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Abstract

Background. One of the pathogenic mechanisms of the nonalcoholic fatty
liver disease (NAFLD) is the accumulation of reactive oxygen species, which in
turn aggravates the disease progress. We have investigated novel cerium dioxide
nanoparticles (nCeO2) due to their promising antioxidant auto-regenerative ability
and low toxicity.

Methods. 30 white male Wistar rats were divided into 3 groups: control,
monosodium glutamate (MSG)-induced obesity and MSG treated with nCeO2
(MSG+nCeO2) groups. Newborn rats of control group were injected with saline
(control). MSG- and MSG+nCeO2 groups were injected with MSG (4 mg/g
concentration, 8 ul/g volume) between the 2nd and the 10th days of life subcutaneously
[13]. At the age of 1 month, rats of group Il were administered water 2.9 ml/kg orally,
MSG+nCeO2 group received 1 mM solution of nCeO2 1 mg/kg orally. 4-months rats
were sacrificed and the liver was harvested for histological and biochemical analysis.
To assess the morphological changes in the liver we used NAS (NAFLD activity
score). The content of lipid peroxidation products and enzymatic activity of superoxide
dismutase (SOD) and catalase in the liver were studied by standard biochemical
methods [Refs].

Results. In 4-month rats we found significantly lower total score (1.3£0.26 vs
3.6+0.34, p<0.001), degree of steatosis (1.1£0.18 vs 2.1+0.18, p<0.001), manifestation
of lobular inflammation (0.2+0.13 vs 1.2+0.2, p<0.001) and ballooning degeneration
(0.0+0.0 vs 0.3%+0.15, p=0.034) due to NAS in the nCeO2 group compared to the MSG-
group. nCeO?2 significantly decreased lipid peroxidation in the liver tissue, namely
it reduced the conjugated dienes content by 27% (p<0.05), TBA-products — by 43%
(p<0.05) and Schiff bases — by 21% (p<0.05).

Conclusions. Due to its antioxidant properties nCeO?2 significantly reduces the
incidence of NASH and improves the main NAFLD histological features.
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Background

The attention to the worldwide epidemic of obesity
is heightened as it is the fifth leading risk factor for global
deaths [1]. Mortality rate from all causes in obese population
is at least 20% higher compared to normal-weight [2].
Incidence of obesity strongly correlates with a wide range
of the related diseases, such as cardiovascular diseases
(except congestive heart failure) [3], type 2 diabetes, all
types of cancers (except esophageal cancer in females),
asthma, gallbladder disease, osteoarthritis and chronic back
pain [4]. In obese individuals lipid metabolism is impaired,
which leads to excessive fat accumulation in the body. One
of the main sites of potential fat deposition is the liver that
is a prime cause of the development of nonalcoholic fatty
liver disease (NAFLD).

NAFLDisthemostcommoncauseofliverdysfunction
in the western world because of its close association with
obesity, insulin resistance and dyslipidaemia [5]. NAFLD is
defined as the accumulation of lipids within the hepatocytes
exceeding 5% of liver weight in the absence of excessive
ethanol intake (conventionally defined as an intake of
ethanol 20 g/day) and without other causes of liver diseases
[6]. The mechanisms involved in the development of fatty
liver and in the progression of the disease are unclear, but
these may be related to a metabolic profile in the context
of a genetic predisposition [7]. Insulin resistance, oxidative
stress, cytokines and obesity are identified as the major
risk factors involved in NAFLD/NASH pathogenesis.
These factors can promote intra-hepatic fat accumulation
and lipotoxicity, development of an inflammatory status,
oxidative stress, apoptosis and fibrogenesis that determine
the progression of the disease [8].

Recently, antioxidant effects of cerium dioxide
nanoparticles (nCe02), a type of engineered nanomaterials,
have been reported. These are currently investigated for
their possible therapeutic significance. nCeO2 possess
catalytic activity, which arises from the presence of
two valence states (Ce3+ and Ce4+). Due to the oxygen
vacancies present in these nanoparticles, they are able to
react with the surrounding reactive oxygen species, thus
introducing nCeO2 as a potential in vivo mimetic for
endogenous anti-oxidants like superoxide dismutase [9].
However, there are conflicting results about the efficiency
of nCeO2 anti-oxidant activity.

One of the pathogenic mechanisms of the NAFLD
is the accumulation of reactive oxygen species, which in
turn aggravate the disease progress [10]. Consequently,
antioxidant therapy is necessary for the successful treatment
of the liver injury. Thus, we aimed at investigating the
novel cerium dioxide nanoparticles (nCeO2), which have
shown promising antioxidant auto-regenerative ability and
low toxicity [11,12]

The aim of this study was to investigate the influence
of nCeO2 on lipid peroxidation, and antioxidant enzymes
activity in rats with experimental induced NAFLD.

