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Abstract. This study aimed to investigate the effect of cerium oxide nanoparticles (CeO,-NPs) on
non-alcoholic fatty liver disease in postmenopausal obesity and the underlying mechanisms.64
adult female rats were allocated into Sham, ovariectomized (OVX), high-fat high-fructose diet-
fed-OVX (HFHF-OVX), and HFHF-OVX-CeO,-NPs-treated (CeO,-HFHF-OVX) groups. OVX
and HFHF-OVX rats presented a significant increase in overall and visceral obesity, dyslipi-
demia, liver enzymes, serum malondialdehyde, liver TNF-a, TGF-f1 and free fatty acids, liver
X receptor (LXR) expression associated with decreased serum total antioxidant capacity and
liver short heterodimer partner (SHP) expression vs. Sham group. Also, histomorphometric
studies displayed a significant higher scores of liver steatosis, inflammation and fibrosis. All
these parameters were significantly improved by CeO,-NPs treatment in CeO,-HFHF-OVX
vs. HFHF-OVX rats. Thus, CeO,-NPs treatment ameliorates liver steatosis, steatohepatitis,
and fibrosis in postmenopausal obese rats via alleviation of obesity, dyslipidemia, modulating
liver genes involved in lipid metabolism (LXR and SHP), decreasing liver lipogenesis besides
its antioxidant and anti-inflammatory effects.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is characterized
by excessive hepatic lipid accumulation which is not related
to alcohol use. It involves many hepatic pathologies that
range from isolated hepatic steatosis, non-alcoholic steato-
hepatitis (NASH), up to liver fibrosis, and cirrhosis (Chalas-
ani et al. 2018). The pathogenesis of NAFLD begins with an
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initial stage of hypertriglyceridemia with disturbed hepatic
lipid metabolism followed by second stage of inflammation
and oxidative stress which ultimately lead to NASH (Manne
etal. 2018). Progressive withdrawal of estrogen is associated
with many risks that signal the development and progression
of NAFLD/NASH in menopause. Obesity and dyslipidemia
are triggered by estrogen loss and primarily drive the process
of liver lipid infiltration (Palmisano et al. 2017). Moreover,
earlier reports have postulated a regulatory effect of estrogen
on genes of lipid metabolism pathways in the liver such as
liver tissue X receptor (LXR) and short heterodimer partner
(SHP) (Han et al. 2014; Wang et al. 2015).
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Although, hormone replacement therapy provides
a hepatoprotective effect on the development of NAFLD in
menopausal women, it is not a convenient line of treatment
because it has been linked to detrimental diseases such as
thromboembolism, breast cancer and ovarian cancer (Lobo
2017).Therefore, a safe therapy that can decrease metabolic
derangement, oxidative stress and inflammation may help
in prevention of the development or the acceleration of
NAFLD in menopause. Cerium oxide nanoparticles (CeO,-
NPs) or nanoceria, have shown promising approaches
as therapeutic agents in biology and medical sciences
(Charbgoo et al. 2017). CeO,-NPs, a rare earth metal ox-
ide, had proven to behave as free radical scavengers, and
anti-inflammatory agents (Hirst et al. 2009), and displayed
potent catalase- and super oxide dismutase-mimetic (SOD)
activity (DeCoteau et al. 2016; Tian et al. 2017). Recent
studies demonstrated that CeO, has advantage over clas-
sic antioxidants such as SOD, ascorbic acid, resveratrol,
colchicine, eugenol, and vitamin E (Casals et al. 2021).
CeO,-NPs act as scavenger system against different reactive
oxygen species (ROS) and reactive nitrogen species (Charb-
goo et al. 2017); and have a self regenerating mechanism
(Casals et al. 2020). Experimental studies demonstrated
that nanoceria is effective against hepatic ischemia rep-
erfusion injury by reducing ROS level and inhibiting the
inflammatory cascades (Manne et al. 2017; Ni et al. 2019)
and exerts hepatoprotective activity in a rat model of liver
fibrosis induced by CCl, (Or6 et al. 2016). In addition,
CeO,-NPs enhance liver regeneration in experimental
models of acetaminophen-induced liver toxicity and partial
hepatectomy (Coérdoba-Jover et al. 2019).

In this context, this study was designed to determine
whether CeO,-NPs display hepatoprotective properties
against experimentally induced NAFLD in a rat model
of postmenopausal obesity and to explore the underlying
mechanism of action. An experimental model of postmeno-
pausal obesity was produced in the present study by bilateral
ovariectomy in rats, a well-established animal model that
mimics menopausal changes (Khajuria et al. 2012), and by
feeding high-fat, high-fructose diet (HFHF) to rats after
the surgery.

Materials and Methods

Animals

Sixty-four female Wistar rats, weighing 200-250 g were
obtained from Helwan farm, Cairo, Egypt. Rats were
maintained under regular 12 h:12 h light/dark cycle and
standard conditions of boarding with room temperature
22-25°C in Medical Ain Shams Research Institute (MAS-
RI), Faculty of Medicine, Ain Shams University. Rats were

acclimated for 7 days before the start of the experiment.
All the experimental procedures were conducted accord-
ing to National Institutes of Health Guide for the Care
and Use of Laboratory Animal, and the study protocol was
approved by the Research Ethical Committee of Faculty of
Medicine, Ain Shams University (FMASU, MD 362/2018).
The “Principles of laboratory animal care” (NIH publica-
tion No. 86-23, revised 1985) were followed, as well as
specific national laws.

The ovariectomy operation

It was performed according to the method described by
Khajuria et al. (2012). After anaesthesia (80 mg/kg keta-
mine), a single lower abdominal incision was made above
the symphysis pubis. The ovary was exposed on each side,
and haemostasis was insured by ligation of the upper horns
of the uterus with a chromic catgut thread. Each ovary, to-
gether with its surrounding fat and oviduct, was removed.
Then, the wound was closed. Asepsis and analgesia were
maintained by ceftriaxone (40 mg/kg i.m.) and diclofenac
potassium (5 mg/kg, i.m.) for 48 h postoperatively. The
sham-operated rats were treated in a similar way, but only
the ovaries and oviduct were manipulated. After full recov-
ery (10 days after the operation), the experiment started and
extended for 8 weeks.

