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Liraglutide improves hepatic insulin resistance
via the canonical Wnt signaling pathway
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Abstract. Liraglutide, a modified form of glucagon-like
peptide-1 (GLP-1), is used in the treatment of diabetes mellitus.
However, the underlying mechanism by which liraglutide
improves liver insulin resistance remains to be elucidated.
The proto-oncogene Wnt (Wnt) signaling pathway has been
reported to be associated with glucose and lipid metabolism.
Using in vivo and in vitro models of diabetes and insulin
resistance, it was investigated whether the beneficial effects
of liraglutide on liver glucose metabolism are mediated by the
Wht signaling pathway. The results of the present study demon-
strate that body weight, fasting blood glucose, insulin levels
and the homeostasis model assessment for insulin resistance
were markedly decreased in db/db mice treated with liraglu-
tide compared with control mice. Liraglutide also improved
liver morphology and reduced the accumulation of lipid drop-
lets. Furthermore, the expression of glucose-6-phosphatase
and phosphoenolpyruvate carboxykinase was downregulated,
whereas the expression of phosphorylated forkhead box Ol,
Wnat signaling pathway-associated molecules, [3-catenin, tran-
scription factor 7-like 2 and phosphorylated glycogen synthase
kinase-3f3 was upregulated in the liver of mice treated with
liraglutide. In the in vitro study, increased gluconeogenesis
and decreased glucose uptake rates were observed in insulin
resistant hepatocytes; treatment with liraglutide significantly
reversed this effect. Furthermore, transfection of insulin
resistant hepatocytes with (3-catenin small interfering RNA
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attenuated the effects of liraglutide, suggesting that liraglutide
improves insulin resistance via activating the -catenin/Wnt
signaling pathway. The results of the present study suggest a
novel mechanism underlying liraglutide-mediated improve-
ments in insulin resistance in the liver. The Wnt signaling
pathway may be a potential therapeutic target for the treatment
of altered hepatic physiology in insulin resistance.

Introduction

Glucagon-like peptide-1 (GLP-1) is an incretin hormone
encoded by the glucagon GCG gene (1). GLP-1 is secreted
from the gastrointestinal tract into the circulation in response
to nutrient ingestion (1,2). GLP-1 stimulates insulin secretion
from B-cells and inhibits glucagon secretion from a-cells (3)
and has previously been used for development of novel strate-
gies to treat type 2 diabetes. In a clinical study involving patients
with type 2 diabetes, administering a subcutaneous infusion of
GLP-1 for 6 weeks resulted in improved insulin sensitivity and
[-cell function (4). Ding et al (5) reported that GLP-1 decreased
the levels of serum glucose and improved insulin resistance.
Exendin-4, a GLP-1 receptor agonist, has been reported to
inhibit the expression of glucose-6-phosphatase (G6Pase)
and phosphoenolpyruvate carboxykinase (PEPCK) in the
hepatocytes of young adult mice via an insulin-independent
mechanism (6). Several studies have demonstrated that the
GLP-1 receptor is a member of the 7 transmembrane family
of G protein coupled receptors and is expressed in the human
hepatocyte cell lines HepG2 and Huh7 as well as C57BL/6J
mice with high-fat-diet-induced obesity (6-8). However, the
exact mechanism underlying GLP-1-mediated improvement of
liver insulin resistance remains to be elucidated.
Evolutionarily conserved proto-oncogene Wnt (Wnt)
signaling pathways are present in multicellular eukaryotes and
serve roles in embryonic development, morphogenesis, stem
cell regulation, liver zonation and metabolism (9). Wnt genes
encode 19 Wnt proteins and are evolutionarily conversed (9).
To date, two different Wnt signaling pathways have been identi-
fied, including the canonical and non-canonical pathway (10).
The canonical Wnt signaling pathway components include the
frizzled family of cell surface receptors, T-cell factor (TCF)
family transcription factors, co-receptors and the downstream
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degradation complex containing axin/glycogen synthase
kinase (GSK)-3f/adenomatosis polyposis coli (APC) and
[-catenin (11-13). Interactions between Wnt and frizzled recep-
tors and/or co-receptors, including low-density lipoprotein
receptor-related protein (LRP) 5 and 6, leads to the activation
of the intracellular protein disheveled (Dsh). These events
trigger an intracellular signaling cascade, which eventually
results in phosphorylation and inactivation of glycogen synthase
kinase-3p (GSK3p), and decreased GSK3[-induced phosphory-
lation of B-catenin (14). Accumulation and nuclear translocation
of B-catenin, and increased levels of nuclear [3-catenin lead to
the activation of over 60 Wnt-responsive genes via interactions
with transcription factors, including TCF, TCF7, TCF7 like 1
(TCF7LI1), TCF7L2 and lymphoid enhancer factor (LEF) (14).

