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A B S T R A C T

Liraglutide, an important pharmacological agent used to improve glycemic status and weight control, has
emerged as a therapeutic strategy for hepatic steatosis treatment.
Objective: The aim of the present study was to analyze the influence of liraglutide in hepatic steatosis and
evaluate the potential target genes involved in the liraglutide action in the hepatic steatosis through a bioin-
formatics study.
Methods & procedures: We performed an animal study with male mice divided into three groups: standard, high-
fat diet and the third group were fed a high-fat diet and treated with liraglutide at a dose of 0.6 mg/kg body
weight. Blood parameters (glucose tolerance and insulin sensitivity tests, total cholesterol, high-density lipo-
protein-C, triglycerides and glucose levels) were evaluated. mRNA analysis for ACC and FAS were performed.
Gene databases, and bioinformatics algorithms were used to generate molecular targets for liraglutide and he-
patic steatosis based on in silico investigation. Interactions networks between protein coding were accessed.
Results: The present study showed that liraglutide decreased glucose levels, total cholesterol and triglycerides in
obese animals as compared to the high-fat-fed obese mice. AKT and RPS6KB1 genes presented higher disease-
related connectivity. Interaction Network exhibited a power law behavior in correlation: 0.896; R2: 0.796.
Ontological analysis demonstrated different mechanisms associated such as regulation of signaling process.
Conclusion: The present study reveals relevant information regarding the liraglutide effects in hepatic steatosis.
The liraglutide improved hyperglycemia and attenuated hepatic steatosis in mice fed a high-fat diet.

1. Introduction

Non-alcoholic fatty liver disease (NAFLD), one of the most common
liver disease in the world, refers to a spectrum of hepatic disorders
responsible by an increase in hepatic triglyceride content (Cohen et al.,
2011), being these alterations considered clinic/pathological compo-
nents of the metabolic syndrome (MetS) that is associated with insulin
resistance, obesity, hyperlipidemia, hypertension and type II diabetes
(Fotbolcu and Zorlu, 2016; Bambha et al., 2012; Rector et al., 2008).
NAFLD may be characterized by the presence of nonalcoholic

steatohepatitis, liver cirrhosis and steatosis (Bambha et al., 2012;
Rector et al., 2008; Targher et al., 2008).

Obesity is strongly associated with adiposity and metabolic dys-
function (Ng et al., 2010; Shepard et al., 2001; Cameron-Smith et al.,
2003; Weisberg et al., 2006; Buettner et al., 2007), which can lead to
the development of hepatic steatosis (Fotbolcu and Zorlu, 2016), caused
by dysregulation of fatty acid metabolism, inducing triglycerides and
liver free fatty acids increased levels. This state may contribute to
augmented hepatocytes susceptibility to oxidative stress and in-
flammation. Up to date, therapeutic strategies for obesity and hepatic
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steatosis are still very limited (Stal, 2015; Ono et al., 2003). The current
treatment for metabolic dysfunction is associated to lifestyle mod-
ifications and weight loss, being necessary the study of effective phar-
macological treatments.

Glucagon-like peptide (GLP)-1 is an incretin hormone that has been
shown to affect glucose, lipid and hepatic metabolism. Liraglutide, a
GLP-1 analogue with 97% identity to the human GLP-1, is being cur-
rently used as a new therapy for glucose control (Kim and Egan, 2008;
Lee et al., 2012). Liraglutide promotes the gastric emptying and reduces
hunger, thereby reducing body weight and body fat mass (Bode, 2012;
Scott, 2014). Recent studies with mice models have demonstrated the
liraglutide effects in oxidative stress and inflammatory response in the
liver (Gao et al., 2015). All these effects are mediated by the activation
of GLP-1 (Fotbolcu and Zorlu, 2016).

In a recent study from Na and colls (Ao et al., 2016), treatment with
GLP-1 attenuated lipids accumulation in the liver, reduced inflamma-
tion and improved metabolic parameters. Additionally, other study in
obese mice showed that liraglutide treatment is capable of reducing
lipid accumulation in the liver and insulin resistance (Gao et al., 2015;
Mells et al., 2012).