Preparation of dietary formula

The HFHF diet formula (35.5% fat, 32.4% carbohydrate
(CHO) and 18% proteins, in 100 g of dry food with a total
caloric value of 521 kcal/100 g dry food), and the nor-
mal chow diet formula (7.2% fats, 60% CHO and 18.2%
proteins, in 100 g of dry food, with a total caloric value
of 377.5 kcal/100 g dry food) were prepared according to
Feillet-Coudray et al. (2019), and administered to rats for
8 weeks.

CeOQ?*-NPs treatment

CeO,-NPs (Sigma-Aldrich, St. Louis, MO, USA, code
544841) were freshly dissolved in 0.5 ml of sterile phosphate-
buffered saline (PBS, pH 7.4) and mixed for 5 min, before
administration, using Thermolyne 37600 mixer (Barnstead,
USA). CeO,-NPs were intraperitoneally (i.p.) injected, in
a dose 0.1 mg/kg, twice/week for the first two weeks of the
experiment (Nassar et al. 2018).

Characterization of CeO*-NPs

This was done at Electron Microscopy Unit, Faculty of
Medicine for Males, Al Azhar University, using an electron
microscope (Jeo 100C, Tokyo, Japan).
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The suspension of cerium oxide was characterized by
using transmission electron microscopy (TEM). A small
drop of the suspension was placed onto TEM grids coated
with a thin carbon film and allowed to evaporate. Then,
digital pictures of several locations on the grid were taken.
TEM examination of cerium oxide nanoparticles suspension
appeared as particles within a range of 10-25 nm in size
measured by TEM scale. They were spherical to cuboidal
in shape, electron dense and formed aggregates of different
sizes (Fig. 1).

Experimental design

Rats were randomly allocated into four groups. 1) Sham-
operated group (Sham, n = 17), rats in this group were
subjected to sham operation (all steps of ovariectomy
operation, without removal of the ovaries), then, they were
fed normal chow diet for 8 weeks. 2) Ovariectomized group
(OVX, n = 16); rats in this group were subjected to bilateral
ovariectomy, thereafter they were fed normal chow diet for
8 weeks. 3) High-fat high-fructose diet-fed ovariectomized
group (HFHF-OVX, n = 15), rats in this group were sub-
jected to bilateral ovariectomy, then, they were fed HFHF
diet for 8 weeks. 4) HFHF diet-fed ovariectomized, CeO;-
NPs-treated group (CeO,-HFHF-OVX, n = 16), rats in this
group were subjected to bilateral ovariectomy, then, they
were fed HFHF diet for 8 weeks, and i.p. injected by cerium
oxide nanoparticles in a dose 0.1 mg/kg, twice/week for the
first 2 weeks of the experimental period.

Experimental procedure

On the day of sacrifice, overnight fasted rats were weighed
and anaesthetized by i.p. injection of pentobarbitone, in
adose of 40 mg/kg. Then, the length of the rat was measured
from the tip of the nose to the anus and used to calculate
body mass index (BMI) according to the following equation:
BMI = body weight (BW, g)/length? (cm?). Also, the waist
circumference (WC) was measured. Then a midline abdomi-

nal incision was made, the abdominal aorta was exposed and
cannulated with a polyethylene catheter, and blood samples
were collected in two serum clot activator plastic tubes with
gel. The tubes were centrifuged at 4000 rpm for 15 min and
the supernatant serum was stored at -80°C until used for
determination of liver enzymes, alanine amino transferase
(ALT) and aspartate aminotransferase (AST); lipid profile,
triglycerides (TG), total cholesterol (TC), and high-density
lipoprotein cholesterol (HDL-C); and oxidative stress mark-
ers, malondialdehyde (MDA), and total antioxidant capacity
(TAC). All biochemical analysis was conducted blindly by
an expert clinical pathologist. Then, visceral fat was excised,
washed, dried by filter paper and weighed in 5-Digit-Metler
balance (Sartorious AG, bl-210s). The visceral fat weight
(VEW) results were expressed as absolute values (g) and
relative values to the body weight (VEW/BW, g/g). The liver
was excised, and the left lobe was used for histopathological
studies and the right lobe was stored at -80°C for later deter-
mination of free fatty acid (FFA), tumor necrosis factor-alpha
(TNF-a), transforming growth factor-betal (TGF-f1), gene
expression of SHP and LXR.

Biochemical analysis

Measurement of liver enzymes

Serum ALT and AST activities were measured by using
colorimetric kits supplied by Egy-Chem. for lab. technol-
ogy, Egypt (ALT, CAT. No. GPT113240; AST, CAT. No.
GOT110240).

Measurement of lipid profile

Serum levels of TGs, TC, and HDL-C were determined by
enzymatic colorimetric method by using colorimetric kits
supplied by Biodiagnostic, Egypt (TGs, CAT. No. TR 20
30; TC, CAT. No. CH 12 20; HDL-C, CAT. No. CH 12 30).
Low-density lipoprotein cholesterol (LDL-C, mg/dl) was
calculated according to Friedewald et al. (1972) using the

Figure 1. The representative electron
micrograph of cerium oxide nanoparti-
cles (A) and aggregates of cerium oxide
nanoparticles of different sizes (B) in
suspension.

100 nm
TEM = 100000x
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following equation: LDL-C = TC - (HDL-C + TG/S). Ath-
erogenic index (AI) was calculated according to Onat et al.
(2010) as follows: AI =log;(TG/HDL-C.

Measurement of oxidative stress markers

Serum levels of MDA and TAC were determined by using
colorimetric kits supplied by Biodiagnostic, Egypt (MDA,
CAT. No. 25 28; TAC, CAT. NO. TA 25 12).

Measurement of liver tissue levels of TNF-a, TGF-S1, and
FFA

Liver tissue TNF-a was measured by using Rat TNF-alpha
ELISA Kit supplied by RayBiotech (Inc., Norcross, Georgia,
USA, CAT. No. ELR-TNFa), TGF-p1 was measured by using
Rat TGF-P1 PicoKine ELISA Kits (Pleasanton, USA, CAT.
No. MBS824788). The level of FFA in liver tissue was deter-
mined by using Rat FFA ELISA Kit (BioSource International,
Inc., California, USA, Cat. No: MBS014345).