Genetic associations between TCF7L2 polymorphisms
and type 2 diabetes has previously been reported in multiple
ethnic populations (15). Several studies have investigated
the role of the Wnt signaling pathway in the pathogenesis
of diabetes (16-19). In TCF7L2 gene knockout mice, the
number of pancreatic 3-cells was significantly reduced along
with the reduction of the deficiencies in insulin secretion
and glucose tolerance (16). Liver-specific TCF7L2 knockout
mice demonstrated increased hepatic glucose production and
overexpression of liver-specific TCF4, leading to reduced
hepatic glucose levels (17). TCF7 knockdown in HepG2 cells
resulted in increased gluconeogenic gene expression, whereas
restoration of hepatic TCF7 levels decreased the expression of
gluconeogenic genes and reduced hepatic glucose output (18).
Using the liver-specific dominant-negative TCF7L2 transgenic
mouse model LTCFDN, Ip et al (19) demonstrated that the
Wnat signaling pathway and its effector B-catenin/TCF serve a
beneficial role in suppressing hepatic gluconeogenesis.

GLP-1 has been demonstrated to directly activate the Wnt
signaling pathway (20). Liu and Habener (21) reported that
GLP-1 and exendin-4 induced Wnt signaling in pancreatic
B-cells and INS-1 cells independent of GSK3f, as well as
increasing nuclear levels of B-catenin. These interactions led
to transcriptional activation of genes associated with p-cell
proliferation via interacting with TCF7L2 (21). Furthermore, it
has been demonstrated that lithium, a GSK3f inhibitor, stimu-
lates the synthesis of GLP-1 and activates the transcription
of proglucagon in intestinal endocrine cell lines (14). These
observations suggest that Wnt signaling effectors (3-catenin
and TCF are able to control the production and function of
GLP-1 inislets and insulin-secreting INS-1 cells (21). However,
it has not yet been investigated whether GLP-1 improves liver
insulin resistance via the Wnt signaling pathway.

The aim of the present study was to investigate whether
the Wnt signaling pathway mediates the beneficial effects of
liraglutide on insulin resistance and hepatic glucose metabolism
using in vitro and in vivo diabetic models. The results of the
present study demonstrate that the interaction between forkhead
box (Fox) Ol, the main target of insulin signaling, and 3-catenin
regulates hepatic gluconeogenesis in response to liraglutide.

Materials and methods
Animal studies. Male db/db mice (n=12,40-44 g) and C57BL/6

mice (n=6, 39-42 g) were purchased from the Institute for
Animal Reproduction of Experimental Animal Center in
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Nanjing Medical College (Nanjing, China). C57BL/6 mice
were used as the control group. The mice were bred under
standard laboratory conditions and used for experimentation
when 6 weeks old. All animals were maintained in a tempera-
ture-controlled environment (22-24°C; 50-60% humidity) with
a 12-h light/dark cycle and free access to drinking water and
normal chow (60, 15 and 25% calories from carbohydrates, fats
and proteins, respectively). All animal care and experimental
procedures were approved by the Institutional Animal Care
and Use Committee of Tongji Medical College, Huazhong
University of Science and Technology (Wuhan, China). Male
db/db mice were divided into 2 groups: Saline and liraglutide
(n=6/group) and received intraperitoneal injections of saline or
liraglutide (Novo Nordisk Pharmaceutical Co., Ltd., Tianjin,
China) once daily at a concentration of 200 ug/kg body
weight for 8 weeks. Animals were monitored each 2 weeks for
alterations in body weight, plasma glucose and insulin. Every
2 weeks, the tail vein blood was harvested from the tail vein
and plasma was stored at -80°C for further analysis. A Glucose
Oxidase and Peroxidase Assay (GOD-POD) kit (Shanghai
Mingdian Bioengineering, Co., Ltd., Shanghai, China) and an
Insulin ELISA kit (cat. no. EZHIASF-14K; EMD Millipore,
Billerica, MA, USA) were used to quantify levels of glucose
and insulin, respectively. The homeostasis model assessment
for insulin resistance (HOMA-IR) was calculated using the
following equation: Fasting insulinxfasting glucose/22.5 (22).
Animals were fasted overnight in the 8th week of the experi-
ment and subsequently sacrificed by cervical dislocation. Liver
tissues were harvested, frozen in liquid nitrogen and stored
at -80°C until RNA and protein extraction.