However, the mechanisms by which liraglutide may reverse stea-
tosis hepatic still remains obscure. Thus, bioinformatic analysis can be a
useful tool to investigate new mechanisms action, as well as to identify
the spectrum of biologic processes targeted by liraglutide.
Bioinformatics is a promising and interesting tool that has been used to
better understand molecular pathways of several pathologic processes,
such as oral lichen planus, skin carcinoma, pressure ulcer, radicular cyst
and periapical granuloma (Orlando et al., 2013; Poswar Fde et al.,
2015; Santos et al., 2017; Poswar et al., 2017).

In the present study, we aimed to explore through functional assays
and bioinformatic approach, the liraglutide role on hepatic steatosis in
high-fat fed mice, and also the possible gene interactions network and
molecular targets.

2. Material and methods

2.1. Experimental design

Male FVB/N mice (4 weeks old) kindly donated by the Universidade
Federal de Minas Gerais (Belo Horizonte, Minas Gerais, Brazil) were
used in this experiment. The mice were maintained under 12 h light/
dark cycles at a temperature of 23.0 ± 2.0 °C with unlimited access to
food and water. After an adaptation period, mice were randomly ca-
tegorized into three groups (n=7) and fed for 8 weeks with the fol-
lowing experimental diets: standard diet (ST), high-fat diet (HFD) and
high-fat diet plus Liraglutide (HFD+LIR). After this period of obesity
induction, the third group received daily subcutaneous injections of
Liraglutide for 60 days at a dosage of 0.6 mg/kg body weight (Novo
Nordisk, Brazil) (Gao et al., 2015).

The high-fat diet, composed of 24.55% carbohydrate, 14.47% pro-
tein and 60.98% fat, with a total of 5.28 kcal per 1 g of diet, was pre-
pared according to the protocols previously reported. Standard diet
(Purina – Labina®), which was used for the regular maintenance of our
mice, was composed of 50.3% carbohydrate, 41.9% protein and 7.8%
fat, with a total of 2.18 kcal per 1 g of diet. All of the high-fat diet
components were purchased from Rhoster® LTDA (São Paulo, Brazil).

All animal experiments were in accordance with the Principles of
Laboratory Animal Care and approved by the Animal Ethics Committee
from Unimontes, Montes Claros, Brazil, by the process n°056 /2012.

2.2. Measurement of liver lipid content

One liver lobe was snap frozen, processed in a cryostat, and stained
with Sudan Black, which is specific to stain for lipids. All slides were
photographed on Brightfield microscope FSX100 (Olympus, Center
Valley, PA, USA) at 20×.

2.3. Glucose tolerance and insulin sensitivity tests

Intraperitoneal glucose tolerance test (IPGTT) was conducted
without anesthesia in the morning period. For the test, d–glucose
(2mg/g body weight) was administered in fasted mice by in-
traperitoneal injection. Blood samples were collected from the tail at 0,
15, 30, 60, and 120min after injection, and glucose levels were mea-
sured. The insulin sensitivity test (IPIST) was performed on overnight-
fed mice, after intraperitoneal injection of insulin (0.75 units/kg body
weight, Sigma–Aldrich®, St. Louis, USA). Tail blood samples were taken
at 0, 15, 30, and 60min after injection. Blood glucose levels were de-
termined using an Accu-Check Active glucometer (Roche Diagnostics ®,
Indianapolis, USA).

2.4. Tissue collection, reverse transcription, and real-time PCR (qRT-PCR)

The mice were sacrificed by decapitation after 4months of treat-
ment. The liver was removed, weighed, immediately frozen in liquid
nitrogen and stored at −80 °C for RNA extraction.

The liver tissue collected were homogenized and the total RNA was
isolated using Trizol reagent (Invitrogen Corp. VR, San Diego, CA, USA)
according to the protocol provided by the manufacturer. The total RNA
was treated with DNAse. Reverse transcription was performed with M-
MLV (Invitrogen Corp. VR) using random hexamer primers. Polymerase
chain reaction for Acetyl-CoA carboxylase (ACC) and Fatty Acid
Synthase (FAS) was performed in duplicate in a Real Time PCR on a
Step One Plus equipment (Applied Biosystems). Real-time quantitative
PCR was performed using Power SYBR Green (Applied Biosystems).

