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Human exposure to nanoparticles became unavoidable secondary to their massive
involvement in a multitude of industrial applications. Zinc oxide nanoparticles (ZnONPs) are one
of the most commonly used metal oxide nanoparticles in biological applications. Naringenin
(NAR), a citrus-derived flavonoid, has favorable biological properties that promote human
health. The present study was carried out to investigate the possible defensive role of NAR
versus ZnONPs provoked hepatic injury in rats through an evaluation of liver enzymes, hepatic
biomarkers of oxidative stress, inflammatory process, apoptotic cell death along with
histopathological examination of liver tissue. Therefore, 32 adult rats were randomly divided into
four equal groups as control, NAR, ZnONPs and co-treated ZnONPs with NAR groups. All
treatments were administered for 14 days. Our results showed that ZnONPs induced hepatic
injury as documented by the marked increased hepatic enzymes activities, disturbed hepatic
oxidant/antioxidant balance, increased hepatic inflammatory reactions, in addition to, extensive
hepatic morphological alterations, marked collagen fibers accumulation as well as
overexpression of apoptotic BAX and the noticeable intensified positive nuclear staining for
nuclear factor Kabba-b (NF-xB) in hepatic tissues. Concurrent NAR supplement to ZnONPs-
treated rats significantly declined liver enzymes activities, restored oxidant/antioxidant balance,
reversed inflammation, induced fewer collagen fibers accumulation, and antagonized BAX-
mediated apoptotic cell death in hepatic tissues. We concluded that concurrent NAR supplement
to ZnONPs treated rats improved hepatic function and structure by its antioxidant, anti-
inflammatory and antiapoptotic potentials.
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1. Introduction



Nowadays, a considerable interest in nanotechnology and its applications especially in
medicine for diagnostic, therapeutic, and research purposes is appreciated. Nanotechnology can
be defined as any procedure used to yield material in nano-scale structure with particle size
varied from 1-100nm (lbrahim 2020). Human exposure to nanoparticles (NPs) became
unavoidable in response to the massive involvement of nanotechnology in consumer products
and industrial applications (Jeevanandam et al. 2018).

Zinc oxide nanoparticles (ZNONPs) are one of the most commonly used metal oxide
nanoparticles (NPs) in biological applications secondary to their outstanding biocompatibility,
cost-effectiveness, and less toxicity. In addition, ZnONPs have emerged as a promising
technique in biomedicine, principally in the fields of imaging, anticancer, antimicrobial and
antidiabetic therapies. In industrial fields, ZnONPs are utilized in various applications, such as
coating, cosmetics, sunscreen, paint and, rubber industries (Jiang et al. 2018).

Human exposure to NPs occurs through natural activities. The environmental release of
nanoparticulates, including; production, use, disposal, and waste treatment of nanoproducts-
containing products, is the primary source for NPs exposure. The respiratory system and
gastrointestinal tract are the most vulnerable boy systems to NPs health hazards owing to their
nano-size and surface modifications. Inhalation is the primary route of NPs entry. Inhaled NPs
can easily reach the circulation distributing into other sites in the human body involving the
blood cells, heart, and liver (Buzea et al. 2007; Gnach et al. 2015). Previous experimental studies
revealed the ability of NPs to induce toxicities in the various body organs. The liver is
among these organ systems (Mansouri et al. 2015; Gupta and Xie 2018).

ZnONPs interfere with the activity and expression of hepatic cytochrome P450 (CYP450)

enzymes and cause histological lesions in the liver. Moreover, zinc per se accumulates in the



liver and decreases the elimination of other drugs and chemicals, resulting in their accumulation
and subsequent toxicities (Spaggiari et al. 2014; Tang et al. 2016).

Naringenin (NAR) is a citrus-derived flavonoid that belongs to the flavanones subclass.
NAR is found in several fruits and vegetables, e.g., grapefruit, lemon, oranges, bergamot. NAR
has favorable biological properties that promote human health. It has anti-inflammatory,
antioxidant, antimicrobial, antiproliferative, immunomodulatory, pain-relieving, and anti-
diabetogenic activities (Manchope et al. 2017; Salehi et al. 2019; Tutunchi et al. 2020). Earlier
studies illuminated the valuable role of NAR against various human and animal models of liver
injury, including, but limited to, alcohol, heavy metals, carbon tetrachloride (CCL4), hepatitis C
virus, and nonalcoholic fatty liver disease (Hernandez-Aquino and Muriel 2017; Gongalves et al.
2017; Wang et al. 2020).