Hematoxylin and eosin (H&E) staining. Liver tissues were
fixed in 10% formalin for 24 h at room temperature and
embedded in paraffin. Paraffin blocks were cut using a
microtome into 5-um sections. Following deparaffinization
and dehydration, the sections were stained with 0.5% (w/v)
hematoxylin (5-10 min) and eosin (1-2 min; H&E staining)
at room temperature. Histological slides were examined by
light microscopy (magnification, x200). Histological features,
including steatosis, inflammation and hepatocellular injury
were histologically graded by two pathologists. The nonalco-
holic fatty liver disease (NAFLD) activity score (NAS) was
quantified by summing the scores of steatosis (0-3), lobular
inflammation (0-2) and hepatocellular ballooning (0-2), as
previously described (23).

Cell culture. The HepG2 human hepatoma cell line was
purchased from American Type Culture Collection (ATCC;
Manassas, VA, USA). Cells were grown and cultured in
Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) containing 10%
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.),
10 mmol/I 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), 100 U/ml
penicillin, and 100 mg/ml streptomycin. Cells were maintained
at 37°C in a humidified incubator, with 5% CO,.

Insulin resistance cell model. At 70-80% confluence, cells
were treated with 250 gmol/l palmitate (Sigma-Aldrich;
Merck KGaA), one of the most common free fatty acids,
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and high glucose (25 mmol/l) DMEM culture medium for
24 h to establish the in vitro insulin resistant model. Glucose
consumption studies were performed to evaluate the insulin
resistant model. Cells were washed three times with PBS and
the culture medium was replaced with low glucose DMEM
(5.5 mmol/l glucose). Insulin was added to the culture medium
at a concentration of 107 mol/I for 2 h. Following incubation,
culture medium was collected and tested for glucose consump-
tion was investigated as previously described (24), using the
GOD-POD kit according to the manufacturer's instructions.

Small interfering RNA (siRNA) transfection. Following
successful establishment of the in vitro insulin resistant
model, B-catenin siRNA (50 nM; Guangzhou RiboBio Co.,
Ltd., Guangzhou, China) was transfected into the cells via
incubation with MegaTran 1.0 (OriGene Technologies, Inc.,
Rockville, MD, USA) for 48 h at 37°C. f-catenin siRNA
was diluted in opti-MEM (Gibco; Thermo Fisher Scientific,
Inc.) to obtain a final concentration of 100 nmol/l. At 24 h
following transfection, 100 nM liraglutide was added to cell
cultures for 24 h. HepG2 cells were harvested and used for
western blot analysis. Following incubation, culture medium
was collected and glucose consumption was investigated as
previously described (24), using the GOD-POD kit according
to the manufacturer's instructions.

Glucose production assay. HepG2 cells were plated in 24-well
cell culture plates at a density of 2x10° cells/well and allowed
to grow for 24 h at 37°C. HepG2 cells were transfected with
[(-catenin siRNA as above. Subsequently, cells were washed
three times with PBS to remove glucose and treated for 24 h
with glucose production medium (glucose- and phenol red-free
DMEM containing gluconeogenesis substrates: 10 mM sodium
lactate and 1 mM sodium pyruvate), 0.1 mM adenosine
3',5'-cyclic monophosphate (CAMP) and 100 nM dexamethasone
(Dex) to induce gluconeogenesis in the absence or presence of
100 nM liraglutide. Glucose production was measured using a
Glucose Assay kit (Shanghai Mingdian Bioengineering, Co.,
Ltd.) according to the manufacturer's instrucctions.

