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Abstract. The primary aim of the present study was to eval-
uate the effects of liraglutide on glucolipotoxicity-induced
liver cell apoptosis and the underlying mechanisms in Zucker
diabetic fatty (ZDF) rats. The results revealed that liraglu-
tide significantly decreased the body weight, hyperglycemia
and hyperlipidemia of ZDF rats relative to those of Zucker
lean (ZL) rats (P<0.05). Furthermore, the reduced liver cell
apoptosis was observed in the ZDF rats following 6 weeks
of liraglutide therapy. These data validated the beneficial
effects of liraglutide on diabetic and obese ZDF rats. In
addition, novel data was obtained that demonstrated that
liraglutide treatment increased the expression of the antioxi-
dant transcription factor nuclear factor-erythroid 2-related
factor 2 (NRF2), as well as the transcription of downstream
target genes, including nicotinamide adenine dinucleotide
phosphate quinone dehydrogenase 1 and heme oxygenase-1
(P<0.05). Additionally, serum and hepatic GSH and SOD
levels increased following liraglutide therapy (P<0.05).
Hence, it was proposed that liraglutide may enhance the
antioxidant activity of liver cells by activating the NRF2
signaling pathway, thereby reducing liver cell apoptosis
induced by glucolipotoxicity in ZDF rats, which may shed
light on the application of liraglutide in the treatment of
diabetes- and obesity-induced liver injury.
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Introduction

At present, energy surplus has become the main factor endan-
gering human health (1). Nonalcoholic fatty liver (NAFLD) and
type 2 diabetes (T2D) are metabolic diseases that are closely
related to energy surplus (1). With the increasing acceleration
of economic development, metabolism-related diseases, which
are characterized by excess energy, are increasing year by
year (2). Statistical analysis showed that in 2010, the preva-
lence rate of diabetes in China was as high as 11.6% (3,4). At
the same time, the incidence of NAFLD reached 20.9% in
China, and the number of current NAFLD patients is more
than 200 million (2). Therefore, NAFLD and type 2 diabetes
(T2D) have become major obstacles to the health of people
around the world.

The liver is the major organ that promotes the synthesis
and degradation/oxidation of fatty acids (FAs), as well as the
metabolism of cholesterol and phospholipids. In hepatocytes,
excess dietary glucose can be converted into fat, which can be
then stored as triglycerides (TGs) in lipid droplets (5). Once
the fatty acid input exceeds the capacity of f-oxidation, the
accumulated acyl-CoA is drained by triglyceride synthesis,
and the oxidation of FFAs is increased (6). Enhanced FFA
[-oxidation leads to higher levels of free radical formation and
more hydrogen peroxide production in peroxisomes, thereby
causing the production of reactive oxygen species (ROS) (7,8).

Multiple genes are suggested to be involved in ROS
production and glucolipotoxicity (9,10). Among these genes,
nuclear factor-erythroid 2-related factor 2 (Nfe2l12/NRF2) is
a basic leucine zipper transcription factor that regulates the
expression of detoxifying and antioxidant genes, such as heme
oxygenase 1 (HO-1), superoxide dismutase (SOD), and cata-
lase (CAT) (9,10). Under normal conditions, NRF2 is mainly
localized in the cytoplasm via interactions with Kelch-like
ECH-associated protein 1 (Keapl). In response to oxidative
stress, NRF2 translocates into the nucleus and then initiates
the expression of antioxidant enzymes through binding anti-
oxidant response element (ARE) (11-13). Thus, NRF2 plays a
key role in the antioxidant and cytoprotective defense system
in the liver.
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Glucagon-like peptide-1 (GLP-1) receptor agonists
(GLP-1R As) belong to a novel class of antidiabetic medications
that regulate glucose homeostasis mainly by interacting with
GLP-1 receptors (14,15). Liraglutide is a synthetic GLP-IRA
that has high structural similarity to human GLP-1 (16).
Recent studies have shown that liraglutide is characterized by
anti-inflammatory and antioxidant features (17,18). However,
whether liraglutide improves glucolipotoxicity-induced liver
cell apoptosis is unclear. The primary aim of the current
study was to evaluate the effects of liraglutide on glucoli-
potoxicity-induced liver cell apoptosis and the underlying
mechanisms in Zucker diabetic fatty (ZDF) rats.