Accordingly, we implemented this work to investigate the possible defensive role of
NAR versus ZnONPs provoked hepatic injury in rats through an evaluation of liver enzymes,
hepatic biomarkers of oxidative stress, inflammatory process, apoptotic cell death along with the
histopathological examination of liver tissue.
2. Materials and methods
Chemicals

We purchase ZnONPs (particle size <50 nm and CAS Number 677450) and NAR (CAS
number N5893) from Sigma Aldrich, St. Louis, USA.
Characterization of ZnONPs

The transmission electron microscope (TEM) was used to characterize the shape and size
of ZnONPs. The dispersion of ZNONPs was dropped on carbon-coated copper grid and dried at

room temperature to examine via TEM. TEM measurements were performed at an accelerating



voltage of 80 kV (Model JEM-1400, JEOL Ltd., Tokyo, Japan). This characterization was
conducted in Electron Microscopy Unit, Faculty of Agriculture Research Park (FARP), Cairo
University, Eygpt.
Experimental protocol
Animal grouping and treatment

The study included 32 adult male albino rats aged 7-8 weeks and weighing 210-220 g.
We purchased animals from the Zagazig Scientific and Medical Research Center (ZSMR) and
maintained at the Breeding Animal House of Faculty of Medicine, Zagazig University, Zagazig,
Egypt. All animals received humane care in compliance with the Animal Care Guidelines of the
National Institutes of Health (NIH) and the Research Ethics Committee of Zagazig University
approved the design of the study (ZU-IACUC/3/F/102/2020). For acclimation, the rats were
handled manually before the experiment to allow biological stabilization for two weeks. The
animals were housed in clean stainless-steel cages under standardized environmental conditions
(temperature, 23£2 °C, 12 h light/dark cycles, and humidity 60+5%) with free access to food and
water.

Rats were weighed and randomly distributed into 4 groups (n =8):
Group I (Control): received 1 mL deionized water.
Group Il (NAR): supplemented with NAR in a dose of 53 mg Kg* body weight (dissolved in 1
mL normal saline).
Group 1 (ZNONPs): treated with ZnONPs in a dose of 300 mg Kg* body weight, ZnONPs
powder was dissolved in 1mL deionized water and was dispersed by ultrasonic vibration for 15

min.



Group 1V (ZnONPs+NAR): supplemented with NAR in the same manner as in group Il then
rats treated with ZnONPs as in group IlI.
All treatments were given orally, once daily for consecutive 14 days.
The selection of the previous doses of NAR and ZnONPs was based on prior studies (Sharma,
Singh, et al. 2012; Rebello et al. 2020). Dose conversion between different species was selected
according to Reagan-Shaw et al. (2008).
Blood and hepatic homogenates preparation

Twenty-four hours after the last dose, we recorded animals’ final body weights. Then rats
were anesthetized with intraperitoneal (ip) injection of pentobarbital (60 mg Kg?) before blood
samples collection (Leal Filho et al. 2005). Blood samples were collected from the retro-orbital
venous plexus from each rat in the experimental groups into plain tubes, followed by
centrifugation at 3000 rpm for 15 min for sera separation (stored at —20 °C) for assessment of
liver enzymes. After that, animals were sacrificed by cervical dislocation, hepatic tissue
specimens were dissected and then the homogenates were frozen rapidly at —80 °C for
biochemical assays and histological examination.
Biochemical assays
Hepatic enzymes assessment

The serum activity for liver enzymes [alanine aminotransferase (ALT) and aspartate
aminotransferase (AST)] was determined according to the proposed method of Reitman and
Frankel (1957).
Hepatic antioxidant superoxide dismutase (SOD) enzyme activity and oxidative

malondialdehyde (MDA) assessment



Both liver enzymatic activity of SOD and MDA level was colorimetrically assayed
according to Nishikimi et al. (1972) and Ohkawa et al. (1979), respectively.
Hepatic proinflammatory/anti-inflammatory biomarkers [proinflammatory tumor necrosis
factor-alpha (TNF-a) and anti-inflammatory interlukin-10 (IL-10)] assessment