Western blot analysis. HepG2 cells were lysed in radioim-
munoprecipitation assay buffer (RIPA; Beyotime Institute of
Biotechnology, Beijing, China) containing 1% Triton X-100
and a mixture of protease and phosphatase inhibitors.
Liver tissue (30 mg wet weight) was homogenized at 4°C
in 400 ul RIPA buffer containing 1% Triton X-100 and a
mixture of protease and phosphatase inhibitors. Following
a 30 min-incubation on ice, total protein was obtained by
centrifugation at 4,025 x g for 20 min at 4°C. Protein content
was measured using the bicinchoninic acid protein assay and
30 ug protein was separated by 10% SDS-PAGE. Separated
proteins were electrically transferred onto polyvinylidene
difluoride membranes. Following transfer, membranes were
blocked with 5% bovine serum albumin (MP Biomedicals,
LLC, Santa Ana, CA, USA) for 1 h at room temperature,
washed in Tris-buffered saline with 0.08% Tween and then
incubated overnight at 4°C with the following primary anti-
bodies: B-catenin (1:1,000; cat. no. sc-7963), TCF7L2 (1:1,000;
cat.no. sc-166699), PEPCK (1:1.000; cat. no. sc-32879), G6Pase
(1:1,000; cat. no. sc-25840), GSK3p (1:1,000; cat. no. sc-81462),
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phospho-Ser473-Akt (1:1,000; cat. no. sc-33437), total Akt
(1:1,000; cat. no. sc-8312), -actin (1:2,000; cat. no. sc-47778,;
all from Santa Cruz Biotechnology, Inc., Dallas, TX, USA),
p-Ser9-GSK3p (1:1,000; cat. no. 9323), p-Ser256-FoxOl
(1:1,000; cat. no. 9461) and total FoxO1 (1:1,000; cat. no. 2880;
all from Cell Signaling Technology, Danvers, MA, USA). The
membranes were washed, and incubated at room temperature
for 1 h with the following secondary antibodies: Horseradish
peroxidase (HRP)-conjugated sheep anti-rabbit immunoglob-
ulin (Ig)G (1:2,000; cat. no. SA00001-2; ProteinTech Group,
Inc., Chicago, IL, USA) or HRP-conjugated goat anti-mouse
IgG (1:2,000; cat. no. SA00001-1; ProteinTech Group, Inc.).
Proteins were visualized using enhanced chemiluminescent
detection reagent (Beyotime Institute of Biotechnology),
and quantified using Quantity One software (version 4.6.2;
Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from liver tissue using
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. cDNA was synthe-
sized using an RT-qPCR kit (cat. no. 10928042; Invitrogen;
Thermo Fisher Scientific, Inc.). qPCR was performed to detect
mouse -catenin, TCF7L2, PEPCK, G6Pase, FoxO1 and GSK3f
using QuantiTect SYBR Green PCR kit (Applied Biosystems;
Thermo Fisher Scientific, Inc.) and a real-time PCR detection
system (Bio-Rad Laboratories, Inc.). The following primer pairs
were used for the qPCR: (-catenin forward, 5'-GTTCTACGC
CATCACGACAC-3' and reverse, 5'-GACAGCACCTTCAGC
ACTCT-3"; TCF7L2 forward, 5-AATCCTTGCCTTTCGCTT
CC-3' and reverse, 5“-TCTGTGACTTGGCGTCTTGG-3'; pckl
forward, 5'-ACAGTCATCATCACCCAAGAGC-3' and reverse,
5-GGGCGAGTCTGTCAGTTCAATA-3"; G6Pase forward,
5'-CATCAATCTCCTCTGGGTGGC-3' and reverse, 5'-GCT
GTTGCTGTAGTAGTCGGTGTC-3"; FoxOl forward, 5-TGC
TTTTATTACCCTGTGAGTTGTG-3' and reverse, 5'-ATC
GTGACAAAAGCCAACAGC-3'; Gsk3p forward, 5'-GGT
CAGTTTCACAGGGTTATGC-3' and reverse, 5'-AGATGG
AAGTGGTCACGCTAAT-3"; f-actin forward, 5'-AGAGGG
AAATCGTGCGTGAC-3' and reverse, 5-CAATAGTGATGA
CCTGGCCGT-3". The following thermocycling conditions
were used for the PCR: Initial denaturation at 95°C for 5 min
followed by 40 cycles of 95°C for 15 sec, 60°C for 15 sec and
72°C for 20 sec. Relative quantification was performed using
the 2244 method (25). Transcript levels were normalized to the
internal reference gene [3-actin.

Statistical analysis. Data are presented as the mean + standard
error of the mean. Statistical comparisons were performed
using the unpaired two-tailed t-test or one-way analysis of
variance followed by Newman-Keuls post hoc test for multiple
group analyses. Analysis was performed using SPSS 17.0 soft-
ware (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered
to indicate a statistically significant difference.