Gene expression of short heterodimer partner and LXR
Real-time quantitative PCR (qPCR) analysis

RNA extraction and cDNA conversion

Total RNA was isolated using Qiagen tissue extraction kit
(Qiagen, USA, CAT. No. 51304) according to the instruc-
tions of manufacture. The purity (A260/A280 ratio) and the
concentration of RNA were obtained using spectrophotom-
etry (dual wavelength Beckman, Spectrophotometer, USA).
A cDNA synthesis reaction was performed using the reverse
transcription kit (Fermentas, USA). 3 ul of random primers
were added to 10 ul of RNA, which was denatured for 5 min
at 65°C in the thermal cycler. The RNA primer mixture was
cooled to 4°C, and the cDNA master mix was prepared ac-
cording to the kit instructions. Total volume of the master
mix was 19 pl for each sample. This was added to the 31 pl
of RNA-primer mixture resulting in 50 pl of cDNA. The last
mixture was incubated in the programmed thermal cycler
one hour at 37°C followed by inactivation of enzymes at 95°C
for 10 min, and finally cooled at 4°C, then, RNA was changed
into cDNA. The converted cDNA was stored at —20°C.

Real-time qPCR

Real-time qPCR amplification and analysis were per-
formed using an Applied Biosystem with software version
3.1 (StepOne™, USA). The Real-time qPCR assay with the
primer sets were optimized at the annealing temperature.
Amplification of the synthesized cDNA was performed in
duplicates for each gene and endogenous reference control
(P actin). Every reaction had a total volume of 25 ul con-

taining 12.5 ul Syber green mix, 1 ul Forward primer, 1 pl
Reverse primer, 5 pl cDNA template and 5.5 pul RNAse free
water. The real-time cycler consisted of one cycle at 50°C
for 2 min followed by 40 cycles of denaturation at 95°C
for 15 s, 1 min at 60°C for annealing, and 1 min at 72°C
for extension.

Relative expression of studied genes was calculated using
Applied Biosystem software. All values were normalized to
B actin levels as a reference gene. The primer pair sequence
used for each gene are listed as follows: SHP (Forward
primer; 5-AGTTGGAAAGTTGGAGTG-3’; Reverse prim-
er: 5-GATTGTTGTATGGGGAGTA-3’); LXR (Forward
primer: 5-CTGATTCTCCGTGTCCTCTGTG-3’; Reverse
primer : 5-CACCCTACCCTTTGACTCTCT-3’); B actin
(Forward primer: 5-CCC ATC TAT GAG GGT TAC GC-3’;
Reverse primer: 5-TTT AAT GTC ACG CACGAT TTC-3’).

Histopathological studies

The liver specimens were collected and fixed in 10% formalin
and embedded in paraffin. Six micrometer sections were cut,
deparaffinized, hydrated and stained with Hematoxylin and
Eosin (H&E). To determine liver fibrosis paraffin sections
were stained with Masson’s trichrome stain which reveals
collagen fibers deposition in green color. Localization of
fat droplets was determined in ten micrometer frozen liver
sections (—80°C), by using Oil Red O stain.

Histomorphometric studies that determine the mean area
percentage of collagen fibers in Masson's trichrome stained
section, and the mean area percentage of fat droplets in Oil
Red O stained sections were measured using, Leica DM2500
microscope, with a Canon EOS 1100D Digital SLR camera,
and image analyzer Leica Q win V.3 program installed on
a computer connected to a Leica DM2500 microscope
(Wetzlar, Germany).

For quantified evaluation of tissue changes, all liver speci-
mens were reviewed and scored according to Non-alcoholic
Steatohepatitis Clinical Research Network (Brunt et al. 1999;
Kleiner et al. 2005; Tandra et al. 2011). Liver specimens
from five different rats from each group were subjected to
morphometric study. Four different haphazardly selected,
non-overlapping fields were photographed to be examined.
So, for each parameter 20 different microscopic fields were
obtained. The number and frequency distribution (%) of
each examined component was calculated as a percentage
form 20 (four different field sections in five rats (20 fields/
group)). H&E staining was used to evaluate all features
except fibrosis. Masson’s trichrome staining was used for
evaluation of fibrosis only.

Diagnosis and grading of NAFLD, NASH and liver fi-
brosis were as follows: Steatosis (Macrovesicular steatosis),
0 = < 5% liver cells involved, 1 = 5-33% liver cells involved,
2 = 34-66% liver cells involved, and 3 = > 66% liver cells
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involved; Lobular and portal inflammation, 0 = none, 1 =
1-2 foci, 2 = up to 4 foci, and 3 = > 4 foci; Hepatocellular
ballooning, 0 = absent, 1 = few cells in some lobules, 2 = few
cells in most lobules, and 3 = many cells of most lobules;
Presence of Mallory-Denk bodies, 0 absent, 1 is occasional
and 2 is several; Lobular fibrosis, 0 absent, 1 = Zone 3 or
periportal, 2 = Zone 3 and periportal, 3 = bridging fibrosis
with architectural distortion, and 4 = cirrhosis; and Portal
fibrosis was scored from 0-4; 0 absent, 1 = enlarged, fibrotic
portal tracts, 2 = periportal or portal-portal septa with intact
architecture, 3 = bridging fibrosis, and 4 = cirrhosis. In each
group, five liver sections were prepared from five randomly
selected rats. Then, four different non-overlapping fields
were examined from each section. Thus, 20 fields were
used for measuring every morphometric parameter in the
individual group.

Statistical analysis

Biochemical variables were presented as mean + standard
error of mean (SEM). The one-sample Kolmogorov-Smirnov
test was used to assess normality of variables and all vari-
ables were normally distributed. One way ANOVA was done
to determine the differences between groups and in case
of significant ‘F’ test (p < 0.05), post-hoc test was made
by Fisher’s least significant difference to find inter-group
significance. Data of the histological damage scores were
presented as median and range, and the statistical analysis
was determined using Kruskal-Wallis test followed by the
Mann-Whitney U-test. Spearman correlation analysis was
used to investigate the relationship between LXR and SHP,
and liver FFA, lipid profile as well as histological scores.
A value of p < 0.05 was considered statistically significant.

Results

Changes in anthropometric parameters

The BW and the BMI as well as their percent change were
significantly increased in OVX rats vs. Sham group; and in
HFHF-OVX rats vs. Sham and OVX groups (Fig. 2). Also,
WC, VEW, and relative VFW were significantly increased in
OVX and OVX-HFHEF rats compared to Sham group. CeO,-
NPs treatment significantly decreased all these parameters
in CeO,-HFHF-OVX rats vs. both OVX and HFHF-OVX
groups; all approached the sham values except the % change
of BW and WC.

Changes in liver enzymes

As shown in Figure 3, serum AST and ALT were significantly
increased in OVX rats vs. Sham group; and in HFHF-OVX

rats vs. Sham and OVX groups. CeO,-NPs treatment signifi-
cantly decreased both enzymes in CeO,-HFHF-OVX rats
vs. HFHF-OVX group, though they were still significantly
higher than their matched values in Sham group.