Hepatic levels of TNF-o and IL-10 were assessed by the commercial ELISA Kits
(RayBiotech, USA, Cat No. ELH-TNFa-CL-1 for TNF-a, Cat No. ELH-IL10-CL-1 for IL-10)
according to the manufacturer’s recommendations.
Histological examination

The livers were dissected and fixed in 10% formal saline for processing of paraffin
sections. Approximately 5-pum hepatic sections were cut and subjected to hematoxylin and eosin
(Bancroft and Layton 2019a) and Mallory’s trichrome (MT) stain (Bancroft and Layton 2019b).
Immunohistochemical study

Four um, formalin-fixed, paraffin-embedded hepatic tissue sections were used for
immunohistochemical examination (Sanderson et al. 2019). Hepatic tissue sections were
deparaffinized in xylene and rehydrated in graded ethanol. Deparaffinized hepatic tissue sections
were treated with hydrogen peroxide for 10 min to block non-specific peroxidase reactions.
Microwave antigen retrieval was completed for 20 min in citrate buffer 0.01 M (pH 6.0). After
washing with phosphate buffer saline, the slides were incubated for 60 min at room temperature
with rabbit monoclonal antibodies; anti-Bax antibody (E63, 1:250, Abcam, UK) and anti-nuclear
factor kappa-b (NF-xB) p65 antibody [E379] (ab32536). Visualization of the binding site of
primary antibodies was made by the Dako EnVision™ kit (Dako, Copenhagen, Denmark). While

visualization of the peroxidase reaction was done by incubating the hepatic sections with



diaminobenzidine (DAB) for 15 min. Mayer's hematoxylin was used for counterstaining the
hepatic sections.
Histomorphometry assessment

Histomorphometry analysis of hepatic sections stained with MT, Bax and NF-xB was
performed by Leica Qwin 500 Image Analyzer Computer System at Pathology Department,
Faculty of Dentistry, Cairo University. Area percent of collagen fibers, Bax immunostaining, and
percent of NF-xB positive nuclear immunostaining were assessed and measured five in non-
overlapping histological fields /sections from each rat in the study groups.
Statistical analysis

Numerical variables are presented as the meanzstandard deviation (SD). Shapiro-Wilk
test (a test of normality) was used to check the normally distributed numerical variables.
Bartlett’s test was used to check the equality of variance. A one-way analysis of variance
(ANOVA) or Welch’s ANOVA test was performed according to equality of variance to detect
statistical differences among groups. Post-hoc tests multiple comparisons tests were performed
between groups (Bonferroni’s test if equal variances were assumed; Dunnett's T3 test if equal
variances were violated). Paired samples t- test was used to compare between final and initial
body weights. The threshold of significance was P < 0.05. All statistical comparisons were two-
tailed. All statistical calculations were conducted by Graphpad Prism, Version 8.0 Software
(GraphPad Software, San Diego, CA, USA).
3. Results
Characterization of ZNONPs

TEM examination showed a well-dispersed ZnONPs. The shape was relatively spherical.

The size ranged from 8.58 to 11.8 nm. (Fig. 1).



Mortality rates
We recorded no deaths in any of the study groups.
NAR supplement did not significantly change body weight in ZnONPs-treated rats
ZnONPs treatment for consecutive 14 days induced a statistically significant body weight
loss compared with other groups of the study (P<0.05). Final body weight was similar to the
initial weight in the NAR+ZnONPs group (213.8+8.8 vs 214.9+9.4, P=0.67). (Fig. 2).
NAR supplement declined the elevated liver enzymes induced by ZnONPs in rats
ZnONPs-intoxicated rats exhibited statistically significantly higher AST and ALT
enzymes activities compared with other study groups (P<0.05). Concurrent NAR
supplementation to ZnONPs-intoxicated rats induced a significant decline in AST and ALT
enzymes activities (P=0.007 and P<0.001, respectively). (Table 1).
NAR supplement restored hepatic oxidant/antioxidant balance in ZnONPs-intoxicated rats
ZnONPs treatment caused a significant decline in hepatic SOD enzyme activity but a
significant increase in hepatic MDA levels compared with control rats and NAR supplemented
rats (P<0.001, each). Co-treatment with NAR produced a significant increase in hepatic SOD
activity with a significant decrease in hepatic MDA levels compared with ZnONPs-intoxicated
rats (P<0.001, each). (Table 1).
NAR supplement antagonized hepatic inflammatory reaction in ZnONPs-intoxicated rats
ZnONPs-intoxicated rats showed a statistically significant elevation in proinflammatory
hepatic TNF-o concentration but a statistically significant decline in anti-inflammatory hepatic
IL-10 concentration compared with control rats and NAR supplemented rats (P<0.001, each).