Results
Liraglutide significantly decreases body weight, plasma

glucose concentration, insulin levels and HOMA-IR. The
body weight of db/db mice treated with liraglutide decreased
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Figure 1. Liraglutide significantly decreases body weight, plasma glucose concentration, insulin and HOMA-IR and alters the liver morphology. (A) Mean
body weight, (B) plasma glucose levels, (C) plasma insulin levels and (D) HOMA-IR following treatment with liraglutide or saline. (E) Hematoxylin and
eosin staining of liver tissue. The arrow indicates lipid droplets (magnification, x200). (F) Histopathological analysis was conducted by quantifying NAFLD
activity score. All values are presented as the mean + standard error of the mean. "P<0.05 vs. control; “P<0.05 vs. db/db group. HOMA-IR, homeostasis model

assessment for insulin resistance; NAFLD, non-alcoholic fatty liver disease.

from week 4 onwards compared with the saline-treated control
group (all P<0.05; Fig. 1A). The final body weight of the control
group at week 8 was significantly increased compared with the
liraglutide treated group (39.5+3.1 g in the liraglutide treated
group vs. 48.7+2.1 g in the control group; P<0.05).

Quantification of plasma glucose levels revealed
significantly reduced glucose in the liraglutide treated
group (14.1£0.9 mM), compared with the control group
(24.7+1.8 mM) at week 8 (P<0.05; Fig. 1B). Similarly, at week 8
the plasma insulin concentration in the liraglutide treated
group (30.5+2.9 mIU/I) was significantly lower compared with
the saline treated group (65.0+5.4 mIU/I; P<0.05; Fig. 1C).
Treatment with liraglutide significantly improved HOMA-IR
insulin resistance (19.1+2.2), compared with the control
group (71.4+4.1; P<0.05; Fig. 1D).

Liraglutide alters liver morphology. Hepatic accumula-
tion of lipids increased in the db/db group compared with
control group and decreased in mice treated with liraglu-
tide (Fig. 1E). Additionally, NAFLD activity significantly
decreased in the liraglutide group compared with the saline
group (P<0.05; Fig. 1F).

Liraglutide activates the Wnt signaling pathway and
downregulates liver gluconeogenesis in vivo. The present
study aimed to identify the signaling pathway and potential
mechanisms underlying the effects of liraglutide on insulin
resistance. GLP-1 is an activator of the canonical Wnt signaling
pathway; as such, changes in the expression of [-catenin,
GSK3p and TCF7L2 in the liver samples were analyzed using
western blotting and RT-qPCR. Levels of -catenin protein,
but not mRNA, increased significantly in the db/db group
treated with liraglutide compared with the control group
treated with saline (P<0.05; Fig. 2A-C). Furthermore, levels
of TCF7L2 mRNA and protein, levels of GSK33 mRNA,
and levels of p-GSK3p protein were significantly increased
in liraglutide-treated mice compared with the saline group
(P<0.05; Fig. 2A-C). Furthermore, treatment with liraglutide
significantly inhibited kinase enzymes G6Pase and PEPCK
at the mRNA and protein level (all P<0.05; Fig. 2A-C).
Upstream of PEPCK and G6Pase, FoxOl is a transcription
factor that promotes gluconeogenesis in the liver, whereas
p-FoxOl suppresses gluconeogenesis (26). The levels of total
and p-FoxOl were assessed in the present study (Fig. 2A-C).
The results demonstrated that the levels of p-FoxOl1 protein
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Figure 2. Liraglutide activates the Wnt signaling pathway and decreases liver gluconeogenesis in vivo. (A) Protein and (B) mRNA levels of Wnt signaling
pathway molecules, including -catenin, TCF7L2 and p-GSK3p, and molecules associated with liver gluconeogenesis, including PEPCK, G6Pase and
p-FoxOl. B-actin was used as a loading control. (C) Representative western blot images of the Wnt signaling pathway molecules and molecules associated
with liver gluconeogenesis. All values are expressed as the mean + standard error of the mean. "P<0.05 vs. control. TCF7L2, transcription factor 7 like 1;
p, phosphorylated; GSK3p, glycogen synthase kinase-3f3; PEPCK, phosphoenolpyruvate carboxykinase; G6Pase, glucose-6-phosphatase; FoxOl, forkhead

box O1; Wnt, proto-oncogene Wnt.

and therefore the ratio of p-FoxO1/FoxO1 were significantly
elevated in liraglutide treated db/db mice compared with
saline-treated mice (P<0.05). These results suggest that lira-
glutide inactivates FoxO1 by phosphorylation and therefore
inhibits the downstream activity of G6Pase and PEPCK. The
above data indicate that liraglutide improves insulin resistance
and reduces liver gluconeogenesis; it may be hypothesized
that these effects are mediated by the (3-catenin/Wnt signaling
pathway.

