFD-fed rats. In agreement
with these results, Mohammed et al. showed that ZnO NPs has
anti-inflammatory activity by reducing the expression of nuclear
factor kappa B (NF-kB) and TNF-a. They also reported that
ZnO NPs have potential antioxidant activity[67].

It has been documented that that inflammasome activa-
tion is involved in the development of NAFLD and NASH
[3, 68]. According to our results, the inflammasome pathway
exhibited a significant increase in the HFD group. Existing
literature indicates that NLRP3 inflammasome, caspase-1
activity, and serum IL-1p were significantly elevated in ani-
mal models of NASH induced by HFD [3]. Treating the
HFD-fed rats with 5 mg/kg ZnO NPs normalized NLPR3
inflammasome pathway by reducing the levels of NLRP3,
caspase-1, and IL-1p. These findings suggest that ZnO NPs
can prevent inflammatory cell infiltration, proinflammatory
cytokine expression, and fat accumulation [69]. Finally,
morphological changes in the liver provide further evidence
of ant-inflammatory, antioxidant, and anti-apoptotic effects
of ZnO NPs. The regeneration properties observed in the
liver of HFD-fed rats treated with ZnO NPs emphasize the
advantageous impacts of this compound in the context of
the NAFLD model.

Conclusions

The administration of ZnO NPs (5 mg/kg) demonstrated
liver protection against damage induced by a HFD through
different pathways, including (1) scavenging free radicals
and/or increased antioxidant enzyme activity; (2) reducing
inflammation and NLRP3 inflammasome; (3) normalizing
hepatocyte apoptosis; (4) reducing liver fat accumulation;
and (5) normalizing biochemical factors and histopathologi-
cal parameters. The findings from this investigation suggest
that low doses of ZnO NPs show potential hepatoprotective
effects. However, considering the limitations of this study,
further experiments are necessary to reveal the hypolipi-
demic and hypercholesterolemic mechanisms of ZnO NPs.
Another limitation of this study is the need for additional
experiments to evaluate the protein levels of apoptosis
pathways.
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