Changes in the mRNA expression of LXR and SHP in
liver and FFA liver levels

Liver LXR expression and FFA levels showed a significant
increase associated with a significant decrease in liver SHP
expression in OVX rats vs. Sham group; and in HFHF-OVX
rats vs. Sham and OVX groups (Fig. 3). CeO,-NPs treatment
resulted in a significant decrease in liver LXR expression
and FFA levels along with a significant increase in liver SHP
expression in CeO,-HFHF-OVX rats compared to OVX
and HFHF-OVX groups, however, all parameters did not
approach the sham values.

Changes in lipid profile and atherogenic index

Serum levels of TG, TC, LDL-C and Al were significantly
increased, associated with a significant decrease in HDL-C
in OVX rats compared to Sham group; and in HFHF-OVX
rats compared to sham and OVX groups (Table 1). Treating
HFHF-OVX rats with CeO,-NPs significantly diminished
serum levels of TG, TC, LDL-C and Al and significantly
elevated HDL-C in CeO,-HFHF-OVX rats compared to
both OVX and HFHF-OVX groups, however, all parameters
did not reach the sham values.

Changes in oxidative stress and inflammatory markers

As demonstrated in Table 1, serum MDA, liver tissue TNF-q,
and liver tissue TGF-P1, were significantly increased along
with a significantly decreased serum TAC in OVX rats com-
pared to Sham group; and in HFHF-OVX rats compared
to Sham and OVX groups. Meanwhile, CeO,-HFHF-OVX
group showed a significantly decreased serum MDA, liver
tissue TNF-a, and liver tissue TGF-B1 accompanied by
a significantly increased TAC compared to both OVX and
HFHF-OVX groups, although all markers did not achieve
the sham values.

Correlation studies

As shown in Table 2, LXR expression was significantly and
positively correlated with liver enzymes, liver FFA, TG, TC,
LDL-C, as well as histological scores of liver steatosis, liver
inflammation, Mallory Bodies, and ballooning. On the con-
trary, all these parameters were significantly and negatively
correlated with SHP expression. Also, HDL-C showed a sig-
nificant and negative relationship with LXR, and a significant
and positive relationship with SHP.
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Histological results

H&E-stain

Sham group showed the general appearance of classic hepatic
lobules. Central veins were present in the middle of hepatic
lobules, and portal tracts were observed at the periphery
(Fig. 4A). Cords of hepatocytes were seen radiating from the
central vein in branching and anastomosing pattern. Hepato-
cytes were polygonal in shape with acidophilic cytoplasm
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and central rounded vesicular nuclei. Some hepatocytes were
binucleated. Blood sinusoids were noticed as slit-like spaces
between hepatocytes and were lined with flat endothelial
cells (Fig. 4B). Portal areas were seen containing bile ducts,
branches from hepatic artery and portal vein (Fig. 4C).
OVX group showed mononuclear cellular infiltrations
in most portal tracts (Fig. 4D). Hepatic sinusoids were
sometimes observed dilated (Fig. 4E). Accumulation of
inflammatory cells were, also, seen between hepatocytes
(Fig. 4E and F) and in the portal tracts (Fig. 4G). Mal-
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lory bodies were noticed inside some hepatocytes, which
appeared as deep eosinophilic intracytoplasmic structure
(Fig. 4F).

Intracellular vacuoles were present in the cytoplasm of
hepatocytes near the portal tracts (Fig. 4G). Some portal
tracts were expanded with dilated congested portal vein
branches and dilated proliferated bile ducts (Fig. 4H).

In HFHF-OVX group, expanded portal tracts and
bridging between portal tracts of adjacent lobules were
frequently noted (Fig. 5A). Inflammatory cells were pre-
sent in most portal tracts (Fig. 5A and B). Hepatocytes in
most lobules had vacuolated cytoplasm and deeply stained
nuclei (Fig, 5B). Some of these nuclei were pushed periph-
erally. Disturbed radial arrangement of hepatic cords and
obliterated blood sinusoids were, also, frequently noted.
In addition, ballooned hepatocytes with shrunken deeply
stained pyknotic nuclei and Mallory bodies were frequently
noticed. Mallory bodies were eosinophilic structure and
was seen inside most hepatocytes (Fig. 5C). Dilated con-
gested hepatic sinusoids were, also, present (Fig. 5D), in
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Figure 3. Changes in serum aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), liver
tissue gene expression of liver X receptor (LXR),
short heterodimer partner (SHP) and free fatty acids
(FFA) in the different studied groups. Values are mean
+ SEM. Inter-group significance was done by One way
ANOVA and Fisher’s least significant difference. For
abbreviations, see Fig. 1.

addition to expanded portal tracts with inflammatory
cells (Fig. 5E and F) and proliferations of bile ducts were
frequently observed (Fig. 5F).

CeO,-HFHF-OVX group showed normal hepatic archi-
tecture in most hepatic lobules. Focal areas of vacuolated
hepatocytes were sometimes noticed (Fig. 6A). Few dilated
congested hepatic sinusoids were occasionally seen (Fig. 6B).
Some hepatocytes had intracellular vacuoles and peripheral
nuclei (Fig. 6B and C). Other hepatocytes were ballooned
(Fig. 6C). Few inflammatory cells were present in some
portal tracts (Fig. 6D).

Masson s trichrome stain

Sham rats showed few collagen fibers around central
veins, portal tracts and between hepatocytes (Fig. 7A).
OVX group demonstrated increase amounts of collagen
fibers in some portal tracts and in-between hepatocytes
(Fig. 7B). HFHF-OVX group showed increased amounts
of collagen fibers in the expanded portal tracts and in-
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Figure 4. Photomicrographs of
H&E stained liver sections from
Sham (A-C) and OVX (D-H)
groups. A. The general appear-
ance of classic hepatic lobules.
Central vein (T) is seen in the
middle of the lobule and portal
tracts (A) are seen at the periph-
ery (x100). B. Cords of hepato-
cytes radiation from the central
vein (CV) in branching and
anastomosing pattern. Hepato-
cytes are polygonal in shape
with acidophilic cytoplasm and
central rounded vesicular nuclei
(1. Some hepatocytes are seen
binucleated (A). Blood sinusoids
(S) are slit like spaces between
hepatocytes and are lined with
flat endothelial cells (curved
arrow) (x400). C. The portal
area containing branches from
bile duct (1), hepatic artery and
portal vein (A) (x400). D. Foci of inflammatory cellular infiltrations (M) in the portal tracts (x100). E. Areas of dilated hepatic sinusoids
(S). Inflammatory cells (1) are also seen between hepatocytes (x400). F. Accumulation of inflammatory cells (1) between hepatocytes
in the middle of hepatic lobule. Inset: Mallory body (A) is seen inside hepatocyte as deep eosinophilic structure (x400, inset x1000). G.
Portal tract (PT) containing bile duct branches (D) and accumulation of inflammatory cells (*). Hepatocytes with intracellular vacuoles
(1) are seen. Inset: intracellular vacuoles in the cytoplasm of hepatocytes (x400, inset x1000). H. Expanded portal tract with dilated
congested portal vein branch (V) and proliferation of bile ducts (D) (x400). For abbreviations, see Fig. 1.