Liraglutide increases glucose uptake and decreases glucose
production in hepatocytes, but this effect is reversed in hepa-
tocytes transfected with (-catenin siRNA. To investigate the
effect of B-catenin on liraglutide-induced decrease in insulin
resistance in vitro, HepG2 human hepatocytes were transfected
with B-catenin siRNA for 48 h. The transfection efficiency was
subsequently determined by verifying B-catenin protein levels
using western blot analysis (Fig. 3A). The results demonstrate
that the expression of -catenin was significantly reduced in
transfected cells (1.27+0.15) compared with the control cells
(7.44+0.40; P<0.05).

The effects of liraglutide on glucose uptake were investi-
gated by establishing an in vitro insulin resistance model in
palmitate- and high glucose-stimulated human hepatocytes.

The amount of glucose in cell culture supernatants was
quantified by the GOD-POD assay. Insulin resistant cells
had a lower glucose uptake rate compared with the control
cells (P<0.05, Fig. 3A). Following treatment with liraglutide,
the rate of glucose uptake increased significantly compared
with the insulin resistant cells (P<0.05). Furthermore,
silencing (-catenin resulted in a decreased glucose uptake
rate (P<0.05); however, treatment with liraglutide in 3-catenin
silenced cells had no effect on glucose uptake (Fig. 3B). In
the glucose production experiment, liraglutide significantly
suppressed cAMP+Dex-induced glucose production (P<0.05;
Fig. 3C). Silencing B-catenin resulted in increased glucose
production in the liraglutide treated group compared with
the control (P<0.05). These results indicate that liraglutide
increased glucose uptake and suppressed glucose production
in hepatocytes via a 3-catenin dependent mechanism.

Liraglutide activates the Wnt signaling pathway and decreases
liver gluconeogenesis in vitro. To investigate whether the
effects of liraglutide are mediated by the Wnt signaling
pathway in vitro, HepG2 cells were transfected with -catenin
siRNA and treated with or without 100 nM liraglutide. Western
blot analysis revealed that liraglutide increased the expression
of B-catenin protein and that this effect was reversed following
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Figure 3. Liraglutide increases glucose uptake and decreases glucose production in hepatocytes; this effect is reversed in f-catenin siRNA transfected hepato-
cytes. (A) Transfection efficiency was detected by assessing [3-catenin protein levels using western blot analysis. Blots are representative of three independent
experiments with similar results. (B) Glucose uptake assay and (C) glucose production assay. All values are expressed as the mean + standard error of the
mean. 'P<0.05 vs. control and “P<0.05 vs. the ir group. Ir, insulin resistance; li, liraglutide; si, B-catenin small interfering RNA; cAMP, cyclic adenosine
3'.5'-monophosphate; dex, dexamethasone.
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Figure 4. Liraglutide activates the Wnt signaling pathway and decreases liver gluconeogenesis in vitro. (A) Representative western blot images of the Wnt
signaling pathway molecules, insulin signaling pathway molecules and molecules associated with liver gluconeogenesis. Protein levels of Wnt signaling pathway
molecules, including (B) -catenin and (C) total/p-GSK3p. Expression levels of liver gluconeogenesis molecules, including (D) PEPCK and (E) total/pFoxO1.
Expression levels of insulin signaling pathway molecules, including (F) p-AKT/Akt. The blots are representative of three independent experiments with similar
results. B-actin was used as a loading control. All values are expressed as the mean + standard error of the mean. “P<0.05 vs. con and “P<0.05 vs. si. Ir, insulin
resistance; 1i, liraglutide; si, B-catenin small interfering RNA; Wnt, proto-oncogene Wnt; TCF7L2, transcription factor 7 like 1; p, phosphorylated; GSK3p,
glycogen synthase kinase-33; PEPCK, phosphoenolpyruvate carboxykinase; G6Pase, glucose-6-phosphatase; FoxOl, forkhead box O1; Akt, RAC-alpha
serine/threonine-protein kinase.