The sequences for the primers were: GAPDH (FW: 5′AACGACCCC
TTCATTGACCTC 3′; RV: 5′ CTTCCCATTCTCAGCCTTGACT 3′) ACC
(FW: 5′ GAACATCCCCACGCTAAACAGA 3′; RV: 5′ CTGACAAGGTGGC
GTGAAGG 3′) and FAS (FW: 5′CATCCTAGGCATCCGAGACCT 3′; RV: 5′
ATCGTGTTCTCGTTCCAGGATC 3′). All samples were normalized to
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which served as
an endogenous control. The relative comparative CT method of Livak
and Schmittgen was applied to compare gene expression levels between
groups. Normalization of the target genes to the reference gene was
performed using the 2−ΔΔCT method, where
ΔΔCT= (CT,target – CT,reference) treated sample – (CT,target – CT,reference)
untreated sample (Livak and Schmittgen, 2001).

2.5. Determination of biochemical parameters

Blood samples were collected after sacrifice, centrifuged (3.200 rpm
for 10min at 4 °C) and the serum was separated (Centrifuga Excelsa II,
Mod. 206 BL). Serum triglycerides, glucose, High-Density-Lipoprotein
(HDL-c), total cholesterol, aspartate aminotransferase and alanine
transaminase levels were measured using enzymatic tests (Wiener lab
BT3000 analyzer, Argentina).

2.6. Histological analyses

The liver were excised and fixed in 4% buffered-formalin solution
and embedded in paraffin. Sections were deparaffinized, rehydrated,
and stained with hematoxylin and eosin. Microvesicular structures,
characteristic of steatosis were evaluated under a conventional light
microscope (Axioskop40). Images of liver areas (×10 ocular and ×40
objective lenses) were captured with an Axio Cam MRcZeis camera.

2.7. Bioinformatics analyses

Initially the keywords (Liraglutide, obesity, glycemia and steatosis)
were stablished according to Medical Subject Headings (MeSH) (www.
nlm.nih.gov/mesh). In a second step a literature review was performed
to identify genes involved with the keywords chosen (Poswar et al.,
2017). A search considering only human genes was performed on the
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following databases: NCBI, PubMed, and Genecards (Rebhan et al.,
1997) to determine the primary set of genes (Poswar et al., 2017). The
Human Genome Organization gene nomenclature was adopted
(HUGO). After this step, lists of potential candidate genes related to the
keywords were generated. The initial gene list was then expanded using
the Web-available software STRING (version 10.0) and STITCH (version
5.0) (Santos et al., 2017; von Mering et al., 2005; Jensen et al., 2009).
Only interactions based on experimental observations described in the
public domain and available in specific databases were considered with
a high degree of confidence (above 0.9, range 0–0.99) (Orlando et al.,
2013; Covani et al., 2008; Bragazzi et al., 2011). Literature-based data
from PubMed were used to avoid false positives in the data analysis.
The STRING software was used to score each interaction and build
maps among the identified genes. For each gene identified, we summed
combined association scores specifically in the network and adjusted by
multiplying by 1000 (Orlando et al., 2013; Covani et al., 2008; Bragazzi
et al., 2011; Giacomelli and Nicolini, 2006), to obtain a single score,
named a weighted number of links (WNL). The total interaction score
(TIS) represents all gene interactions in the entire STRING database. To
obtain the TIS value, all gene interactions in the whole STRING data-
base were summed and adjusted by multiplying by 1000. Genes with no
interactions were defined as orphan genes (Orlando et al., 2013; Poswar
Fde et al., 2015; Santos et al., 2017; Poswar et al., 2017; Bragazzi et al.,
2011; Sobrinho-Santos et al., 2016). Based on the WNL and TIS values
(Doglioni et al., 2003; Guimaraes et al., 2016a,b) a heat map was build
and plotted in Microsoft Excel (Version 2016, Microsoft, Redmond, WA,
USA).

2.8. Topological and ontological analyses

This study was complemented by biological systems analyses (to-
pological and ontological analysis). The topological analyses was car-
ried out on Cytoscape (Shannon et al., 2003), and the ontological
analyses performed with BinGO (Covani et al., 2008; Giacomelli and
Nicolini, 2006; Sobrinho-Santos et al., 2016; Maere et al., 2005). These

analyses aid in the biological interpretation of gene interactions iden-
tified in this study, pointing to the possible molecular pathways in
which gene interaction networks are involved (Santos et al., 2017).