Methods

Study design

In order to develop the experimental NAFLD in
rats the model of monosodium glutamate (MSG)-induced
obesity was used [13-15]. White male Wistar rats (n=30)
were used in the study and divided into 3 groups: control,
MSG- and MSG+ nCeO2 groups. Newborn rats of control
group were injected with saline (control). MSG- and
MSG+nCeO2 groups were injected with MSG (4 mg/g, 8
ul/g volume) at 2nd-10th day of life subcutaneously [13]. At
the age of 1 month, rats of group II were administered water
in a volume of 2.9 ml/kg orally, MSG+nCeO2 group was
treated with 1 mM solution of nCeO2 (1 mg/kg orally). The
treatments were given intermittently in two-week courses
alternated with two-week breaks for 3 months. During the
experiment, rats aged between one and four months were
fed with standard laboratory chow and tap water ad libitum.
4-month rats were sacrificed and the liver was removed for
histological and biochemical analysis.

Histological study

Liver tissue was fixed in 10% formalin, dehydrated
and imbedded in paraffin wax. Paraffin sections of 5 pm
were cut and stained with hematoxylin and eosin. The
specimen were examined under a XS-4130 MICROmed
microscope. To assess morphological changes in the liver
we used NAS (NAFLD activity score), which included
histological features and has been defined as unweighted
sum of scores for steatosis (0-3), lobular inflammation (0-
3) and ballooning (0-2). According to NAS scores >5 are
considered as non-alcoholic steatohepatitis (NASH), while
those with a NAS <3 are considered as not NASH [16].

Biochemical measurement of lipid peroxidation
and antioxidant systems activity

Liver tissue was homogenated for subsequent
biochemical analysis. In the liver tissue the content of
diene conjugates (DC), TBA-active products and Schiff
bases were determined by standard biochemical methods.
For evaluation of diene conjugates [17] and Schiff bases
[18] 5 ml of mixture of heptane and isopropyl alcohol (1:1)
was added to the sample containing 100 pg of protein,
homogenized (10 min) and centrifugated (1000 g, 15 min).
Water (0.5 ml) was added and two phases were separated.
Ethanol (1.5 ml) was added to an upper heptane phase (0.3
ml) and this mixture was subjected to spectrophotometric
analysis at 233 nm for the detection of diene conjugates.
The DC level was expressed as nmol/mg of protein. Schiff
bases were detected in heptane phase with fluorophotometer
RF-510, Shimadzu (Japan) at =360 nm (excitation) and
1=420 nm (emission) and expressed as absorbance units
(a.u.)/mg of protein.

The TBA-active products were detected by
formation of the colored complex with TBA. Briefly,
sample with 0.5 mg of protein in TRIS was centrifuged
with 0.2 ml of 17% trichloroacetic acid. 0.25 ml of 0.8%
TBA was added to 0.5 ml of supernatant and the obtained
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solution was heated in a boiling water bath for 10 min.
The optical density was evaluated by spectrophotometry
at 532 nm. The concentration of TBA-active products was
presented as nmol/mg of protein.

Antioxidant systems activity was assessed by
detection of the activity of superoxide dismutase (SOD)
and catalase. SOD activity was determined by Chevari’s
method [19] based on the ability of SOD to compete with
nitroblue tetrazolium for superoxide anions, which are
formed during the interaction of NADH with phenazine
methosulfate. In the presence of SOD percentage of
superoxide anions recovery by nitroblue tetrazolium is
decreased. Catalase activity was detected by the reaction
of H202 cleavage [20]. H202 forms a colored complex
with molybdenum salts. The sample containing 100 pg
of protein was added to 2 ml of 0.03% H202. After 10
min the reaction was stopped by adding of 1 ml of 4%
ammonium molybdate. The optical density was detected
spectrophotometrically at 410 nm against the blank sample.

Statistical analysis

Statistical analysis was performed by using SPSS-20
software. All data in this study were expressed as means +
standard error (M+SE) or %. Data distribution was analyzed
using the Kolmogorov-Smirnov normality test. Continuous
variables with parametric distribution were analyzed using
Analysis of Variance (ANOVA) and if the differences were
significant, a post-hoc Tukeys test was performed. For data
with non-parametric distribution Kruskall-Wallis and post-
hoc Dunn’s test were conducted for multiple comparisons.
For comparisons of categorical variables we conducted
%2 test. The difference between groups was defined to be
statistically significant when a p-value was less than 0.05.