[-catenin silencing (P<0.05; Fig. 4A and B). Furthermore, increased the p-GSK3B/GSK3 ratio, (P<0.05). The effect
as demonstrated in Fig. 4A and C, liraglutide significantly  of liraglutide on GSK3p was partially inhibited in cells
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transfected with (3-catenin siRNA. Treatment with liraglutide
resulted in significantly decreased PEPCK protein expression
compared with the control group; however, PEPCK expression
was increased following transfection with f-catenin siRNA
(both P<0.05; Fig.4A and D). Furthermore, the p-FoxO1/FoxO1
ratio was significantly increased in liraglutide-treated hepa-
tocytes compared with both control and B-catenin siRNA
transfected cells (both P<0.05; Fig. 4A and E). Treatment
with liraglutide in B-catenin-silenced cells decreased the
ratio of pFoxO1/FoxO1, suggesting that liraglutide exerted its
effects on FoxOl and PEPCK via the canonical Wnt signaling
pathway. Additionally, the levels of pAKT and total AKT,
which are associated with the insulin signaling pathway, were
analyzed (Fig. 4A and F). Western blot analysis indicated
that liraglutide significantly increased the pAKT/AKT ratio
compared with the control group (P<0.05). Transfection of
hepatocytes with 3-catenin siRNA had no significant effect on
the ratio of pAKT/AKT, which remained similar to that identi-
fied in liraglutide-only treated cells. These results suggest
that liraglutide acts mainly via the canonical 3-catenin Wnt
signaling pathway in hepatocytes.

Discussion

Liraglutide, a GLP-1 receptor agonist, is used for the treatment
of diabetes. In addition to stimulating insulin secretion, lira-
glutide confers cardio-protective effects, suppresses appetite
and delays gastric emptying (27,28). In patients with type 2
diabetes, liraglutide decreases the concentration of plasma
glucose, hemoglobin Alc, fructosamine and free fatty acids,
as well as improving insulin sensitivity and -cell function (4).
Furthermore, liraglutide inhibits glucagon release, improves
insulin resistance and protects other organs, including the
brain, cardiac tissue and muscles, from high glucose in an
insulin-independent manner (3,29,30). The results of the present
study demonstrate that liraglutide markedly decreases plasma
glucose, insulin, body weight and HOMA-IR. HOMA-IR is a
method used to assess insulin resistance, which is inversely
associated with insulin sensitivity as measured using an
euglycemic clamp (22). Su et al (31) demonstrated that GLP-1
significantly decreased HOMA-IR in db/db mice. Lee et al (8)
reported that exendin-4 improves lobular inflammation
and markedly reduces the accumulation of lipids, including
free fatty acids and triglycerides in the fatty liver of high fat
diet-induced obese C57BL/6J mice, thereby improving hepatic
steatosis. In the present study, H&E staining of liver specimens
from db/db mice treated with liraglutide revealed improved
lobular structure, with reduced lobular inflammation and fewer
lipid droplets within cells compared with the saline treated
control group.

The liver regulates glucose metabolism and expresses the
GLP-1 receptor (6). Numerous studies have demonstrated
that GLP-1 reduces glucose production, gluconeogenesis,
fatty acid synthesis and oxidative stress, as well as improving
insulin resistance (5,32). However, the mechanism under-
lying GLP-1-mediated improvements in insulin resistance
remains to be elucidated. The therapeutic effect of GLP-1
against insulin resistance may be secondary to the effects of
weight loss and attenuation of hyperglycemia (32). Previous
studies have also demonstrated that GLP-1 may affect insulin
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resistance directly. Lee et al (8) reported that GLP-1 improved
liver insulin resistance via activation of the sirtuin 1/adenosine
monophosphate-activated protein kinase signaling pathway
in C57BL/6J mice and HepG2 and Huh7 cell lines, whilst
also increasing the expression of phosphorylated FoxOl and
GLUT2. GLP-1 promotes glycogen synthesis via activation
of the phosphatidylinositol 4,5-bisphosphate 3-kinase/AKT
signaling pathway in primary rat hepatocytes and this effect
of GLP-1 is similar to that induced by insulin in liver (33). In
HepG2 cells, silencing FoxOl resulted in reduced expression
of PEPCK and G6Pase (34). GLP-1 inhibited the expression of
Go6Pase and PEPCK in the liver and increased the phosphoryla-
tion of AKT and FoxOl in young mice (6). In the present study,
treatment with liraglutide resulted in decreased expression of
PEPCK and G6Pase and increased p-FoxOl levels compared
with the control group. PEPCK and G6Pase serve roles in
liver gluconeogenesis and decreased levels of these enzymes
reduce the production of glucose, suggesting that liraglutide
may inhibit the gluconeogenesis pathway. FoxOl1 activates the
expression of both PEPCK and G6Pase, whereas p-FoxOl
is targeted for proteasomal degradation (26). Furthermore,
liraglutide-induced p-FoxOl may also contribute to the
suppression of gluconeogenesis. These observations support
the results obtained in a previous study, which reported that
GLP-1 improved insulin resistance via inhibiting PEPCK and
Go6Pase (6).