2.9. Kyoto encyclopedia of genes and genomes (KEGG) pathways

In the KEGG database, biological pathways are described in KEGG
Markup Language (KGML) files, including nodes (genes or compounds)
and edges (functional links) (Kanehisa et al., 2002). The KGML data
files were obtained manually from the KEGG website on 10th August,
2016.

2.10. Statistical analyses

All data have been analyzed using the software GraphPad Prism
5.0® (San Diego, USA) and submitted to specific tests with a statistical
confidence of 95% (p < .05). The statistical significance of differences
in mean values between mice groups was assessed by one-way ANOVA
and the Bonferroni post hoc test. Data from the insulin sensitivity and
glucose tolerance tests were evaluated by two-way ANOVA. Using the
values of WNL and TIS for each related gene, the following clustering
procedure was carried out using SPSS (version 18.0; IBM, New York,
NY, USA). We first used K-means clustering, then validated the results
with ANOVA and Tukey-Kramer post hoc test, with a P-value
of< 0.001 considered statistically significant. The genes with the
highest rank of associations were identified as leader genes (Poswar Fde
et al., 2015; Santos et al., 2017).

3. Results

3.1. Liraglutide treatment attenuates insulin resistance and improved the
lipid profile in HFD fed mice

We assessed the effects of liraglutide in body weight and adipose
tissue mass. The analyses showed reduced white adipose tissue mass in

Fig. 1. Blood parameters of mice-fed standard (ST), high-fat diet (HFD), and HFD with liraglutide (HFD+LIR). (A) Total cholesterol (mg/dL) (B) High Density
Lipoprotein-c (mg/dL) (C) Triglycerides (mg/dL). * p < .05; **p < .01 (one-way ANOVA).

I.A. Barbosa, et al. Meta Gene 20 (2019) 100553

3



the HFD+LIR group. However, no difference was found in body
weight between groups (Fig. 1A–B, supplementary data). Differences in
the liver weight were not between HFD and HFD+LIR animals.

First, we evaluated the effects of the treatment with liraglutide at a
biochemical level (lipid and glycemic profiles). The levels of triglycer-
ides and total cholesterol decreased in the HFD+LIR group as com-
pared to HFD (Fig. 1A–C). We observed a slight increase in the HDL-c
levels of the HFD+LIR group, but no statistical significance associa-
tion with the other groups were displayed (Fig. 1B).

The basal glycemic levels were lower in the HFD+LIR group as
compared to the HFD group (Fig. 2A). Data from the Glucose tolerance
test (shown on Fig. 2B) and the insulin sensitivity test (shown on
Fig. 2C) are shown in Fig. 1B-C. Mice from the HFD-fed group had
significantly higher glucose levels as compared to HFD+LIR.

The plasma glucose levels increase was significantly suppressed in

those treated with liraglutide. The glucose area under the curve (AUC)
graphs, based on the IPIST and IPGTT, showed that an eight-week drug
treatment decreased the AUC of glucose in treated mice.

3.2. Effect of Liraglutide in hepatic function and on the development of fatty
liver

Hepatic function analyses evidenced that aspartate amino-
transferase serum levels were lower in HFD+LIR as compared to the
ST group. Serum alanine transaminase levels were lower in HFD+LIR
as compared to the HFD group, although no statistically significant
differences were found between groups (Fig. 3A–B). The assessment of
total liver weight showed no significant differences between HFD and
HFD+LIR (Fig. 3C).

Histological analyzes were performed to examine the liraglutide

Fig. 2. Insulin sensitivity and glucose tol-
erance tests in mice-fed standard (ST),
high-fat diet (HFD) and HFD plus liraglu-
tide (HFD+LIR). (A) Fasting Glucose (mg/
dL) (B) Intraperitoneal Insulin Sensitivity
Test (IPIST) and IPIST insulin area under
the curve (mg/dL) (C) Intraperitoneal glu-
cose tolerance test (IPGTT) and IPGTT
glucose area under the curve. *p < .05;
**p < .01 (Two-way ANOVA).