Materials and methods

Animals and treatments. Male ZDF rats and Zucker lean (ZL)
littermates were purchased at 5 weeks of age from Vital River
Laboratory Animal Technology Co. Ltd. (Beijing, China). The
animals were housed under controlled temperature (21+2°C),
relative humidity (50+10%) and artificial light (12 h light/dark
cycle, lights on at 7 A.M.) conditions. Littermates from the
same mother or a foster mother were housed in one large cage
with ad libitum access to distilled water and a standard rat
diet for ZL rats or a high-fat diet (Purina5008; LabDiet, St.
Louis, MO, USA) for ZDF rats except on the days when the
rats were fasted for 6 h and a blood glucose level test was
performed. The experimental procedure began when the
rats were 8 weeks old. The ZDF rats were further randomly
divided into subgroups, including a liraglutide (Novo Nordisk
A/S, Bagsvaerd, Denmark) group and a saline group (n=8 for
each group). Each rat was given liraglutide (150 ml/kg body
weight) or saline for 6 weeks. The body weight and fasting
blood glucose level were measured every week.

All rat procedures were approved by the Animal Ethics
Committee at the MOH Key Laboratory of Geriatrics, Beijing
Hospital (BJHMOH-2015-1002).

Biochemical Analysis. The serum biochemical profiles, such
as aspartate aminotransferase (AST) and alanine amino-
transferase (ALT), were evaluated with a Biochem-Immuno
Autoanalyzer (TBA-40FR; Toshiba, Tokyo, Japan).

TUNEL staining. Nuclear fragmentation was evaluated
using TUNEL staining with an apoptosis detection kit
(R&D Systems, Inc., Minneapolis, MN, USA) according to
the manufacturer's protocol. The total number of apoptotic
cells were counted in randomly acquired 10 nonoverlapping
high-magnification imaging fields (x40) in each section and an
average of apoptotic cell proportion was calculated.

Western blot analysis. Liver tissue samples were extracted
using RIPA buffer (Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China). A bicinchoninic protein assay
kit (Pierce; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) was used to determine the protein concentration.
Equal amounts (20 ug each) of proteins were separated by
10% SDS-PAGE, transferred to PVDF membranes (Merck
KGaA, Darmstadt, Germany), blocked with 8% nonfat dry
milk, and then incubated with specific primary antibodies
at 4°C overnight. Antibodies against NRF2 (ab137550;
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Abcam, Cambridge, UK), NAD(P)H quinone dehydroge-
nase 1 (NQOI) (ab28947; Abcam, Cambridge, UK), heme
oxygenase-1 (HO-1) (ab13248; Abcam), cleaved caspase 3
(cat. no. 9664; Cell Signaling Technology, Inc., Danvers, MA,
USA), and B-actin (cat. no. 3700; Cell Signaling Technology,
Inc.) were used. Nonspecific binding was blocked using 8%
(w/v) milk in Tris-buffered saline with 1% Tween-20 (TBST;
Beijing Solarbio Science & Technology Co., Ltd.) for 2 h
at room temperature. Following three washes with TBST
(5 min/wash), the membranes were incubated with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit and anti-mouse
IgG or HRP-conjugated mouse anti-goat IgG (all 1:5,000;
Zhongshan Gold Bridge Biological Technology Co., Beijing,
China) for 2 h at room temperature and then washed. [3-actin
was used as the internal control. Signals were detected with
enhanced chemiluminescence according to the manufacturer's
instructions (EMD Millipore, Billerica, MA, USA). Imagel
2.0 software (National Institutes of Health, Bethesda, MD,
USA) was used for density analysis.

Glycogen and triglyceride measurement. The content of tissue
glycogen and TGs was measured using a Glycogen Assay kit
(ab65620; Abcam) and Triglyceride Assay Quantification kit
(ab65336; Abcam).