Simultaneous NAR supplementation to ZnONPs-intoxicated rats significantly decreased



proinflammatory hepatic TNF-a concentration and significantly increased anti-inflammatory
hepatic IL-10 concentration (P=0.049 and P=0.008, respectively). (Table 1).
Histological results

H&E-stained hepatic sections of the control and NAR-supplemented rats are similar and
displayed the classical hepatic architecture where the liver cells were arranged in cords radiating
from the central vein and separated by normal blood sinusoids. Normal portal areas are seen in
the periphery of the hepatic lobules containing the portal veins, the bile ducts, and hepatic
arteries (Fig. 3 a, b). Hepatic sections of ZnONPs-intoxicated rats showed a marked loss of the
normal liver structure with distorted congested central veins and wide irregular sinusoids. Most
of the hepatocytes are ballooned with deeply stained nuclei and vacuolated cytoplasm. The portal
area showed a dilated congested portal vein with elongated endothelial lining and proliferation of
bile duct, in addition to, some inflammatory cellular infiltration. Also, increased thickness of the
muscular layer of the hepatic artery branches was seen in the portal area (Fig. 3c-e). Hepatic
sections of the ZnONPs+NAR group showed variable degrees of hepatic architecture
improvement in comparison to that of the ZnONPs group. Few hepatocytes showed deeply
stained nuclei and less vacuolated cytoplasm. However, other hepatocytes had vesicular nuclei
and acidophilic cytoplasm; some cells were binucleated. Slightly dilated congested blood
sinusoids were seen. The portal area showed a marked reduction in cellular infiltration with a
less dilated portal vein in comparison with the ZnONP group (Fig. 3f, g).

Mallory's trichrome -stained liver sections of control and NAR-supplemented rats were
alike and showed a normal distribution of very few amounts of collagen fibers around the portal
area (Fig. 4a). In the ZnONPs group, some blue-stained collagen fibers around the portal areas

were evident (Fig. 4b). However, in the ZnONPs+NAR group, there was a marked reduction in



collagen fibers accumulation around the portal area compared to the ZnONPs group (Fig. 4c).
Histomorophometry analysis of hepatic tissues showed that the mean area percent of hepatic
collagen fibers disposition significantly increased in ZnONPs group compared with control rats
and NAR supplemented rats (P<0.001, each). Concurrent NAR supplementation to ZnONPs-
intoxicated rats significantly decreased the mean area percent of hepatic collagen fibers
deposition compared with the ZnONPs group (P=0.004). (Fig. 4d).

Immunohistochemical results

Immunohistochemically stained sections with anti-Bax antibody control and NAR-
supplemented rats showed a negative immune reaction for Bax inside the hepatocytes ’cytoplasm
(Fig. 5a). While a strong positive reaction for Bax was detected in ZnONPs intoxicated rats (Fig.
5b). The reaction intensity was apparently diminished in ZnONPs+NAR group (Fig. 5c).
Histomorophometry analysis of hepatic tissues showed that the mean area percent of Bax
immunoexpression significantly increased in the ZnONPs group compared with control rats and
NAR supplemented rats (P<0.001, each). While concurrent NAR supplementation to ZnONPs-
intoxicated rats significantly decreased the mean area percent of hepatic Bax immunoexpression
compared with ZnONPs group (P<0.001) (Fig. 5d).