The Wnt signaling pathway in the liver is associated
with diabetes, glucose and lipid metabolism (35,36). GLP-1
binds the GLP-1 receptor on cell membranes and activates
cAMP-dependent protein kinase A (PKA) via the secondary
messenger cCAMP. GLP-1-mediated activation of PKA trans-
mits the signal intracellularly and phosphorylates 3-catenin
to activate the canonical Wnt pathway (14). Activation of the
Whnt signaling pathway induces the transcription of genes,
including a diabetes risk gene TCF7L2 that stimulates the
proliferation of pancreatic 3 cells (14,20,21,37). TCF7L2
silencing results in significantly increased expression of
PEPCK and G6Pase (35,38). FoxO1 and TCF7L2 competitively
bind B-catenin to regulate the hepatic metabolism of glucose.
Under starvation, FoxO1l competes with TCF7L2 and binds
[B-catenin, which leads to increased gluconeogenesis (19).
Insulin inhibits FoxO1 by stimulating its phosphorylation,
thereby allowing B-catenin to bind TCF7L2 and inhibit
liver gluconeogenesis (39,40). In the present study, markedly
increased levels of Wnt signaling pathway molecules TCF7L2,
[B-catenin and phosphorylated GSK3f were identified in mice
treated with liraglutide, indicating a potential association with
liver glucose metabolism under diabetic conditions. Db/db
mice demonstrate >10-fold levels of plasma leptin compared
with wild-type mice, which may also contribute to insulin
resistance. GLP-1 markedly decreases levels of plasma leptin
in db/db mice (31,41). It is therefore possible that the effect of
liraglutide on liver gluconeogenesis in the present study may
result from decreased leptin levels. To study the association
between liraglutide and the Wnt signaling pathway, an in vitro
insulin resistance cell model transfected with [3-catenin siRNA
was also used in the present study. The results demonstrate that
treatment with liraglutide increases p-FoxOl expression whilst
downregulating PEPCK and the glucose uptake rate; 3-catenin
silencing effectively reversed these effects. The results of
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the present study suggest that liraglutide improves insulin
resistance by increasing glucose uptake via -catenin/Wnt
signaling.

Levels of pAKT/AKT, which serve a role in the insulin
signaling pathway, were investigated. The results of the present
study demonstrate that liraglutide markedly increases the ratio
of pAKT/AKT compared with control hepatocytes. Silencing
B-catenin had no effect on the pAKT/AKT ratio, suggesting
that the effect of liraglutide on AKT phosphorylation is not
mediated by B-catenin/Wnt signaling. AKT acts upstream
of GSK3p and B-catenin. Therefore, liraglutide may partici-
pate in the insulin pathway by activating the canonical Wnt
signaling pathway via increased phosphorylation of GSK3f
and not AKT (42 ,43).

In conclusion, the present study demonstrated that liraglutide
decreases plasma glucose levels, body weight and HOMA-IR
in mice with diabetes. Liraglutide reduced lobular inflamma-
tion and accumulation of lipid droplets, increased (3-catenin,
TCF7L2 and pGSK3f expression levels and led to the inactiva-
tion of FoxOl and its downstream target genes, PEPCK and
G6Pase. In HepG?2 cells, liraglutide increased glucose uptake
and reduced hepatic gluconeogenesis; these effects were
reversed in cells transfected with -catenin siRNA. Therefore,
the present study suggests that treatment with liraglutide may
increase the rate of glucose uptake and improve liver insulin
resistance by activating the canonical Wnt signaling pathway.
The results of the present study provide a novel mechanism by
which liraglutide may improve insulin resistance in the liver.
Furthermore, targeting the canonical Wnt signaling may have
therapeutic potential for the treatment of altered hepatic physi-
ology in insulin resistance and type 2 diabetes.
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