Hematoxylin and eosin (H&E) staining. Frozen sections
of liver specimens were fixed in paraformaldehyde (Beijing
Solarbio Science & Technology Co., Ltd.) for H&E staining.
In brief, liver tissues were fixed in 4% paraformaldehyde
buffer for 1 h at 37°C. Then, the tissues were embedded in
optimal cutting temperature (OCT) solution (Sakura Finetek,
Tokyo, Japan) on dry ice and cut into 5 ym sections. Then, the
slides were first incubated with hematoxylin (Beijing Solarbio
Science & Technology Co., Ltd.) for 5 min and then washed
with 1% ethanol hydrochloride for 3 sec. After washing with
water, the slides were stained with eosin (Beijing Solarbio
Science & Technology Co., Ltd.) for 3 min and dehydrated
with an alcohol gradient. The vacuoles were considered the
lipid droplets (19) and examined under a light microscope
(Olympus BH-2; Olympus Corporation, Tokyo, Japan) in a
blinded manner by a pathologist.

Periodic acid schiff (PAS) staining. The sections were then
stained with PAS reagent (Beijing Solarbio Science &
Technology Co., Ltd.) at room temperature for 2 h and then
washed with 1% ethanol hydrochloride for 3 sec. After washing
with water, the slides were stained with eosin (Beijing Solarbio
Science & Technology Co., Ltd.) for 3 min and dehydrated
with an alcohol gradient. Images were evaluated using light
microscopy (Olympus BH-2; Olympus Corporation).

Immunohistochemistry (IHC). Liver tissues were fixed with
15% formalin (pH 7.4), embedded in paraffin, cut into 2 ym
sections and mounted on slides. IHC staining for cleaved
caspase 3 (c-caspase 3) was performed using Histofine
Simple Stain MAX-PO MULTI (Nichirei Biosciences Inc.,
Tokyo, Japan). After deparaffinization with xylene, sections
were incubated with 0.3% hydrogen peroxide for 15 min to
block endogenous peroxidases prior to c-caspase 3 evalua-
tion. For antigen retrieval, sections were incubated for 30 min
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in 0.01 mol/I citrate buffer (pH 6.0) at 100°C. Proteinase K
(P9460, Beijing Solarbio Science & Technology Co., Ltd.)
was used for antigen retrieval with incubation for 10 min. After
blocking with 10% goat serum, sections were incubated over-
night at 4°C with primary antibody against c-caspase3 at 1:200
dilution (cat. no. 9664, Cell Signaling Technology, Inc.). After
washing sections and incubating them with secondary anti-
body for 1 h at room temperature, DAB substrate (ZLI-9019;
Zhongshan Golden Bridge Biological Technology Co., Beijing,
China) was used to visualize the THC staining. Images were
evaluated using light microscopy (Olympus BH-2; Olympus
Corporation) in a blinded manner by two pathologists.

Determination of oxidative stress. Blood was collected from
the rat hearts in anticoagulation tubes containing EDTA.
The liver tissues were homogenized. Then, the blood and
homogenates were centrifuged at 1,500 x g for 20 min. The
supernatants were collected and used for the determination of
antioxidant enzymes using a SOD kit (batch no.: 20130410;
Nanjing Jiancheng Bioengineering Institute, Nanjing, China);
a malondialdehyde (MDA) kit (batch no.: 20130409; Nanjing
Jiancheng Bioengineering Institute); and a glutathione peroxi-
dase (GSH-PX) kit (batch no.: 201304010; Nanjing Jiancheng
Bioengineering Institute) according to the instructions.

Statistical analysis. The data are presented as the
mean =+ standard error. Analysis was performed with GraphPad
v7 software (GraphPad, Inc., La Jolla, CA, USA). Two-tailed
unpaired Student's t-tests were used for comparisons between
two groups. Analysis of variance was performed for multiple
comparison tests followed by Tukey's post hoc test was used
for comparisons of two or more groups. P<0.05 was considered
to indicate a statistically significant difference.