Results
Neonatal subcutaneous injection of MSG led to the
developmentofvisceral obesity and NAFLD as consequence

of metabolic disorder in 4-month rats. Histological analysis
confirmed the development of NAFLD in rats. There was
evidence of steatosis, lobular inflammation and ballooning
degeneration in liver tissue in 4-month treated with MSG
neonatally.

In contrast, there was significantly lower total
score (1.3£0.26 vs. 3.6+0.34, p<0.001), degree of steatosis
(1.1£0.18 vs. 2.1£0.18, p<0.001), manifestation of
lobular inflammation (0.2+0.13 vs. 1.24+0.2, p<0.001) and
ballooning degeneration (0.0+£0.0 vs. 0.3+0.15, p=0.034)
due to NAS in the nCeO2 group as compared to MSG-
group (Table I, Figures 1, 2). NASH was confirmed only in
30% of the MSG-group of rats (p=0.036).

Biochemical analysis showed the increase of lipid
peroxidation in the liver tissue under conditions of NAFLD
development. This was confirmed by a significant elevation
of the lipid peroxidation products. DC in MSG-group was
higher by 62.2% (p<0.05), TBA-products — by 92.3%
(p<0.05) and Schiff bases — by 72.3% (p<0.05) compared
to control values (Figure 3). Short-term periodic oral
administration of nCeO2 significantly decreased the lipid
peroxidation in liver tissue, namely reduced the DC content
by 27% (p<0.05), TBA-products — by 43% (p<0.05) and
Schiff bases — by 21% (p<0.05) (Figure 4).

Worsening of pro/antioxidant balance in the rat liver
in case of NAFLD is also caused by alteration of antioxidant
enzyme activity. SOD activity in obese rats was decreased
by 46.1% (p<0.05), while catalase activity was increased by
90.0% (p<0.05) compared to control (Figure 4). Treatment
with nCeO2 led to the restoration of SOD activity to the
control values and decrease of excessive catalase activity
by 22.1% (p<0.05) compared to the MSG-group (Figure
4). Thus, the studied nanoparticles improved the impaired
pro/antioxidant state in the liver under conditions of MSG-
induced NAFLD.

Table I. Morphological changes of the liver tissue in the experimental groups.

C"“(t;ilzgoup MS(?l':Ol%e)Sity MSG+nCeO2 (n=10) p
Steatosis (0-3) 0.10£0.1a 2.1£0.18¢c 1.10+0.18b <0.001
Lobular inflammation (0-2) 0.0+0.0a 1.2+0.20b 0.2+0.13a <0.001
Ballooning degeneration (0-2) 0.0+0.0a 0.3+0.15a 0.0+0.0a 0.034
Total NAS (0-8) 0.10£0.1a 3.6+0.34c 1.3+0.26b <0.001
Prevalence of NASH, % - 30 - 0.036

Data are presented as the M + SEM. One-way ANOVA with post hoc Tukeys test for multiple comparisons were
performed for data analysis. a, b, ¢, Values at the same row with different superscript letters shows significant
differences with p < 0.05.

Clujul Medical 2016 Vol. 89 no. 2: 229-235 231



Gastroenterology

ey
<

*ﬁﬁ e q
,a R A

Figure 1. Light microscopic mlcrographs of the liver tissue of MSG-group rats stalned with hematoxylin and eosin,

x400.

A - pronounced total microvesicular steatosis;

B - microvesicular steatosis with perivascular leukocyte infiltration in zone 3 (mild lobular inflammation);

C - focal necrosis as a result of hepatocytes ballooning degeneration — lack of nuclei (center).

Figure 2. nght microscopic micrographs of the liver tissue of MSG+nCeO2 rats stained with hematoxylin and
eosin, x400.

A - single perivascular lobular lymphocytes infiltration;

B - focal mild microvesicular steatosis;

C - mainly normal histological structure of hepatocytes.
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Figure 3. Lipid peroxidation in the rat liver under conditions of MSG-obesity and nCeO2 (1 mg/kg) treatment. A, B,
C — content of conjugated dienes, TBA-products and Schiff basis in the liver, correspondingly. * — p<0.05 compared to
control rats without obesity, # — p<0.05 compared to rats with MSG-obesity. Data are presented as the M + SEM. One-
way ANOVA with post hoc Tukeys test for multiple comparisons were performed for data analysis.
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Figure 4. Antioxidant enzymes activity in the rat liver under conditions of MSG-
obesity and nCeO2 (1 mg/kg) treatment. A, B — enzymatic activity of superoxide
dismutase and catalase in the liver, correspondingly. * — p<0.05 compared to
control rats without obesity, # — p<0.05 compared to rats with MSG-obesity.
Data are presented as the M = SEM. One-way ANOVA with post hoc Tukeys
test for multiple comparisons were performed for data analysis.