Immunohistochemically stained sections with anti-NF-xB antibody of control and NAR-
supplemented rats showing a negative immune reaction for NF-kB of hepatocytes nucleus (Fig.
6a). ZnONPs intoxicated rats showed a strong positive immune reaction for NF-xB of
hepatocytes nucleus (Fig. 6b). While a weak positive immune reaction for NF-xB of the
hepatocytes nucleus was observed in the ZnONPs+NAR group (Fig. 6¢). Histomorophometry
analysis showed that the positive nuclear staining for NF-xB significantly increased in the

ZnONPs group compared with control rats and NAR supplemented rats (P<0.001, each). While



concurrent NAR supplementation to ZnONPs-intoxicated rats significantly decreased positive
nuclear staining for NF-kB compared with ZnONPs group (P<0.001). (Fig. 6d).
4. Discussion

Previous in vivo and in vitro studies clarified the hepatotoxic effects of ZnONPs (Sharma
et al. 2012; Sharma, Anderson, et al. 2012; Mansouri et al. 2015; Tang et al. 2016). Our findings
showed that ZnONPs induced hepatic injury as documented by the marked increased hepatic
enzymes activities, disturbed hepatic oxidant/antioxidant balance, increased hepatic
inflammatory reactions, in addition to, extensive hepatic morphological alterations, marked
collagen fibers accumulation as well as overexpression of apoptotic BAX and the noticeable
intensified positive nuclear staining for NF-kB in hepatic tissues. These observed hepatic
alterations are consistent with the former observations of Aboulhoda and coworkers (2020) who
described similar biochemical, histopathological, and fibrotic changes in hepatic tissues of
ZnONPs-exposed rats in a dose-dependent manner.

Bodyweight changes can be utilized as a critical indicator of the general health status of
rats (Yousef et al. 2008). Weight loss can also signify the worsening of rats’ general health
conditions (Wang et al. 2021). Consequently, our findings showed that rats exposed to ZnONPs
for 14 days significantly lost body weight. In corroboration, Ahmed et al. (2019) reported body
weight loss in ZnONPs-treated rats.

Liver enzymes (ALT and AST) are the most sensitive indicators of the extent of hepatic
injury and toxicity, especially ALT. These enzymes are cytoplasmic and are directly liberated
into the circulation after cellular injury (Lin et al. 2000; Stockham and Scott 2008). In support,

ZnONPs treatment caused a substantial increase in ALT and AST activities.



These findings are consistent with the findings of Mansouri et al. (2015) and Wang et al.
(2008) who ascertained hepatic damage after oral exposure to ZnONPs in experimental animals.
Conversely, a study of Surekha and coworkers (2012) reported non-significant alteration in ALT
and AST enzymes activities after dermal exposure. This disagreement could be enlightened by
the difference in the route of ZNONPs administration. In the present study, ZnONPs adversely
influenced hepatic structures as manifested by the associated degenerative changes such as
ballooning and cytoplasmic vacuolation of hepatocytes. These changes can be attributed to the
ability of ZnONPs to elicit malfunction of hepatocytes’ membranes with subsequent water and
sodium inflow (Almansour et al. 2017).

We found that ZnONPs caused hepatic inflammation as evidenced by upregulation of the
proinflammatory TNF-o, downregulation of anti-inflammatory 1L-10, and overexpression of
NF-xB in hepatic tissue along with scattered inflammatory cellular infiltrate in hepatic lobules
and portal areas. Numerous prior experimental studies reported similar findings (Singh et al.
2020; Chen et al. 2021).

NF-kB is considered a pivotal inflammatory mediator that is involved in the initiation and
progress of inflammatory processes. NF-xB can induce diverse proinflammatory genes
expressions, such as genes-encoding for cytokines and chemokines expressions and contributes
to inflammasome control. Therefore, NF-xB dysregulation can lead to the pathogenic processes
of many inflammatory conditions (Guo et al. 2015; Liu et al. 2017). Specifically, NF-xB can
stimulate the synthesis of a diversity of cytokines involved in acute and chronic hepatic
inflammatory diseases (Muriel 2009; Fukui 2017; Maeda and Shibata 2017).

In the present work, ZnONPs exposure was associated with decreased activity of

antioxidant SOD and increased levels of lipid peroxidation product MDA in hepatic tissue.



ZnONPs toxicity is linked to their solubility and ability to cause oxidative stress with the
formation of free radicals. Free radicals negatively alter biomolecules functions such as nucleic
acids, cellular enzymes, and biological membranes phospholipids (Yang et al. 2009; Osmond
and Mccall 2010; Tang et al. 2016; Singh et al. 2020). The ability of ZnONPs to induce oxidative
stress is linked to their ability to induce apoptotic cell death (Wang et al. 2014).