Results

Liraglutide improves metabolic disorders in ZDF rats. First,we
evaluated the body weight of ZL rats and ZDF rats. Compared
with ZL rats (311.5£9.41, 326+8.05, 328.71+9.97, 335.1+11.38,
340.86+13.76,336.71+8.75 g), ZDF rats had significantly higher
body weight (362.7+17.03 g (P<0.01), 354.4+19.79 g (P<0.01),
355.3+£21.62 g (P<0.01), 358.14+21.39 g (P<0.05), 356+18.94 g
(P<0.05), 358.88+19.26 g (P<0.05), at 0, 2, 3, 4, 5, 6 weeks,
respectively (Fig. 1A). After liraglutide treatment, the body
weight of ZDF rats decreased to 357.33+13.31 g,333.12+18.08 g
(P<0.05), 332.2+12.57 g (P<0.05), 333.2+6.22 g (P<0.05),
334.5+13.21 g (P<0.05), 335.5+13.13 g (P<0.05) at each time
point, respectively (Fig. 1A). Additionally, the fasting blood
glucose level was much higher in ZDF rats (16.28+4.0 mmol/l
(P<0.001), 22.36+2.44 mmol/l (P<0.001), 24.38+1.55 mmol/I
(P<0.001), 26.08+1.67 mmol/l (P<0.001), 24.26+1.49 mmol/l
(P<0.001), 24.71+2.19 mmol/l (P<0.001)) than in ZL rats
(4.93+£0.67, 5.35+0.24, 6.45+0.97, 6.38x1.11, 7.05+2.09,
7.65+2.90 mmol/l) at0,2,3,4,5,6 weeks, respectively (Fig. 1B).
However, liraglutide treatment significantly decreased
the fasting blood glucose in ZDF rats (16.9+1.71 mmol/Il,
17.91+3.25 mmol/l (P<0.05), 19.56+2.34 mmol/l (P<0.01),
22.8+1.14 mmol/l (P<0.05), 21.58+3.18 mmol/l (P<0.05),
19.67+4.20 mmol/l (P<0.05)) at 0, 2, 3, 4, 5, 6 weeks, respec-
tively (Fig. 1B). The serum levels of ALT (181.3+95.8 U/I)
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and AST (178.4+56.7 U/l) were significantly higher in ZDF
rats than in ZL rats (ALT: 47.9+18.6 U/l (P<0.01); AST:
107.9+£20.8 U/1 (P<0.05)), but the levels decreased after lira-
glutide treatment for six weeks (ALT: 86.5+28.5 U/I (P<0.05);
AST: 100.5+£22.0 U/1 (P<0.05)) (Fig. 1C and D). Furthermore,
the serum LDL-c (3.57+0.57 mmol/l (P<0.001)) and TC
levels (6.3+1.1 mmol/l (P<0.001)) were significantly higher in
ZDF rats than in the control (LDL-c: 0.55+0.24 mmol/I; TC:
1.94+0.66 mmol/l), and liraglutide decreased the serum LDL-c
(2.120.99 mmol/l (P<0.05)) and TC levels (4.74+1.24 mmol/l
(P<0.05)) in ZDF rats (Fig. 1E and F). These data indicated
that liraglutide treatment improved metabolic disorders in
ZDF rats.

Liraglutide decreases hepatic lipid and glycogenaccumulation.
H&E staining showed larger vacuoles in the livers of ZDF
rats than in those of ZL rats, indicating the accumulation
of lipid droplets (Fig. 2A). In contrast, liraglutide treatment
reduced the appearance of large vacuoles in the livers of ZDF
rats (Fig. 2A). The hepatic lipid contents were also higher in
the livers of ZDF rats (1.24+0.33 mg/g vs. 0.14+0.13 mg/g,
P<0.001), but this increase was significantly reduced after
liraglutide treatment for 6 weeks (0.80+0.09 mg/g, P<0.05)
(Fig. 2B). Interestingly, both PAS staining and glycogen
quantification indicated the accumulation of glycogen in the
livers of ZDF rats (2.48+0.25 mg/g) than those of ZL rats
(1.10+£0.48 mg/g) (P<0.001) (Fig. 2C and D). We proposed that
although glycogen synthesis was increased in ZDF rats, the
level of glycogen synthesis was still much less than that needed
to handle the input from blood glucose, thereby leading to a
sustained high fasting blood glucose level. Not surprisingly,
liraglutide therapy further led to an increase in the glycogen
content of the livers of ZDF rats (3.19+0.54 mg/g, P<0.05)
(Fig. 2C and D), indicating the protective role of liraglutide in
the livers of diabetic rats.

