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Abstract

Background and purpose: Nonalcoholic steatohepatitis (NASH) is considered a common and serious liver
disease, which develops into cirrhosis, fibrosis, and even hepatocellular carcinoma. Oxidative stress is
identified as an important factor in the induction and promotion of NASH. Allantoin is a natural and safe
compound and has notable effects on lipid metabolism, inflammation, and oxidative stress. Therefore, this
study was aimed to assess the role of allantoin on the oxidative stress and SIRT1/Nrf2 pathway in a mouse
model of NASH.

Experimental approach: C57/BL6 male mice received saline and allantoin (saline as the control and allantoin
as the positive control groups). NASH was induced by a methionine-choline deficient diet (MCD). In the
NASH-allantoin (NASH-AIIa) group, allantoin was injected for 4 weeks in the mice feeding on an MCD diet.
Afterward, histopathological, serum, oxidative stress, and western blot evaluations were performed.
Findings/Results: We found NASH provided hepatic lipid accumulation and inflammation. Superoxide
dismutase (SOD) and glutathione (GSH) levels decreased, lipid peroxidation increased, and the expression of
SIRT1 and Nrf2 downregulated. However, allantoin-treatment decreased serum cholesterol, ALT, and AST.
Liver steatosis and inflammation were improved. Protein expression of SIRT1 and Nrf2 were upregulated and
SOD, CAT, and GSH levels increased and lipid peroxidation decreased.

Conclusion and implications: It seems that the antioxidant effects of allantoin might have resulted from the
activation of SIRT1/Nrf2 pathway and increase of cellular antioxidant power.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD)
is considered as the extra accumulation of
triglycerides in the hepatocytes (steatosis)
which can develop into non-alcoholic
steatohepatitis (NASH), cirrhosis, and probably
hepatocellular carcinoma (1). NASH is
identified as hepatic steatosis, inflammation,
and with or without fibrosis. The prevalence of
NAFLD and NASH are widely growing and
becoming the first cause of liver transplantation
worldwide (2). NAFLD and NASH are
involved in the pathology of some diseases like
type 2 diabetes, cardiovascular disease, chronic
kidney disease, and even Alzheimer's disease
(3). Although the exact pathophysiological
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mechanism of NASH has not been understood,
the two-hit hypothesis has well been accepted
(4). On this basis, hepatic lipid accumulation is
provided in three ways; decreased lipolysis, de
novo lipogenesis, and increased dietary lipid,
which all enhances liver fatty acids and produce
excess triglycerides accumulation and lead to
hepatic steatosis (5). Increased hepatotoxic
levels of triglyceride cause overgeneration of
reactive oxygen species (ROS), depletion of
antioxidant  agents, the release  of
cytokines/chemokines, and production of
inflammation; which finally lead to NASH.
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Indeed, it has been shown that high
concentrations of ROS are associated with the
intensity of NASH disease (6). Oxidative stress
is considered an imbalance between antioxidant
agents and reactive oxygen species (ROS)
production (7). ROS overgeneration activates a
cascade of inflammatory, apoptotic, and
fibrotic agents, which lead to vast liver damages
(8). Therefore, oxidative stress is not only a
primary factor for NASH induction, but also
progresses liver injuries. Among these, silent
information regulator-two 1 (SIRT1) and
nuclear factor erythroid 2-related factor 2
(Nrf2) are two important factors in ROS
suppression (9). SIRT1 is the nicotine adenine
dinucleotide (NAD)-dependent deacetylase,
which controls many cellular processes
including oxidative stress, lipid metabolism,
inflammation, and apoptosis (9). Liver-specific
SIRT1 knockout mice with a standard diet
presented increased systemic glucose levels,
hepatic free fatty acid, and cholesterol content
(10). It also raises Nrf2 expression in the liver
cells and thereby enhances antioxidant power
through increasing superoxide dismutase
(SOD), and catalase (CAT) enzymes, and
glutathione (GSH) content in the hepatocytes
(11). According to the previous documents,
SIRT1 and Nrf2 play a critical role in the
NASH improvement (10,11). It has been
reported that folic acid upregulates SIRT1
expression,  then  restores  peroxisome
proliferator-activated receptor alpha (PPARa)
and attenuates NASH (12). Resveratrol is a
natural SIRT1 activator that also ameliorated
mice with NASH through deacetylation of Nrf2
(13).