Fig. 3. Hepatic blood parameters. Hepatic function analyses showed that AST serum levels were lower in HFD+LIR as compared to the ST group, while ALT were
lower to the HFD group. Control mice (white bars), mice fed a high-fat diet (HFD; gray bars), and mice liraglutide (Lir)–supplemented HFD (HFD+ LIR; black bars)
for 8 weeks. *P < .05, ***P < .001 between HFD vs HFD+ LIR) and standard diet (ST). (A) ALT. (B) AST. (C) Liver total weight. *p < .05, ***p < .0001 between
HFD versus ST and HFD+LIR. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

I.A. Barbosa, et al. Meta Gene 20 (2019) 100553

4



Fig. 4. Liver histological analyses stained with sudan and H&E. (A) Sudan: staining and Liver total cell. (B) Hematoxylin and eosin (HE) staining and Steatosis score.
Scale bar, 50 μm. Control mice (white bars), mice fed a high-fat diet (HFD; gray bars), and mice fed liraglutide (Lir)–supplemented HFD (HFD+ LIR; black bars) for
8 weeks and standard diet (ST). *p < .05, **p < .01, ***p < .0001 between HFD versus ST and HFD+LIR.

Fig. 5. ACC and FAS mRNA levels expres-
sion. Effects of 8-week liraglutide treatment
on the expression levels of genes associated
to the lipid metabolism in the liver of mice-
fed standard (ST), high-fat diet (HFD), HFD
plus liraglutide (HFD+LIR). (A) Acetyl-
CoA carboxylase (ACC) (B) Fatty Acid
Synthase (FAS). *p < .05; ** p < .01
(one-way ANOVA).

Table 1
Genes and their molecular functions showing WNL for each gene in the condition “Liraglutide, Obesity, glycemia, steatosis”.

Gene name Official name Protein primary function in STRING WNL

INS Insulin Insulin decreases blood glucose concentration. It increases cell permeability to monosaccharides. 29,378
GCG Glucagon Glicentin may modulate gastric acid secretion and the gastro-pyloro-duodenal activity. May play an

important role in intestinal mucosal growth in the early period of life
10,015

ADIPOQ Adiponectin, C1Q and collagen domain
containing

Important adipokine involved in the control of fat metabolism and insulin sensitivity, with direct anti-
diabetic, anti-atherogenic and anti-inflammatory activities.

3836

TNF Tumor necrosis factor 1868
APOB Apolipoprotein B 1804
CRP C– reactive protein, pentraxin related Displays several functions associated with host defense 1000
IGF1 Insulin-like growth factor 1 (Somatomedin C) The insulin-like growth factors, isolated from plasma, are structurally and functionally related to insulin

but have a much higher growth-promoting activity
21,404

SREBF1 Sterol regulatory element binding
transcription factor 1

Transcriptional activator required for lipid homeostasis. Regulates transcription of the LDL receptor gene
as well as the fatty acid and to a lesser degree the cholesterol synthesis pathway

12,594

LMNA Lamin A/C 1000
ALB Albumin 6474
KCNJ11 Potassium channel, inwardly rectifying

subfamily J, member 11
This receptor is controlled by G proteins. 1000

INSR Insulin receptor Receptor tyrosine kinase which mediates the pleiotropic actions of insulin. Binding of insulin leads to
phosphorylation of several intracellular substrates, including, insulin receptor substrates (IRS1, 2, 3, 4),
SHC, GAB1, CBL and other signaling intermediates

1000
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effects on the fatty liver development. The histological analyses per-
formed with Sudan black and H&E, based on the lipid vesicle size,
showed that macrovesicular standard steatosis is more prevalent among
the treated groups, and regarding the steatosis classification level, the
ST group was classified with normal hepatic tissue; the HFD was clas-
sified as moderate hepatic steatosis and the HFD+LIR classified as
mild hepatic steatosis (Fig. 4A–B).

3.3. Effects of Liraglutide on the expression of genes ACC and FAS

We analyzed the mRNA levels expression of lipid metabolism re-
lated genes by real-time quantitative qPCR (Fig. 5A–B). Both groups ST
and HFD showed increased expressions of ACC and FAS when compared
to the HFD+LIR group. As expected, the treatment with liraglutide
reduced the expression of these markers.