The current study revealed the defensive role of NAR against ZnONPs induced hepatic
injury in rats. Concurrent NAR supplement to ZnONPs- treated rats showed a substantial
improvement in hepatic function and structure. Prior studies reported the robust antioxidant and
anti-inflammatory action of NAR (Alam et al. 2014). In a rat model of combination antiretroviral
therapy (CART)-induced hepatotoxicity, Akang and coworkes (2020) displayed the anti-
inflammatory potential of NAR by the downregulation of the proinflammatory TNF-a. In
addition, Hernandez-Aquino et al. (2019) attributed the anti-inflammatory potential of NAR in a
rat model of CCL4 induced-hepatic toxicity to its ability to block NF-«xB signaling pathway.

NAR has three phenolic groups and one keto group which can react with hydroxyl
radicals, hydrogen peroxide and, peroxynitrite. Thus, NAR can inhibit oxidative stress harmful
reactions. In addition, NAR diminished thiobarbituric acid reactive substances levels, lipid
hydroperoxides. NAR can increase the enzymatic antioxidants activities in high cholesterol-fed
rats (Jeon et al. 2007; Kannappan et al. 2010).

We found that NAR significantly decreased hepatic collagen fibers content. Consistently,
Hua et al. (2021) pointed out the ability of NAR to reduce hepatic fibrosis in a mouse model of
nonalcoholic steatohepatitis as documented by the decline in hepatic hydroxyproline content, a

marker of collagen accumulation, transforming growth factor-3 protein expression and a-smooth



muscle actin, the fundamental regulators of fibrosis, along with fewer MT-stained hepatic
collagen fibers.

Our results showed that NAR can mitigate apoptotic changes triggered in the rat liver by
ZnONPs treatment for 14 days, as evidenced by the downregulation of apoptotic Bax
immunoexpression in hepatic tissues. In support, a study by Kannappan et al. (2010) concluded
the antiapoptotic action of NAR in a high fructose diet receiving rats.

In conclusion, ZnNONPs prompted hepatic injury in rats as shown by the manifest
increased hepatic enzymes activities, hepatic oxidant/antioxidant imbalance, hepatic
inflammatory reactions as well as extensive hepatic structural alterations, marked collagen fibers
accumulation, overexpression of apoptotic BAX, and the obvious intensified positive nuclear
staining for NF-xB in hepatic tissues. The current study underlined the defensive role of NAR
against ZnONPs induced hepatic injury. Concurrent NAR administration to ZnONPs treated rats
improved hepatic function and structure by its antioxidant, anti-inflammatory and, antiapoptotic
potentials.
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Table 1. Effects of NAR on hepatic enzymes and hepatic biomarkers of oxidative stress,

inflammation and apoptosis pathway in ZnONPs-induced hepatic injury in rats.

Groups
Parameter
Control NAR ZnONPs NAR+ZnONPs

ALT (IU/L) 40.1+8.87F 40.24+5.67  153.7+18.3% 73.8+14.88
AST (IU/L) 113.1+9.5F 121.9+3.5f  210.8+35.3% 149.7+8.18
SOD (U/g) 136.1+4.87 140.746.7+  70.6+4.3} 109.9+6.3§
MDA (nmol/g) 8.5+3.47 7.3+1.67 20.8+4.0% 13.6+2.98
TNF-a (pg/ 100 pg protein) 13.142.5+ 12.242.6+ 23.8+4.1% 19.4+2.88
IL-10 (pg/ 100 pg protein) 12.942.1+ 13.4+1.5+ 4.5+1.0% 7.7+2.38

All values are presented as meantSD, n=8. means in a row without a common symbol
significantly differ (P<0.05) by a one-way ANOVA followed by post hoc Bonferroni’s multiple
comparisons test or Welch's one-way ANOVA followed by post hoc Dunnett's T3 multiple
comparisons  test.  Abbreviations; ALT, Alanine aminotransferase; AST, Alanine
aminotransferase; SOD, Superoxide dismutase; MDA, Malondialdehyde; TNF-a, Tumor
necrosis factor-alpha; IL-10, Interleukin-10; NAR, Naringenin; ZnONPs, Zinc oxide

nanoparticles.
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Fig. 1 Transmission electron microscopy image of zinc oxide nanoparticles
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Fig. 2 Effects of NAR on body weight in in the rat ZnONPs-induced liver injury model.
Comparison between final body weight vs initial body weight by paired samples t-test. ns, a non-

significant difference, ** P <0.01, *** P <0.0001.