Allantoin is one of the essential compounds
in many herbs such as yam, Nelumbo nucifera
rhizome, sugar beet, and leguminous, and also
it is a natural and non-toxic agent (14,15). The
tissue regeneration and wound healing effects
of allantoin are previously well studied (16). It
is also considered as an agonist of imidazoline
receptor I. It is believed that some of its
metabolic effects are mediated through this
receptor (17). Allantoin has decreased
oxidative stress in rat-induced-gastritis (18).
Ma et al. showed that allantoin increased the
expression of peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a),
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Sirt-1, and Nrf-1 in skeletal muscle cells (19).
Previous studies have also indicated positive
effects of allantoin on metabolic functions and
streptozotocin-induced  B-cells  (20). We
recently showed that allantoin improved NASH
via downregulation of lipid metabolism-related
genes such as SREBPlc, PPARa, and
apolipoprotein B and  attenuation  of
inflammation and apoptosis in methionine-
choline deficient diet (MCD)-induced animals
(21). Nevertheless, other mechanisms of
allantoin function remained unclear. Therefore,
this study was designed to assess the effects of
allantoin on oxidative stress and the possible
involvement of SIRT1/Nrf2 pathway in a
mouse model of NASH.

MATERIALS AND METHODS

Reagents

Allantoin  (Aigma-Aldrich, USA), SOD
(ZB-SOD-48A, Zellbio, Germany), CAT
(ZB-CAT-96A, Zellbio, Germany), GSH
(ZB-GSH-96A, Zellbio, Germany),
malondialdehyde (MDA; ZB-MDA-96A,

Zellbio, Germany), Nrf2 (ab137550, Abcam,
USA), SIRT1 (ab110304, Abcam, USA), and
B-actin (sc-130657, Sunta Cruz, USA) were
purchased from the mentioned companies.

Experimental procedures

Inbred C57/BL6 male mice (25-27 g) were
housed in a temperature-controlled room with a
12/12-h light/dark cycle and free access to food
and tap water. The animal care and
experimental procedure were approved in
accordance with the Guidelines for Animal
Care and Use at Qom University of Medical
Sciences (Ethics No. IR.MUQ.REC.1399.149).
Animals were randomly divided into 4 equal
groups, 6 each, including the control group, the
animals that accessed the standard diet for
8 weeks and received saline daily (ip) from 5%
week for 4 weeks; allantoin group, the animals
accessed to the standard diet for 8 weeks and
received allantoin (5 mg/kg, ip) from 5" week
for 4 weeks on a daily basis (22); NASH group,
the animals received methionine-choline
deficient (MCD) diet for 8 weeks to induce
NASH (21); and finally NASH-allantoin group
(NASH-AIla), received MCD diet for 8 weeks



to induce NASH and received allantoin
(5 mg/kg, ip) from 5 week for 4 weeks daily
(22). After 8 weeks, the animals were
anesthetized by sodium pentobarbital (23). A
midline incision was done on the abdomen.
After abdomen exposure, the liver was
immediately removed and washed by saline.
A part of the liver was dissected and kept
at -70 °C and another part was placed in the
formaldehyde solution. Blood samples were
directly collected from the heart.

In this experiment, the MCD diet was used
to induce NASH. The most widely used diet for
NASH induction is MCD in mice. This diet is
enriched with high sucrose (> 40%) and
moderate fat (10-20%), which provide insulin
resistance. This method causes weight loss and
severe steatosis in the liver after 8 weeks due to
the reduced lipid export from the liver and lipid
accumulation (24).

Histopathological study

The median lobe of the liver was dissected
and fixed in 10% buffered-formaldehyde
solution. After about 24 h, the tissues were
dehydrated by placing them in different
concentrations of ethanol solutions, then
washed with xylene and embedded in paraffin.
They were sectioned with a microtome and
stained with hematoxylin and eosin (H&E)
stains. A specialist pathologist blinded to the
experiment, determined percentages of hepatic
steatosis, hepatocytes ballooning, and lobular
inflammation by Olympus light microscope
(CX23 LED Microscope, Japan). The liver
tissue photos were evaluated by Image J
software (National Institutes of Health, Image J
1.49f, USA). Histological evaluations were
done on the six animals in each group. For
steatosis scoring: < 5% (0), 5%-33% (1), 33%-
66% (2) and > 66% (3); for ballooning: none (0)
and prominent ballooning (1), and lobar
inflammation based on overall assessment of all
inflammatory foci: no foci (0), < 2 foci per field
(1) and > 2 foci per field (2) in magnification of
200x%, based on Kleiner et al. scoring system
were done (25).