Discussion

Oxidative stress is one of the main fundamental
phenomena during the development of obesity and NAFLD
[20]. nCeO2 mimic SOD and/or catalase activity and have
shown promise as a therapeutic application due to their
antioxidant auto-regenerative ability and low toxicity
[22,23]. The electronic structure of CNPs at the nanoscale
underlines their antioxidant activity. Both large surface-to-
volume ratio with the reduction in particle size [24,25] and
the ability to reversibly switch between Ce’-and Ce*+present
on the surface [26,27] result in the formation of oxygen
defects in the crystal lattice that act as “reactive sites” or
“hot spots” for reactive oxygen species (ROS) scavenging
[28].

Physiochemical properties (size, shape,
agglomeration status in liquid and coating) of nCeO2 also
could influence their biological response and catalytic
activity. Several nanocomposites of CNPs which are used
for coating biocompatible polymers (polyethylene glycol,
dextran, polyacrylic acid, citric and oleic acid) have been
described [29]. In our study, we used near shaped, citrate
coated nCeO2 with particle size of 2-5 nm. Sodium citrate
in nanocomposites serves not only as a stabilizer, which
determines the compositional stability of nCeO2 in water
and biologically relevant media, but also plays an important
role in the pharmacokinetics of nCeO2 in the cells. Citrate
as a component of Krebs cycle provides nCeO2 to the
mitochondria, where ROS form under the pathological
conditions, leading to oxidative stress.

In recent years, there has been a substantial interest

in nCeO2 as a therapeutic agent, and many examples can
be found where these nanoparticles have been tested for
the treatment of several pathologies, where an imbalance
of the redox state occurs [30]. In the present study, we
first investigated the influence of nCeO2 on liver lipid
peroxidation and antioxidant enzymes activity in rats with
experimental NAFLD.

Several previous studies clearly demonstrated the
biodistribution of nCeO2 mainly in the spleen and liver,
also with trace amounts found in the lungs and kidneys,
and virtually none in the heart or brain. Despite the strong
accumulation in the spleen and liver for a period of at least
30 days, histological analysis does not reveal any alteration
of the organ cytology and show the typical morphology of
the tissues without difference between treated and control
rats [31]. Only in one study granulomatous formations
were found after 30 days in the liver of rats exposed to a
single dose of nCeO2 [32]. However, this hepatic damage
was probably due to the high dose of administered nCeO2
(85 mg/kg), which resulted in an impaired nanoparticle
clearance.

Hirst et al. reported that weekly administration
of nCeO2 for 2 or 5 weeks with 0.5 mg/kg to mice with
induced liver toxicity (by CCl4) showed similar findings
to mice treated with N-acetyl cystine (NAC), a common
therapeutic to reduce oxidative stress [31]. These data are
in agreement with our findings, where we demonstrate
that attenuation of pathological lipid peroxidation after
administration of nCeO2 reduces damaging influence of
ROS on the liver tissue in MSG-induced animal model of
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NAFLD.

There is an interesting study reported by Rocca et
al, in which nCeO2 were tested both in vitro and in vivo
as novel anti-obesity pharmaceutical formulation. They
mentioned that nCeO2 interfere with the adipogenic
pathway by reducing the mRNA transcription of genes
involved in adipogenesis, and by hindering the triglycerides
accumulation in 3T3-L1 pre-adipocytes. Intraperitonal
administration of 0.5 mg/kg nCeO2 to Wistar rats, did
not have toxic effects, but caused significant reduction of
weight gain and decrease of plasma levels of insulin, leptin,
glucose and triglycerides as compared to control group
[33].

Pourkhalili et al. demonstrated that the beneficial
antioxidant properties are inherent only to nanoparticles of
Ce02 and can be strengthened by additional administration
of sodium selenite. The improvement of antioxidant
enzymes activity and decrease of cholesterol, triglyceride
and low density lipoprotein levels have been demonstrated
in streptozotocin-induced diabetic rats after 2 week
intraperitoneal injection of nCeO2 with sodium selenite
alone or in combination, but the metal form of CeO2
showed no significant improvement [34].

Conclusion

The administration of nCeO2 under conditions
of oxidative stress can reduce / prevent its pathological
effects. Due to the ability of Ce3+ conversion into Ce4+
nCeO2 effectively neutralizes hydrogen peroxide and
hydroxyl radical without generating ROS. Such attenuation
of pathological lipid peroxidation reduces the pathological
influence of ROS on the liver tissue, which is confirmed by
significant improvement of the main NAFLD histological
features and restoration of antioxidant enzymes activity. In
summary, nCeo2 may have the potential to be used as a
treatment for NAFLD, but it should be tested using other
animal models of obesity.
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