Fig. 3a: Control group showing central vein (CV) surrounded by radiating cords of polygonal
hepatocytes. Hepatocytes (h) had rounded euchromatic vesicular nuclei and acidophilic
cytoplasm. Blood sinusoids (s) are radiating with average size in between liver cords.

Binucleated cell is also seen (zigzag arrow) in some cells. H&E x 400, scale bar, 50 pm

Fig. 3b: Control rats showing portal area containing portal vein (Pv) with a thin wall and bile
duct (Bd). Polygonal hepatocytes (h) with rounded vesicular nuclei and acidophilic cytoplasm
are seen. Notice, narrow radiating blood sinusoids (s) in between liver cords. Binucleated cells

are also seen (zigzag arrows). H&E x 400, scale bar, 50 um



Fig. 3c: ZnONPs group showing a dilated distorted congested central vein (CV) with wide
irregular sinusoids (S). Ballooning of hepatocytes (h) with darkly stained nuclei and vacuolated

cytoplasm are observed. H&E x 400, scale bar, 50 pm

Fig. 3d: ZnONPs group showing a large, congested portal vein (Pv) with elongation of their endothelial
lining and proliferation of bile duct (Bd). Mononuclear cellular infiltration (IF) in portal area and

hepatocytes (h) with vacuolated cytoplasm and darkly stained nuclei. H&E x 400, scale bar, 50 pm.



Fig. 3e: ZnONPs group showing proliferation of bile duct (Bd) and mononuclear cellular infiltration (IF)
in the portal area. Hepatic artery (Ha) branch showed thickening in muscular layer and elongation of
endothelial lining. Dilated Portal vein (Pv) and vacuolated hepatocytes (h) with dark nuclei are also

observed. H&E x 400, scale bar, 50 um.

Fig. 3f: ZnONPs+NAR group showing slightly dilated congested sinusoids (S) and central vein (CV) with
flat endothelial lining. Most of hepatocytes (h) had vesicular nuclei and acidophilic cytoplasm. Few cells
showed darkly stained nuclei (h) and less vacuolated cytoplasm. Many binucleated cells (zigzag arrows)

are also seen. H&E x 400, scale bar, 50 um



Fig. 3g. ZnONPs+NAR group showing portal area including hepatic artery (Ha), some degree of bile duct
proliferation (Bd) and few mononuclear inflammatory cells (IF). Most of hepatocytes (h) had vesicular
nuclei and acidophilic cytoplasm. Slightly dilated congested sinusoids (s) are also seen. H&E x 400, scale

bar, 50 um



Fig. 4a Control group showing normally distributed collagen fibers (arrow). MT x 400, scale bar,

50 pm.

Fig. 4b ZnONPs group showing excess collagen fibers surrounding the portal area (arrows). MT

x 400, scale bar, 50 pm.



Fig. 4c ZnONPs+NAR group showing a reduction of the collagen content in portal area (arrows).

MT x 400, scale bar, 50 um.
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ig. 5d Effects of NAR on area percent collagen fibers deposition in the rat ZnONPs-induced liver
injury model. Data are mean + standard deviation, n= 8. # significant vs control group, °
significant vs NAR group and © significant vs ZnONPs group by Welch’s ANOVA test followed
by Dunnett’s T3 test post-hoc multiple comparisons tests, at a P-value < 0.05. Abbreviations;

NAR, Naringenin; ZnONPs, Zinc oxide nanoparticles.



Fig. 5a Control group showing negative immune reaction for Bax inside the cytoplasm of

hepatocytes (arrow). Bax x 400, scale bar, 50 um.

Fig. 5b ZnONPs group showing a strong positive immune reaction for Bax inside the cytoplasm

of hepatocytes. Bax x 400, scale bar, 50 pm.



Fig. 5¢ ZnONPs+ NAR group showing a weak immune reaction for Bax inside the cytoplasm of

hepatocytes (arrow). Bax x 400, scale bar, 50 um.
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Fig. 5d Effects of NAR on area percent Bax immunoexpression in the rat ZnONPs-induced liver
injury model. Data are mean + standard deviation, n= 8. # significant vs control group, °
significant vs NAR group and © significant vs ZnONPs group by Welch’s ANOVA test followed
by Dunnett’s T3 test post-hoc multiple comparisons tests, at a P-value < 0.05. Abbreviations;

NAR, Naringenin; ZnONPs, Zinc oxide nanoparticles.