between hepatocytes (Fig. 7C). On the other hand, CeO,-  Qil Red O stain

HFHF-OVX group showed minimal amounts of collagen

fibers around central veins, portal tracts and in-between  Examination of frozen sections stained with Oil Red O stain
hepatocytes (Fig. 7D). showed no red deposits of lipid droplets in hepatocytes of

Figure 5. Photomicrographs of
H&E stained liver sections from
HFHF-OVX group. A. Classic
hepatic lobules; central vein (T),
expanded portal tracts (PT) and
cellular infiltrations (curved ar-
row) are seen. Notice bridging
between portal tracts of adjacent
lobules (x100). B. Expanded por-
tal tract (PT) with mononuclear
cellular infiltrations (A). Vacu-
olations of hepatocytes are seen
in all lobules (x100). C. Disturbed
radial arrangement of hepatic
cords and obliterated blood sinu-
soids. Ballooned hepatocytes (A)
are seen with peripheral nuclei. Inset: Mallory bodies (1) are seen inside hepatocytes as eosinophilic intracytoplasmic structure (x400, inset
x1000). D. Dilated congested hepatic sinusoids (S). Some ballooned hepatocytes (A) are seen with dark stained shrunken pyknotic nuclei
and vacuolated cytoplasm (x400). E. Expanded portal tract (PT) with numerous inflammatory cells (A). Vacuolated hepatocytes (V) are
also seen (x400). F. Expanded portal tract with proliferated bile ducts (D) and cellular infiltration (*) (x400). For abbreviations, see Fig. 1.
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Sham group (Fig. 8A). In OVX group, many small-sized
red lipid droplets were seen in many hepatocytes (Fig. 8B).
HFHF-OVX group showed increase in number and size of
lipid droplets in most hepatocytes (Fig. 8C). On the other
hand, rats in CeO,-HFHF-OVX group showed occasional
red lipid droplets in some hepatocytes (Fig. 8D).

Histomorphometric studies

Concerning the liver steatosis score and mean area% of Oil
Red O stain for lipid droplets, they were significantly elevated
in OVX rats vs. Sham group, and in HFHF-OVX group vs.
Sham and OVX rats (Table 3). CeO,-NPs treatment signifi-
cantly decreased liver steatosis score in CeO,-HFHF-OVX
group in comparison to HFHF-OVX rats, though it was still
significantly higher than the sham value. Furthermore, mean
area% of Oil Red O stain for lipid droplets was significantly
decreased in CeO,-HFHF-OVX group vs. OVX and HFHF-
OVX groups, achieving the sham value.

Regarding inflammation, Mallory-Denk bodies and
ballooning scores, they were significantly increased in
OVX and HFHF-OVX rats vs. Sham group (Table 2). Also,
HFHF-OVX rats showed a significantly higher values of
Mallory-Denk bodies and ballooning scores compared
to OVX rats. All these changes were significantly allevi-
ated in CeO,-HFHF-OVX group vs. HFHF-OVX group,
although only the Mallory-Denk bodies score approached
the sham value.

Additionally, lobular fibrosis and portal fibrosis scores
as well as mean area % of collagen fibers were significantly

Figure 6. Photomicrographs of H&E stained liver sections from
CeO,-HFHE-OVX group. A. Central vein (1) and peripheral portal
tracts (A). Focal area of vacuolated hepatocytes is seen (curved ar-
row) (x100). B. Few dilated congested hepatic sinusoids (S). Some
hepatocytes are seen with intracellular vacuoles and peripheral
nuclei (T) (x400). C. Some hepatocytes are seen vacuolated (V),
others are seen ballooned (A). Hepatocytes with peripheral nucleus
(1) and intracellular vacuoles are seen (x400). D. Portal tract with
bile duct branch (D). Few inflammatory cells (1) are seen (x400).
For abbreviations, see Fig. 1.

higher in OVX and HFHF-OVX groups compared to Sham
group (Table 2). HFHF-OVX rats, also, showed a significant-
ly elevated mean area % of collagen fibers in comparison to
OVX group. All these values were significantly decreased by

Table 1. Serum levels of lipid profile, oxidative stress markers, and liver inflammatory markers in the different studied groups

Sham OVX HFHF-OVX CeO,-HFHE-OVX
Lipid profile
TG (mg/dl) 71.43 + 1.83 104.41 +2.932 114.01 + 2.00%P 90.56 + 1.33%P<
TC (mg/dl) 122.34 + 1.69 181.35 + 2.552 208.85 + 3.44%P 162.99 + 3.79¥b¢
HDL-C (mg/dl) 59.43 +1.14 41.14 + 1.65% 36.91 + 1.44%P 49.40 + 1.26>b<
LDL-C (mg/dl) 48.62 + 1.87 119.33 + 3.082 149.14 + 3.42%0 95.48 + 3.724b<
Al 0.08 + 0.02 0.41 + 0.03? 0.49 + 0.02%P 0.26 + 0.01<
Oxidative markers
MDA (nmol/ml) 29.04 +2.14 85.58 + 4.17° 116.11 + 2.20%P 59.52 + 2.28%b<
TAC (mmol/l) 57.54 +2.43 25.65 + 1.82° 19.94 + 1.29%P 41.03 + 1.23%b<
Inflammatory markers
TNF-a (pg/g tissue) 60.21 + 2.79 113.99 +3.252 156.35 + 6.13%P 80.69 + 2.96%P<
TGF-B1 (pg/g tissue) 31.52 + 1.25 97.80 + 2.85 128.96 + 3.64%" 58.40 + 3.99%P<

Values are presented as mean + SEM. OVX, ovariectomized group; HFHF-OVX, high-fat high-fructose diet-fed OVX group; CeO,-
HFHF-OVX, HFHF-OVX cerium oxide-treated group; TG, triglycerides; TC, total cholesterol; HDL-C, high density lipoprotein
cholesterol; LDL-C, low density lipoprotein cholesterol; AI, Atherogenic index; MDA, malondialdehyde; TAC, total antioxidant
capacity; TNF-a, tumor necrosis factor alpha; TGF-B1, transforming growth factor beta-1. Inter-group significance was done
by One way ANOVA and Fisher’s least significant difference. ® p < 0.05 vs. Sham group, ® p < 0.05 vs. OVX group, € p < 0.05 vs.