C

A B

D

E

Fig. 6. Gene interaction network model. (A) The network model of interactions between genes/protein belonging to “liraglutide, liver, steatosis, and high-fat diet”
subnetworks was developed by using the STRING 10 database resource search tool, under a confidence score of 0.900. (B) Interactions network between Liraglutide
and protein showing its action possibilities with AKT by STITCH (C) Topological coefficients of the network. (D) Relationship between WNL and TIS means. The genes
with the higher WNL and TIS values were chosen as leader genes (E) Onthologic analysis (Biological processes) showing the most important pathways over-
represented in the graph versus whole set annotation, carried out with BinGO software (p-value < .0001, Benjamini-Hochberg correction. (F) The heat map, in the
green area represents higher WNL and lower TIS. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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3.4. Bioinformatic analysis reveals the leader genes potentially modulated
by Liraglutide in disorders associated with obesity, glycemia and steatosis

Following the initial search by means of several integrated experi-
ment cross-databases, 12 genes listed by genecards were obtained,
comprising the preliminary list, similar genes were also found in NCBI
PubMed (Table 1. Supplementary date).

After three expansion-filtering loops, convergence was found, and
the final list consisted of 31 genes. The STRING (Fig. 6A) showed the
map of interactions and up and down regulation of proteins for the
present phenomenon. Analyzes obtained from STITCH also guided our
actions in choosing the genes to be evaluated in this study with the
liraglutide drug (Fig. 6B). The network exhibited a power-law behavior
(correlation: 0.891; R2:0. 776) in agreement with the scale-free theory
of networks (Fig. 6C). The genes with the higher WNL and TIS values
were chosen as leader genes Serine/Threonine Kinase 1 (AKT1) and
codes Ribosomal protein S6 kinase beta-1 (RPS6KB1 or S6K1) (Fig. 6D).
For the analyzed process presented on the heat map, were considered as
leader genes (AKT1 and RPS6KB1), the others were above the trend line
(Fig. 6F).

Our topological analyzes suggested that leader genes are possibly
important in the biological condition “Liraglutide, Obesity, glycemia
and steatosis”. The results of the ontological analyses obtained via
Cytoscape and BINGO for the cluster of the leader genes approach de-
monstrated the overall set of cluster genes, with the respective protein
number, description and involved gene (Table 2) (Fig. 6E).

3.5. Leader genes

The ‘leader genes’ were AKT1 and RPS6KB1, also known as p70S6
kinase (p70S6K or S6K1), while some genes protrude in the scatter
diagrams showing connectivity to the condition with INS, AKT1. Fig. 6F
presents the overall set of cluster genes, with the respective gene
number, acronyms, official names and the primary function as reported
by STRING.

The Fig. 7 summarizes the the action of liraglutide on the GLP1R
receptor in the liver lipogenesis pathway.

4. Discussion

The present study evaluated the metabolic effects produced by lir-
aglutide, a GLP-1 analog, on a mice experimental model of metabolic
stress induced by high-fat diet. Mice treated with a high-fat diet pre-
sented accelerated metabolic disorders development and the liraglutide
treatment was able to improve some alterations.

The main findings of the current study indicated that the adminis-
tration of liraglutide might inhibit hepatic lipid accumulation and al-
leviate hepatocyte injury by reducing aspartate aminotransferase en-
zyme and hepatic triglycerides stores in obese mice. Compared with
previous reports, our results showed that liraglutide significantly im-
proved total cholesterol, triglycerides levels, glucose tolerance and in-
sulin sensitivity, but does not affect body weight. Methodological dif-
ferences of the described studies, such as animal model, diet, treatment
period and routes of administration can explain the mechanisms anti-
obesity not observed.

Our results were corroborated by Petit et al. that demonstrated
biochemical parameters improvement in patients with type 2 diabetes
treated with liraglutide (Petit et al., 2016). In animal models, liraglu-
tide was capable to prevent insulin resistance (Noyan-Ashraf et al.,
2013) and reduced triglycerides, cholesterol and ALT enzyme levels in
mice fed with different dietary compositions (Gao et al., 2015).

A study performed by Mells et al. (Mells et al., 2012), showed that
liraglutide is capable to ameliorate hepatic steatosis without reducing
body weight in obese mice. GLP-1 is one incretin, peptide hormone,
that act via receptors on pancreatic β-cells, and regulates glucose
homeostasis via modulation of glucagon secretion, appetite and gastric
emptying (Drucker, 2006). Although several studies revealed obesity
and non-alcoholic fatty liver disease protective effects of liraglutide,
this drug is actually only recommended to type 2 diabetes treatment
(Ao et al., 2016; Noyan-Ashraf et al., 2013).