Serum lipids and enzymes measurement
The blood samples were centrifuged
(3500 rpm for 20 min) and serum was obtained.
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Then, total cholesterol, triglyceride (TG),
aspartate aminotransferase (AST), and alanine
aminotransferase (ALT) levels were measured by
enzymatic colorimetric kits, according to the
manufacturer’s instructions (Pars Azmoon, Iran).

Oxidative stress indices determination

Briefly, 100 mg of the liver tissue was
weighed, 1 mL phosphate-buffered saline was
added and centrifuged at 3000-4000 rpm for
20 min. Supernatants were then collected,
allocated, and kept at -70 °C for lipid
peroxidation by MDA, GSH, CAT, and SOD
measurements, according to the manufacturer’s
instructions.  Antioxidant  kits  measured
quantities assays samples based on colorimetric
methods that should be read by ELISA reader
(CAT: 405 nm, GSH: 412 nm, MDA: 535 nm,
and SOD: 420 nm). According to the Kit
instruction, MDA-thiobarbituric acid adduct
formed by the reaction of MDA and
thiobarbituric acid under high temperature.
MDA is measured in acidic media and heat
(90-100 °C) at 535 nm.

Western blot analysis

SIRT1 and Nrf2 expressions in the liver
tissue  were  measured by  western
immunoblotting.  Briefly, the  protein
concentration was measured by the Bradford
assay kit (Sigma Aldrich, USA). The proteins
were  separated and  transferred to
polyvinylidene fluoride (PVDF) membranes.
Subsequently, the blocking of the membranes
was performed in a 5% skim milk buffer and
then probed with primary antibodies against
Nrf2 (ab137550), SIRT1(ab110304), and
B-actin (sc-130657) overnight. After washing,
the HRP-conjugated secondary antibody
(1:7000, Cell Signaling) was added to the
membranes. After incubation, the membranes
were bathed in the wash buffer and washed.
Then, the membranes were incubated with the
enhanced chemiluminescence (ECL,
Amersham) reagents in a darkroom. This was
followed by exposing the membrane to an
X-ray film and visualization of the
chemiluminescence of the binding through a
visualizing machine. The intensity of the bands
was determined using Image J software
(1J 1.46r version, NIH, USA) and normalized to
the bands of the B-actin as an internal control.
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Statistical analysis

Data are reported as mean + SEM. The
normality of these was checked by the
Kolmogorov-Smirnov test. Statistical analysis
was done by one-way analysis of variances
(ANOVA) and Tukey’s post hoc test and chi-
square test for histopathological results, using
SPSS for Windows version 25 (IBM SPSS
version 25; USA). A P < 0.05 was considered
to be statistically significant.

RESULTS

Allantoin improved ALT, AST, TG, and
cholesterol serum in the NASH-induced mice

As noted in Fig. 1A, blood sample
evaluations showed that ALT levels
significantly increased in the NASH group
compared with the control (P < 0.001). While
administration of allantoin provided a marked
decrease in ALT serum level in the NASH-Alla
group compared with the NASH group
(P <0.001). Similarly, AST levels significantly
increased in the NASH group compared with
the control (P < 0.001) and decreased in the
NASH-Alla group compared with the NASH
group (P < 0.001). Serum levels of TG also
significantly decreased in the NASH group
compared with the control (P < 0.001), as
predicted from the MCD diet method, while in
the NASH-Alla group, TG serum reached the
control group (P < 0.001). The results showed
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that allantoin administration after 4 weeks,
significantly decreased cholesterol levels in the
NASH-Alla group compared with the NASH
group (P <0.01, Fig. 1B).

Allantoin alleviated liver tissue injuries in the
NASH induced mice

Our findings stated that in the MCD induced
mice, a significant excessive lipid droplets
accumulation  (empty  spaces), cellular
ballooning (cell congestion), and lobar
inflammation were observed compared with the
control group. Whereas, steatosis, edema, and
inflammation significantly decreased in the
NASH-Alla group compared with the NASH
group (Fig. 2 and Table 1).