HFHF-OVX group.



440

Lebda et al.

Figure 7. Photomicrographs of Masson's trichrome stained liver
sections from different studied groups. A. Sham group. Few collagen
fibers in the portal tract (A) and around central veins. Inset: minimal
amounts of collagen fibers between hepatocytes (x100, inset x400). B.
OVX group. An increase amount of collagen fibers (1) in some portal
tracts. Inset: an increase amount of collagen fibers is seen between
hepatocytes (x100, inset x400). C. HFHF-OVX group. Increased col-
lagen fibers (1) in the expanded portal tract. Inset: an increase amount
of collagen fibers is seen between hepatocytes (x100, inset x400). D.
CeO,-HFHF-OVX group. Few collagen fibers (1) around central vein
and portal tracts (A). Inset: minimal amount of collagen fibers is seen
between hepatocytes (x100, inset x400). For abbreviations, see Fig. 1.

CeO,-NPs treatment in CeO,-HFHF-OVX group vs. OVX
and HFHF-OVX groups, however, only the portal fibrosis
score attained the sham value.

Discussion

In the present study, we explored the ability of CeO,-NPs to
alleviate the NAFLD and NASH in postmenopausal obese
rats and clarified the underlying mechanisms.

Ovariectomy, in the present study, significantly increased
both overall and visceral obesity in OVX rats vs. Sham
group. In concomitance, a significant increase in liver lipid
accumulation, liver steatosis, liver inflammation, ballooned
hepatocytes, Mallory-Denk bodies (the hall marks of liver
steatohepatitis (Brown and Kleiner 2016)), and liver col-
lagen fibers deposition, along with a significant elevation
in liver enzymes, liver tissue levels of TNF-a and TGF-f1
were observed in OVX group compared to Sham group.
These findings indicate that ovariectomy induced NAFLD
and liver injury which progress to NASH with an apparent
enhancement of inflammation and even liver fibrosis, which
could be explained by the associated obesity. Moreover, as
the overall obesity parameters increased by consumption
of HFHF diet by OVX rats, the severity of liver injury,
steatosis, inflammation as well as fibrosis were significantly
enhanced in HFHF-OVX group vs. both Sham and OVX
rats; confirming the crucial role of obesity in mediating such
liver pathologies.

CeO,-NPs treatment significantly attenuated both overall
and visceral obesity in CeO,-HFHF-OVX rats vs. both OVX
and HFHF-OVX groups. In parallel, liver steatosis and stea-
tohepatitis were significantly alleviated as demonstrated by
the histological studies as well as the significantly lowered
liver tissue levels of FFA, TNF-a and TGF-f1 in CeO,-
HFHF-OVX rats compared to HFHF-OVX group. These
changes were appropriate to mitigate liver injury and liver
fibrosis as manifested by the significant decrease in AST,
ALT, mean area % of collagen fibers, and lobular and portal
fibrosis in CeO,-HFHF-OVX group vs. HFHF-OVX group.
Such obvious hepatoprotective effect of cerium oxide could
be induced via its ability to decrease obesity. The ameliora-
tive effect of nanoceria against liver steatosis (Wasef et al.
2021) as well as obesity (Rocca et al. 2015) was previously
demonstrated by experimental studies.

Obesity particularly with central fat deposition is a chief
component that promotes the development of NAFLD (Vulf

Table 2. Histopathological scoring system in the different studied groups

Sham OVX HFHF-OVX CeO,-HFHF-OVX
Steatosis” 0 (0-1) 1(0-2)? 3 (0-3)*b 0 (0-3)>¢
Inflammation” 0(0-2) 2 (1-3)2 2 (0-3)2 0.5 (0-2)>b<
Mallory-Denk bodies” 0 (0-0) 0(0-1)2 2 (0-2)*b 0 (0-1)¢
Ballooning® 0 (0-0) 0 (0-2)? 3 (0-3)*b 1(0-1)*¢
Lobular fibrosis” 0(0-2) 2 (0-3)2 2 (0-3)2 0.5 (0—2)“”C
Portal fibrosis” 0(0-2) 2 (0-3)2 2 (0-3)? 0 (0-2)bc
. . .
ﬁﬁznd:;?etf of Oil Red O stain for 0.96 + 0.1 16.89 + 0.9 29.53 + 0.8%0 2.83 +0.3%¢
Mean area % of collagen fibers 2.07+0.3 8.58 + 0.4° 17.48 + 0.3%P 3.68 + 0.2%b¢

Data are mean + SEM; * median (range); ® p < 0.05 vs. Sham group; bp < 0.05 vs. OVX group; € p < 0.05 vs. HFHF-OVX group. For

abbreviations, see Table 1.
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etal. 2018). NAFLD was demonstrated in 70 to 80% of sub-
jects with central obesity (Williamson et al. 2011). Obesity is
triggered by estrogen loss in menopause and primarily drives
the process of liver lipid infiltration (Kamada et al. 2011).
Experimental studies have reported an increase in body
weight and visceral fat after 6 weeks (Pighon etal. 2011) and
12 weeks (Jeong et al. 2018) of ovariectomy in rats and mice,
respectively. Visceral fat, has a strong lipolytic activity that
increases FFA flux to the liver, and promotes liver steatosis
(Pedersen et al. 2004; Verrijken et al. 2011).

Also, increased consumption of energy-dense foods
containing high amounts of fats and fructose represents
another aggravating factor for obesity (Zivkovic et al. 2007).
Estrada Cruz et al. (2019) stated that HFHF diet is a further
promoter to weight gain in OVX animals. High fructose
consumption has been associated with increased de novo
lipogenesis, insulin resistance, and visceral adiposity (Ter
Horst and Serlie 2017). Prevention of obesity was found to
reduce fatty liver in high-fat fed mice (Kim et al. 2018). Thus,
the ability of CeO,-NPs to attenuate liver steatosis and its
deleterious consequences in ovariectomized obese rats, in
the present study, might be partly related to its anti-obesity
effect, in particular visceral obesity.