Liraglutide reduces liver cell apoptosis in ZDF rats.
Glucolipotoxicity-induced liver cell apoptosis has been widely
reported (20,21). Hence, we examined liver cell apoptosis in
ZDF rats in the presence or absence of liraglutide. As shown in
Fig. 3A, more apoptotic cells were found in the livers of ZDF
rats than in those of ZL rats. However, after liraglutide therapy
for 6 weeks, cell apoptosis was markedly reduced, as indicated
by TUNEL staining (Fig. 3A). IHC staining also showed
increased expression of c-caspase3 in the livers of ZDF rats,
while liraglutide treatment decreased the levels of c-caspase3
(Fig. 3B). Similarly, Western blot showed that c-caspase3
expression was significantly higher in the livers of ZDF rats
(2.29+0.36) than in those of ZL rats (1+£0.17) (P<0.01) but that
this increase could largely be reversed by liraglutide treatment
(1.43+0.20) (P<0.05; Fig. 3C).

Liraglutide increases the activity of antioxidant enzymes.
MDA, a lipid peroxidation product, was quantified in the
serum and livers of ZL and ZDF rats. Compared with ZL rats
(3.3+£0.7 ZD ng/ml), ZDF rats tended to have higher MDA
content (3.8+1.2 ng/ml), but the increase was not significant
(Fig. 4A). In the livers of ZDF rats, enhancement of MDA was
found (2.26+0.34 ng/mg protein vs. 1.65+0.29 ng/mg protein),
but no statistical significance (Fig. 4D). After liraglutide
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Figure 1. Liraglutide treatment ameliorates metabolic disorders in ZDF rats. (A) Body weight and (B) fasting blood glucose were evaluated in ZL rats and ZDF
rats with or without liraglutide treatment. Serum levels of (C) ALT and (D) AST were determined in ZL rats and ZDF rats with or without liraglutide treatment.
Serum (E) LDL-c and (F) TC levels were examined in ZL rats and ZDF rats with or without liraglutide treatment. Data are presented as the mean =+ standard
error (n=5 rats for each group). "P<0.05, “P<0.01 and “"P<0.001 vs. ZL; “P<0.05 and *P<0.01 vs. ZDF+Saline. ZDF, Zucker diabetic fatty; ZL, Zucker lean;
ALT, alanine aminotransferase; AST, aspartate aminotransferase; LDL-c, low density lipoprotein cholesterol; TC, total cholesterol.
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Figure 2. Liraglutide decreases hepatic lipid and glycogen accumulation. (A) Hematoxylin and eosin staining revealed that liraglutide treatment reduced the
appearance of large vacuoles in the livers of ZDF rats. Scale bars, 50 ym. (B) Quantification of lipid content in the livers of ZL and ZDF rats with or without
liraglutide therapy. (C) Periodic Acid Schiff staining revealed that liraglutide decreased glycogen accumulation in the livers of ZDF rats. Scale bars, 50 ym.
(D) Quantification of glycogen content in the livers of ZL and ZDF rats with or without liraglutide therapy. Data are presented as the mean + standard error
(n=5 rats for each group). ““P<0.001 vs. ZL rats; “P<0.05, as indicated. ZDF, Zucker diabetic fatty; ZL, Zucker lean.
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Figure 3. Liraglutide reduces liver cell apoptosis in ZDF rats. (A) Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling staining for liver
cell apoptosis in ZDF rats in the presence or absence of liraglutide. Scale bars, 50 ym. (B) Immunohistochemical staining for c-caspase3 in ZDF rats in the
presence or absence of liraglutide. Scale bars, 50 gm. (C) Western blot analysis revealed that c-caspase3 expression was significantly higher in the livers of ZDF
rats than in those of ZL rats; however, this increase was reversed by liraglutide treatment. Data are presented as the mean + standard error (n=>5 rats for each
group). “P<0.01 and "“P<0.001 vs. ZL rats; “P<0.05, as indicated. ZDF, Zucker diabetic fatty; ZL, Zucker lean; c-caspase3, cleaved caspase 3.