Allantoin increased liver SIRT1 and Nrf2
expressions in the NASH induced mice

Western blot results showed a significant
decrease in protein expression of SIRT1
in the NASH group compared with the
control group (P < 0.001). However,
allantoin administration markedly increased
SIRT1expression  compared  with  the
NASH group (P < 0.001, Fig. 3A).
Nrf2 protein expression also significantly
decreased in the animals with NASH
compared  with  the  control  group
(P <0.001), while in the NASH-Alla group, it
significantly increased compared with the
NASH group (P <0.001, Fig. 3B).
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Fig. 1. (A) ALT and AST and (B) TG and cholesterol levels of the blood samples between the groups. Data are expressed
as mean + SEM, n = 6. ***P < 0.001 Indicates significant differences compared with the control group, #P < 0.01 and
##P < (0.001 versus the NASH group. ALT, Alanine aminotransferase; AST, aspartate aminotransferase; NASH,
nonalcoholic steatohepatitis; Alla, allantoin; TG, triglyceride.
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T

Fig. 2. Histological flndls I|e tlsus after H&E staining (magnificatlon x200) in

different experimental groups.

(A) Control group: normal liver histology; (B) allantoin group: normal liver histology; (C) nonalcoholic steatohepatitis
group: showing steatosis and ballooning degradation (empty spaces in the cell indicate fat accumulation and enlargement
of cells); (D) nonalcoholic steatohepatitis-allantoin group: showing lower steatosis and lobular inflammation (lower

empty spaces)

Table 1. Histopathological findings in experimental groups.

Control Allantoin NASH NASH + Alla
Steatosis (%)
Grade 0 100 (6) 100 (6) 83.3 (5)°
Grade 1 16.6 (1)
Grade 2
Grade 3 100 (6)2
Ballooning (%0)
Grade 0 100 (6) 100 (6) 50 (3)
Grade 1 100 (6)? 50 (3)
Lobar inflammation (%)
Grade 0 100 (6) 100 (6) 83.3 (5)b
Grade 1
Grade 2 100 (6)? 16.6 (1)

3P < (.05 indicates the significant differences compared with the control group and °P < 0.05 versus the NASH
group. NASH, Nonalcoholic steatohepatitis; Alla, allantoin.

Allantoin enhanced hepatocyte antioxidant
defense in the NASH induced mice

As presented in Fig. 4A, our study displayed
that SOD enzyme level significantly decreased
in the NASH group compared with the control
group (P < 0.05), while in the NASH-Alla
group a remarkable increase was observed
compared with the NASH group (P < 0.001). In
addition, GSH tissue level significantly
decreased in the NASH group compared with
the control group (P < 0.05) and administration
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of allantoin provided a significant increase in
the GSH tissue levels (P < 0.05) (Fig. 4B).
Contrary, MDA tissue level, a lipid oxidation
index, significantly increased in the NASH
group compared with the control group
(P < 0.05), whereas in the NASH-Alla group
noticeably decreased compared with the NASH
group (P < 0.01, Fig. 4C). Moreover, CAT
enzyme concentration significantly increased in
the NASH-Alla group compared with the
NASH group (P < 0.05, Fig. 4D).



Hamidi-zad1l et al. / RPS 2021; 16(6): 651-659

=+ 2] — =] =R o B =

(28uenp proy) vorssardyes urjold

(a8uexd proy) uotssardxa wrajorg

NASH NASH-Alla

Control Allantoin

NASH-Alla

NASH

Allantoin

rol

NASH

Control Allantoin NASH

+ Alla

S—— sssme  SIRTI

S aeses GRS GRS (A ctin

<

6. ***P < 0.001 Indicates significant differences compared with the control group, *#P
group. NASH, Nonalcoholic steatohepatitis; Alla, allantoin.

0.01 and ¥*P < 0.001 versus the NASH

Fig. 3. (A) Protein expression of SIRT1 and (B) Nrf2 between the groups, (C) the result of western blotting. Data are

expressed as mean = SEM, n

.

<<<<<<<
=] = =] =1 = =]
=] =] =] =] =] =]

JoAT] B 001/} ATAnoR amAZUg

NASH NASH-Alla

Control Allantoin

NASH NASH-Alla

0000000
=] W oF e e -

(enssn

ToAT] St goT/NM) rotmb:mo:ou

H-Alla

4 U

NASH NA

ntrol Allantoin

(=]

C

NASH NASH-Alla

Allantoin

d with the

oup. NASH, Nonalcoholic steatohepatitis;

S o e

se concentrations of the liver tissue between

significant differences compar

S @ 5

6. *P < 0.05 Indicate

control group, #P < 0.05, #P < 0.01, and #P < 0.001 versus the NASH g

Fig. 4. (A-D) Superoxide dismutase, glutathione, malondialdehyde, and catal
Alla, allantoin.

the groups. Data are expressed as mean + SEM, n

656



DISCUSSION

The major results of this study showed that
allantoin decreased serum cholesterol, AST,
and ALT in the NASH-induced mice. Allantoin
could also increase SIRT1 and Nrf2 proteins
expression, enhance SOD, CAT, and GSH
levels, decrease lipid peroxidation and
ultimately improve NASH. To the best of our
knowledge, this is the first report in which the
effect of allantoin on the SIRT1/Nrf2 pathway
and oxidative stress has been studied in the
NASH animal model.