Additionally, ovariectomy, in the current study, disrupted
the lipid metabolism as indicated by the significant dyslipi-
demia together with the significant upregulation of liver LXR
expression, and downregulation of liver SHP expression in
OVX group vs. Sham group, all are strong mediators of liver
lipid accumulation.

LXR is a key regulator of hepatic lipogenesis. Its lipogenic
activity is mediated via upregulation of sterol regulatory
element-binding protein-1c (SREBP-1c), acetyl-CoA car-
boxylase 1 (ACC1), and sterol-CoA desaturase 1 (SCD1); all
leading to increased hepatic lipid levels, one of the etiological
agents in the pathogenesis of NAFLD. Also, LXR stimu-
lates the carbohydrate response element-binding protein
(ChREBP) (Grenning-Wang et al. 2013) that increases the
conversion of carbohydrates into lipids in liver.

Further, SHP, an orphan member of the nuclear hormone
receptor superfamily, predominantly functions as a tran-
scriptional repressor of gene expression by directly binding
to a variety of nuclear receptors (Zhang et al. 2011). SHP
decreases the expression of SREBP-1c, an important factor
in regulating the lipogenic program in liver, as well as LXR
(Watanabe et al. 2004; Zhang et al. 2011), denoting its anti-
lipogenic effect.

Moreover, estrogen deficiency diverted the hepatic me-
tabolism from lipid oxidation to fatty acid biosynthesis, thus
favoring its esterification and accumulation as triacylglyc-
erols in the cytosol of hepatocytes (Paquette et al. 2008).
Estradiol was demonstrated to modulate hepatic lipogenesis
by decreasing the levels of lipogenic genes, namely SREBP-1c,
ACCl, and SCD1, and to prevent hepatic fat accumulation

Figure 8. Photomicrographs of Oil Red O stained liver sections
from different studied groups. A. Sham group. No red deposits
in hepatocytes (x400). B. OVX group. Many small sized red
lipid droplets () in hepatocytes (x400). C. HFHF-OVX group.
Increased number and size of red lipid droplets (1) (x400). D.
CeO0,-HFHF-OVX group. Few red lipid droplets (1) (x400). For
abbreviations, see Fig. 1.

in ovariectomized female rats (Pighon et al. 2011). Estrogen
receptor ligands can reduce TG in the mouse liver by inhibit-
ing LXR transcriptional activity (Han et al. 2014). Further-
more, hepatic estrogen receptor a activation can improve
liver steatosis via upregulation of SHP (Wang et al. 2015).
Also, lacking of estrogen is associated with increased risk
for many metabolic derangements including, dyslipidemia
(Lovegrove et al. 2002). Several studies have highlighted
the strong relationship between NAFLD and increased se-
rum TG, small dense LDL and low HDL (Sung et al. 2012).

Table 3. Correlation coeflicients evaluated from correlation studies
of LXR (liver X receptor) and SHP (short heterodimer partner),
with liver FFA (free fatty acid), serum lipid profile as well as his-
tological scores

LXR SHP
FFA 0.917 -0.885
TG 0.865 -0.871
TC 0.918 -0.927
HDL -0.801 0.787
LDL 0.911 -0.922
Al 0.898 -0.891
Steatosis 0.755 -0.719
Inflammation 0.754 -0.758
Mallory Bodies 0.741 -0.688
Ballooning 0.639 -0.589

In all correlations, p = 0.000 (a value of p < 0.05 is considered
statistically significant). For abbreviations, see Table 1.
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Dyslipidemia has been demonstrated in 20 to 80% of cases
associated with NAFLD (Souza et al. 2012).

Additionally, HFHF diet, herein, significantly aggravated
the dyslipidemia and increased liver LXR and decreased SHP
mRNA expression in HFHF-OVX group compared to OVX
group. Fructose is metabolized by the liver, where it activates
hepatic de novo lipogenesis acting primarily via SREBP-1c
and ChREBP, prevents the mitochondrial f-oxidation of
long-chain fatty acids, causes endoplasmic reticulum stress,
and enhances TG formation and hepatic steatosis (Lim et al.
2010; Softic et al. 2020).

According to the present results and the aforementioned
reports, both ovariectomy and HFHF diet, in the present
study, synergistically disturbed lipid metabolism via modu-
lating the gene expression of lipogenic pathways in liver; in-
creasing lipogenesis and inducing dyslipidemia, all enhance
liver steatosis and steatohepatitis.

CeO,-NPs treatment in the present study, significantly
downregulated the LXR, lowered dyslipidemia and upregu-
lated the SHP gene expression in liver tissues in CeO,-HF-
HF-OVX rats vs. both OVX and HFHF-OVX groups. These
results provide evidence that cerium oxide can diminish the
disturbed lipid metabolism and dyslipidemia produced by
ovariectomy and HFHF diet via readjusting the liver gene
expression of both LXR and SHP. This postulate was further
supported by the correlation studies.

To the best of our knowledge, the current study is the first
to shed light on the ability of cerium oxide nanoparticles to
modulate LXR and SHP gene expression in liver, which add
to its anti-lipogenic effect. This effect could be a novel mecha-
nism by which cerium oxide can attenuate liver steatosis and
steatohepatitis. In agreement with this postulate, Wasef et al.
(2021) have demonstrated that CeO, treatment can attenuate
liver steatosis via decreasing dyslipidemia, downregulating
the liver lipogenesis gene, ACC1, in a rat model of NAFLD.
Also, Rocca et al. (2015) proved that six weeks of treatment
with nanoceria produces a significant downregulation of the
mRNA transcription of the main adipogenesis genes, namely
a) glycerol-3-phosphate dehydrogenase 1, b) lipoprotein
lipase, and c) lactate dehydrogenase A.

Also, OVX rats, in the present study, showed a significant
increase in serum levels of MDA, along with a significant de-
crease in TAC vs. Sham group, reflecting increased oxidative
stress in association with ovariectomy which could promote
NAFLD and NASH. In support, the present significant in-
crease in the severity of NAFLD and NASH was accompanied
by a significantly augmented oxidative stress in HFHF-OVX
group vs. Sham and OVX rats, proving the important role of
oxidative stress in enhancing fatty liver.