treatment for 6 weeks, the serum and hepatic MDA contents
both decreased to 1.2+0.5 ng/ml (P<0.05) and 1.92+0.12 ng/mg
protein (P<0.05) (Fig. 4A and D). Moreover, the activity of
GSH and SOD was lower in the serum (GSH: 2.2+0.1 U/ml
(P>0.05); SOD: 125.3+6.2 U/ml (P<0.05) ) and livers (GSH:
84.3+4.9 ng/mg protein (P>0.05); SOD: 374.64+0.48 ng/mg
protein (P<0.05)) of ZDF rats than those in the serum (GSH:
2.4+0.1 U/ml; SOD: 137.4+5.2 U/ml) and livers (GSH:
137.7+46.1 ng/mg protein; SOD: 433.1+15.1 ng/mg protein) of
ZL rats (Fig. 4B, C, E, and F). In addition, liraglutide treat-
ment significantly increased the activity of these antioxidant
enzymes in both the serum (GSH: 2.5+0.1 U/ml (P<0.05); SOD:
142.1+6.2 U/ml (P<0.05)) and livers (GSH: 98.3+5.8 ng/mg
protein (P<0.05); SOD: 414.8+17.0 ng/mg protein (P<0.05))
of ZDF rats (Fig. 4B, C, E, and F). These data showed that
liraglutide could enhance the antioxidant capacity of ZDF rats.

Liraglutide enhances the activation of the NRF?2 signaling
pathway. NRF2/HO-1 is involved in an important antioxidant
signaling pathway that participates in the lipid peroxidation
found in hepatic metabolic disorders. Hence, the expression of
NRF2 and downstream antioxidant enzymes, including NQO1
and HO-1, was explored. As shown in Fig. 5, no significant
changes in NRF2 and NQOI1 were found in the livers of ZDF
rats compared with those of ZL rats (P>0.05). However,
the expression of HO-1 was higher in the livers of ZDF rats
(P<0.05), which may be due to a stress-induced self-regulatory
mechanism. Strikingly, the expression of NRF2 (P<0.05),
NQOI (P<0.05) and HO-1 (P<0.05) was significantly upregu-
lated in the livers of ZDF rats after liraglutide treatment
(Fig. 5). These data indicated that the activation of NRF2
signaling contributed to the improved antioxidant effects of
liraglutide in the livers of ZDF rats.
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Figure 4. Liraglutide increases the activity of antioxidant enzymes. The (A) contents of serum MDA, (B) activity of serum GSH, (C) activity of serum SOD,
(D) contents of hepatic MDA, (E) activity of hepatic GSH and (F) activity of hepatic SOD was determined in the ZL and ZDF rats with or without liraglutide
treatment. Data are presented as the mean + standard error (n=>5 rats for each group). 'P<0.05 vs. ZL rats; "P<0.05, as indicated. ZDF, Zucker diabetic fatty; ZL,
Zucker lean; MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione peroxidase.
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Figure 5. Western blot assay revealed that liraglutide enhanced the expression of NRF2,NQOI and HO-1. Data are presented as the mean + standard error (n=5
rats for each group). 'P<0.05 vs. ZL rats; “P<0.05, as indicated. ZDF, Zucker diabetic fatty; ZL, Zucker lean; NRF2, nuclear factor-erythroid 2-related factor 2;
NQOI, nicotinamide adenine dinucleotide phosphate quinone dehydrogenase 1; HO-1, heme oxygenase-1.

Discussion

Metabolic disorders have become an alarming public health
trend around the world, and they result in an increased risk
of developing cardiovascular disease, type 2 diabetes and
NAFLD, which are referred to as metabolic syndromes (22-24).
Liraglutide is a GLP-1 analog that shares 97% sequence iden-
tity with human GLP-1 (16). In January 2010, liraglutide was
approved by the FDA for the treatment of hyperglycemia in
patients with T2DM. Subsequently, an increasing number of
studies have shown the protective role of liraglutide in the
livers of diabetic and obesity patients (25,26).

High glucose and lipid accumulation can trigger ROS
generation and cell apoptosis, induce inflammation, and
finally results in the pathogenesis of liver disease (27). Here,
we found that the fasting blood glucose, as well as lipid
contents, AST, ALT, LDL-c, TC and the apoptosis index
were elevated in the livers of ZDF rats than those of ZL rats.
Therefore, we investigated whether liraglutide could protect
liver cells against oxidative stress in ZDF rats. In line with
previous studies (28,29), our data showed that liraglutide
significantly decreased the body weight, hyperglycemia and
hyperlipidemia in ZDF rats compared with those in ZL rats.
Furthermore, reduced liver cell apoptosis was observed in
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ZDF rats after liraglutide therapy for 6 weeks. These data
validated the beneficial results of liraglutide in diabetic and
obese ZDF rats.