Allantoin is a natural compound, which
found in many plants, and its wound healing,
anti-inflammatory, antidiabetic, and
antihyperlipidemic  effects  have  been
demonstrated (19-22,26).

As shown in the previous study, allantoin
lowered steatosis and inflammation in both the
liver tissue and blood samples (21). These
findings are considered as the first and most
important signs for the NAFL and NASH
disease, which must be improved. Yang et al.
have found undeniable effects of allantoin on
the lipid profile decrement in the cell line and
animals (22). Similarly, it has been reported
that allantoin  attenuated obesity and
hyperlipidemia via imidazoline receptor
activation in mice (17). We had previously
demonstrated  that  allantoin  decreased
SREBPI1c and fatty acid synthase expressions,
increased PPARa as a lipolytic transcription
factor, declined tumor necrosis factor alpha
level, and thereby improved hepatic steatosis,
and inflammation in the NASH-induced mice
(21). These evidences are compatible with these
data and confirm the positive effects of
allantoin on MCD-induced NASH in mice.
However, involved pathways need to be
elucidated.

It is well known that oxidative stress is a
major factor in NASH pathophysiology.
Indeed, over-production of ROS provides vast
damage to the cellular functions and progresses
NASH disease (8). Therefore, suppression of
oxidative stress is a beneficial way of the
NASH improvement. SIRT1 is a histones
deacetylase and its undeniable effects on the
suppression of ROS, modulation of the
metabolic  pathway, inflammation, and
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apoptosis are well demonstrated in some tissues
(11,12,27). According to available documents,
SIRT1 inhibition is associated with alcoholic
and non-alcoholic fatty liver (28). SIRT1
activates many transcriptional factors and
cellular enzymes and thereby ameliorates
oxidative stress, inflammation, and apoptosis
(29). One of these transcriptional factors is
Nrf2.  Previous studies have indicated
regulatory effects of SIRT1 on Nrf2, so that
overexpression of SIRT1 as an upstream factor,
activates Nrf2 and increases Nrf2/ARE binding
(30,31). Then, it increases the expression of
target genes such as GSH-peroxidases, SOD,
CAT, and GSH ultimately elevates antioxidant
resistance in the cells (32). On the other hand,
MDA is considered a by-product of membrane
lipid peroxidation and oxidative stress index.
Zhong et al. have reported that baicalin
attenuated NASH through upregulation of SOD
and GSH and decrease of MDA level (32). In
another study, silicon-enriched restructured
pork improved oxidative stress and attenuated
the NASH-induced mice (33).

In this experiment, our findings showed that
allantoin could increase protein expression of
SIRT1 and Nrf2 in the livers with NASH. It also
elevated antioxidant resistance by the increase
of SOD, CAT, and GSH. Contrarily, allantoin
decreased lipid peroxidation. Ma and his
colleagues reported that allantoin upregulated
SIRT1 and Nrfl in the liver and pancreas of
diabetic mice and increased SOD and CAT
(34). Moreover, it has been shown allantoin
increases SOD and CAT levels in the rats with
gastric ulcers (18). We also previously
indicated allantoin increased non-protein
sulfhydryl levels in the gastric tissue (35).
Altogether, herein it seems that allantoin could
elevate expression of SIRT1 and Nrf2 and
thereby increase SOD, CAT, and GSH levels,
decrease MDA and finally attenuate oxidative
stress in the liver of mice with NASH.

CONCLUSION

This study, for the first time, demonstrated
that treatment with allantoin could improve
NASH disease through activation of
SIRT1/Nrf2 pathway, increase of antioxidant
enzymes and GSH, and decrease lipid
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peroxidation. Therefore, allantoin could be
considered an antioxidant agent and an
attractive candidate for NASH treatment.
Future studies can help confirm this hypothesis.
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