Accumulating evidence implicates ROS as strong contrib-
utors to liver lipid accumulation and development of NAFLD
as well as NASH (Paradies et al. 2014). Increased liver lipid
accumulation and levels of FFA induced by estrogen with-

drawal during menopause (Hart-Unger et al. 2017) impair
mitochondrial oxidation (Ipsen et al. 2018) and increase
peroxisomal 3-oxidation (Moreno-Fernandez et al. 2018).

Furthermore, both oxidative stress and lipid accumula-
tion induce hepatocellular damage which together with fat-
derived factors mediate the activation of local inflammatory
reaction, and hepatic stellate cells (Luedde and Schwabe
2011; Sharma et al. 2015) that enhance the recruitment of
neutrophils, T-lymphocytes and macrophages (Kazankov
et al. 2019). Such chronic pathological inflammation along
with persistent oxidative stress disturb tissue homeostasis,
enhancing hepatic steatosis, fibrosis, cirrhosis, and liver
failure (Robinson et al. 2016).

Additionally, HFHF diet in rats was found to increase
the activity of hepatic NADPH oxidase with a consequent
overproduction of superoxide anions, reduction of hepatic
content of glutathione, SOD and glutathione peroxidase
in association with excessive lipid accumulation in livers
(Feillet-Coudray et al. 2019). Therefore, oxidative stress with
the eventual activation of the local hepatic inflammation,
observed in HFHF-OVX group herein, could be explained
by estrogen withdrawal and HFHF diet and could, in part,
mediate NAFLD and NASH in this group. CeO,-NPs treat-
ment in the present study significantly attenuated oxidative
stress (decreased MDA and increased TAC), and inflamma-
tion (decreased liver tissue TNF-a and histological markers
of inflammation) processes in CeO,-HFHF-OVX rats com-
pared to both OVX and HFHF-OVX groups. These findings
highlight the antioxidant, and anti-inflammatory activities of
CeO,-NPs as important mechanisms in attenuation of liver
steatosis and steatohepatitis. This assumption is in accord
with earlier studies (Or6 et al. 2016; Ibrahim et al. 2018;
Carvajal et al. 2019; Adebayo et al. 2020).

CeO,-NPs, a powerful antioxidant and anti-inflammatory
agents both in vitro and in vivo (Dhall and Self 2018), can
scavenge ROS and nitric oxide radicals (Dowding et al.
2012) and exert a multi-enzyme mimetic activity, including
SOD (Korsvik et al. 2007), catalase (Cafun et al. 2013), and
peroxidase (Heckert et al. 2008). Because of this strong an-
tioxidant activities, CeO,_NPs were, recently, considered as
a safe therapeutic agents in liver diseases (Casals et al. 2021).
The ability of antioxidants to downregulate the adipogenesis
genes via its inhibitory effect on ROS has been postulated by
previous reports (Jeon et al. 2014; Rocca et al. 2015). Further,
CeO,-NPs protect HepG2 cells from cell-induced oxidative
damage, reducing ROS generation and inflammatory gene
expression as well as regulation of kinase-driven cell survival
pathways (Carvajal et al. 2019).

An important observation in the present study is the abil-
ity of CeO,-NPs to significantly alleviate the hepatic fibrosis
as demonstrated by the significant decrease in liver TNF-a
and TGF-f, key regulators of liver fibrosis (Tsuchida and
Friedman 2017), as well as the significant decrease in lobular
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fibrosis and portal fibrosis scores, and mean area % of collagen
fibers in CeO,-HFHF-OVX group vs. OVX and HFHF-OVX
groups. Hepatic fibrosis is primarily initiated by hepatocyte
injury, and sustained inflammation which trigger signaling
cascades, influencing many cell types, as hepatocytes, Kupfter
cells and sinusoidal endothelial cells; ultimately resulting in
hepatic stellate cells (HSCs) activation and excessive extracel-
lular matrix synthesis. TNF-a and TGF-{ have crucial role
in these signaling cascades (Tsuchida and Friedman 2017).

Activation of TGF-f produces differentiation of quiescent
HSCs into myofibroblast in which TGF-B-dependent Smad-
signaling pathways are stimulated to increase extracellular
matrix formation (Dooley and ten Dijke 2012). TGF-p
stimulation in hepatocytes results in hepatocyte death and
lipid accumulation via Smad-signaling and ROS formation
that facilitate the development of NASH (Yang et al. 2014).
Blocking TGF-p/Smad pathway was found to decrease liver
fibrosis as well as liver injury markers (Yuan et al. 2018).
Recently, Boey et al. (2021) demonstrated that CeO,-NPs
were able to reduce hepatic fibrosis in the cultured hepatic
stellate cell line LX2, through lowering oxidative stress and
TGF-B-mediated signaling. Furthermore, TNF-q, a pivotal
proinflammatory cytokine, has been known as one of the
earliest participants in a variety of hepatic injuries (Tilg and
Diehl 2000). It enhances HSC survival, hepatocyte death, and
immune cell activation, which are associated with enhanced
liver fibrosis (Yang and Seki 2015). Moreover, it can activate
Kupfter cells, exacerbating NASH and liver fibrosis in mice
(Tomita et al. 2006). Hence, CeO,-NPs, herein, orchestrate
crucial signals in the fibrotic pathway, decreasing liver fibro-
sis in postmenopausal obesity.

Of note, the hepatoprotective effect of cerium oxide, in
the current work, is incomplete as the liver enzymes, dys-
lipidemia, oxidative stress and inflammatory markers, histo-
logical markers of liver steatosis, inflammation, and fibrosis,
all were still significantly higher in CeO,-HFHF-OVX rats
vs. Sham group. A higher dose and/or longer duration may
result in full correction.

Conclusion

CeO,-NPs treatment can attenuate liver steatosis, steato-
hepatitis, and even fibrosis with amelioration of liver injury
in a rat model of postmenopausal obesity. This hepatopro-
tective effect could be mediated, in part, via decreasing
obesity, particularly visceral obesity, reducing dyslipidemia,
and modulating the genes involved in the pathways of lipid
metabolism (LXR and SHP), decreasing the lipogenesis.
Also, the antioxidant effect of cerium oxide disrupts the
feedback loop among oxidative stress, inflammatory and
fibrotic processes and could be considered as a prospective
therapeutic approach mitigating the NAFLD and NASH in

postmenopausal obesity. Future human studies are recom-
mended to prove the hepatoprotective effect of cerium oxide
nanoparticles in human.
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