[ ”
| '7#' 4
( b
BB T
yarty L
Lt

§ 7 ]

Fig. 6b ZnONPs group showing a strong positive immune reaction for NF-kB of hepatocytes

nucleus (arrowhead). NF-kB x 400, scale bar, 50 pum.



Fig. 6c ZnONPs+NAR group showing a weak positive immune reaction for NF-xB of

hepatocytes nucleus (arrowhead). NF-xB x 400, scale bar, 50 pum.
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Fig. 6d Effects of NAR on positive nuclear staining of NF-xB (p65) percent in in the rat
ZnONPs-induced liver injury model. Data are mean + standard deviation, n= 8. 2 significant vs
negative control group, ° significant vs NAR group and ¢ significant vs ZnONPs group by
Welch’s ANOVA test followed by Dunnett’s T3 test post-hoc multiple comparisons tests, at a P-

value < 0.05. Abbreviations; NAR, Naringenin; ZnONPs, Zinc oxide nanoparticles.



2l adlal)

40 5 U3 aas] cliy Jad Aa jmall ) i) (B Aual) Ala) (pa Ay (a1
Tasal) LOAY) & ga g S sal) (i) Agal) e ki)
Aol A ) LA 2 aBU aud) Sle PO* g9 A8 saaa Glagh @

® pan - 325 daalann ks IS LV 5 0
B 5 3 5 daalas alal) 40K o sandl s oo il o

€ gad) Ay yall ASTaal) —Caidal) dmala- Alana 340S0 IS Lo jlal) aud
Ul Taala-adal) A0S 21 Lin g 5 AnaY) o

i Ao liall cliadail) cpe pand) 8 ALilgd) agiS el dla jda ¥ 1 gilh ) el 4 gilil) cilapenll (5 i) (a2l grmsal
Bale Apa ol gl cliadail) B 1S gadi (el daaSY 4 63N Clasaad) ST ha Ban) g i3 aaasY A 530N Cilasuad)
Oheal) daua 3525 400 ga Ao gl g pailiad Al clpdaaal) (o (Fldia 4 gi gD A Gl U

G s Al) Gy Ul Bala Julia el daesY 4y o3l Clapead! Juaiaal) eldall joal) B galaill o) jal) oda ol
¢ gl Ll ¢ (ganslil) Agadd duasl) 4y gl @l pdipal) (28l cilag 3T i DA (e IR A sl dla) A
o) lsde ISy Bl 151 32 aslll a1 (A 2 Al (apedl) (el g cuin () Ui el LIAD) s
Aallaal) 4o ganay i3l sy 4ol Clapwadly dallaall de gana caSaill de gana Jia 4 gluia e gaa )
Cilaguad) o) Uil < g8 L gy 14 3l cladlad aran slas) & Cile gana g 4S jidial) ds gana g Cpaiaia Ul Baley
¢ Agasl) ey 3 AL galall By ial) Add¥) A e (Bige sp LaS 2SN Alia) (B Coped SN s 4y g3l
il ) ABLEYL ¢ Aga AuleY) el By ¢ Auasl BasY) cilabiaa / dausYl e ikl
$955 sogBs AN Giga o il A Lol AY) lliS o 5 galal) ¢ oSl bl aS) g ¢ Anad gl) 432Kl A 61 58 ) gal
ORdAT) Laly el aaasY 4y il Cilasuad) A gana ga Ayl A e ssal) LBIAY) Ciga Jalad B gata g CiliSa (o)
B A%l 5 B crandip ¢ usSaal) g g ¢ BasSY) Cilaliaa / BansY) ()65 dadaal 5 ¢ ) iy 3 Aadd] s (<
Lo U Bale Aalus g3 e ssal) LDIAY) Cga g Cpal o< LY

DA e Al 5 <) A8 g (e Gy Eian 31 2aaSY A 5L Cilapend) AlaSa Baba Cpia LY Bala o ) Liald a8

Ll Balicaal) g 5w salicaall 45U