The liver is characterized by high metabolic activity, and
it is the major organ responsible for the biotransformation
and subsequent detoxification of xenobiotics (30). Hence,
the liver is at high risk of increased ROS and electrophile
production, especially during the progression of diabetes,
NAFLD, and other chronic liver diseases (5,30,31). In
hepatocytes, multiple antioxidant enzymes are dedicated
to eliminating the endogenous and exogenous oxidants
that result from lipid peroxidation (32). Among them,
many enzymes are transcribed from genes, including
antioxidant response elements (AREs) in their promoter
regions (33). NRF2 is well known to induce the expression
of ARE-containing genes encoding antioxidant enzymes
in response to cellular stresses, including ROS (34).
Compared with wild-type mice, NRF2"" mice are more
susceptible to chemical-induced oxidative/electrophilic
stress in the liver (35,36). Additionally, 2,3,7,8-tetrachlorod-
ibenzo-p-dioxin (TCDD)-induced oxidative damage can be
largely improved by overexpression of NRF2 in mice (37).
Furthermore, knockout of NRF2 in hepatocytes leads to
increased liver cell injury under the conditions of excessive
iron accumulation (38). Hence, NRF2 activity plays a key
role in the protection against oxidative stress-induced liver
cell injury.

Liraglutide was shown to alleviate oxidative stress in
B-islet cells or in the brains of diabetic mice subjected to
middle cerebral artery occlusion (39,40). However, whether
liraglutide protects livers from lipid peroxidation via the
NRF2 signaling pathway is unclear. For the first time, we
show novel data indicating that the expression of the antioxi-
dant transcription factor NRF2, as well as the transcription
of downstream target genes, including NQO1 and HO-1, was
increased by liraglutide treatment. Additionally, both serum
and hepatic GSH and SOD levels were enhanced after lira-
glutide therapy. This change ultimately leads to a lower state
of oxidative stress in liver cells, thereby improving oxida-
tive stress-induced liver cell injury. Multiple studies have
suggested that ROS markedly enhance the transformation of
fatty liver into non-alcoholic steatohepatitis (NASH) (41,42).
Excessive ROS generated by the overconsumption of lipid
and glucose results in burden on quenching by hepatic anti-
oxidants (42). NRF2 plays a key role in regulating multiple
antioxidant-related genes that are associated in the cellular
defense against oxidative stress (43). It is well suggested
that enhanced antioxidant activity improves liver cell apop-
tosis via NRF2 signaling (44,45). For instance, safflower
yellow B is demonstrated to inhibit HepG2 cell apoptosis
induced by oxidative stress through activating the AKT/Nrf2
pathway (44). In the present study, we showed liraglutide
protects liver cells from hepatic glucolipotoxicity-induced
oxidative stress and liver cell apoptosis in ZDF rats through
NRF2-dependent mechanism.

Even though, whether the effects of liraglutide on hepato-
cytes apoptosis are direct effects or not via NRF2 signaling
remains to be further elucidated. GLP-1 is demonstrated to
be beneficial against cell apoptosis in various circumstances.
However, the presence of GLP-1 receptor in hepatocytes is
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controversial. Recently, it is indicated that the metabolic prod-
ucts of GLP-1 retain important antioxidant and anti-apoptotic
activities that are GLP-1 R independent (46). For instance,
GLP-1 has been shown to protect endothelial cells from
advanced glycation end products (AGEs)-induced apoptosis
by inhibiting the release of mitochondrion cytochrome
¢ (47). And GLP-1 analogue, liraglutide, may prevent high
glucose induced mitochondrial fragmentation and apoptosis
in human endothelial cells via inducing mitochondrial fusion
processes (48). Additionally, liraglutide is also suggested to
protect cardiomyocyte from oxidative stress and apoptosis
via activating AMPK-Sirt]l pathway (49). In neural tissues,
the beneficial effects of GLP-1 on cell apoptosis is indicated
to be due to the activation of the Akt pathway (50). Based on
these findings, we propose that the anti-apoptotic effects of
GLP-1 may be NRF-2 dependent and independent of GLP-1R
in liver tissues.

In summary, liraglutide can enhance the antioxidant
activity of liver cells by activating the NRF2 signaling pathway,
which then results in a decrease in liver cell apoptosis induced
by glucolipotoxicity in ZDF rats.
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