The present data revealed molecular mechanisms that, at least in
part, explain the signal effectors of liraglutide and its potential role in
hepatic TG reduction. We hypothesize that liraglutide protects the da-
mage caused by hepatic steatosis. Nonetheless, bioinformatics analyzes
revealed that the mechanism involved in this process is by the

Fig. 6. (continued)
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regulation of AKT and S6K1 expression, considered GLP-1 targets in
hepatic steatosis, which under high-fat diet treatment, acts by favoring
the obesity development and consequently hepatic steatosis.

Other studies has demonstrated that GLP-1, produced in en-
teroendocrine cells in the distal small bowel and colon, and receptor
expressed in kidney, lung and heart, also exerts indirect actions in other
cell types, as hepatocytes and muscle (Drucker, 2006; Panjwani et al.,
2013). GLP-1 is rapidly eliminated from the circulation by activation of
dipeptidyl peptidase-4 (DPP4), considered the principal enzyme re-
sponsible for GLP-1 inactivation (Flock et al., 2007).

Based on our data and using bioinformatics analyzes we have out-
lined a proposed molecular pathway whereby GLP-1 or homologs in-
tersect the insulin signaling pathway in hepatocytes (Fig. 5), since this
and inter-related pathways has emerged as critical for the hepatocyte
insulin resistance molecular basis.

GLP-1, a glucose-dependent incretin, exerts its beneficial effects by
increasing fatty acid oxidation, improving insulin resistance and de-
creasing lipogenesis (Koo, 2013; Postic and Girard, 2008). When
NAFLD occurs, excess FAS in the liver cells lead to the lipogenesis in-
crease and the generation of a large number of adipocytes (Koo, 2013).
Consequently, these processes inhibit mitochondria respiration and
induces and aggravates insulin resistance (Nieto-Vazquez et al., 2008;
Polyzos et al., 2009). This study has clearly revealed that targeting ACC
has beneficial effects on both hepatic steatosis and insulin resistance,
and that treatment with liraglutide promoted a decrease in the ex-
pression of transcription factors and genes regulating fatty acid

synthesis in ACC and FAS signaling, the enzymes involved in fatty acid
synthesis (Morgan et al., 2008).

Insulin resistance is an important contributing factor of hepatic
diseases, characterized by a reduced phosphorylation kinase activity in
the receptor signaling protein (IRS) 1 and 2 and glucose translocation
transporters (GLUTs) (Pessin and Saltiel, 2000). In a study by Sajan
et al. (2009), with IRS-1 and 2 knockout rat hepatocytes, they appear to
activate the AKT pathway (Sajan et al., 2009), considered a key effector
for insulin signaling. It has been widely reported that AKT phosphor-
ylation is markedly diminished in hepatic steatosis (Piro et al., 2008).

Based on the main findings of the present study, it appears that
more than one pathway related to insulin signal transduction, and a
decrease in the hepatocytes TG content were modulated by GLP-1
proteins. Here we show through the bioinformatics analyses that GLP-1
ligands regulated not only the AKT phosphorylation status, but other
downstream key molecules, such as S6K1 (Noyan-Ashraf et al., 2013;
Pessin and Saltiel, 2000; Sajan et al., 2009).

Published studies demonstrated that the glucagon-like peptide 1
(GLP-1) and its cognate receptor GLP-1R are present in human hepa-
tocytes (Gupta et al., 2010). The expression of GLP-1R in hepatocytes is
still controversial. Flock and collaborates, did not observe direct effects
of GLP-1 on cholesterol or TG synthesis or secretion in isolated murine
hepatocytes, although significant changes in the levels of hepatic en-
zymes were seen (Flock et al., 2007). GLP-1R mRNA transcripts have
not been detected in RNA from isolated murine hepatocytes, reducing
indirectly hepatic lipid accumulation (Panjwani et al., 2013). siRNA

Fig. 7. Illustrative pathway fig. A model illustrating how Liraglutide fits within the INS/Akt signaling network. Insulin or insulin-like growth factor initiates signaling
at the insulin receptor, leading to activation of IRS1 and PI3KR5. The lipid products of PI3K, PIP3 (i.e. phosphatidylinositol 3,4,5 trisphosphate and phosphati-
dylinositol 3,4 bisphosphate), recruit Akt to the plasma membrane, stimulating glycogen synthase activated. When GLP/Akt then phosphorylates numerous targets to
promote growth and survival, including the TSC1/2 complex. By phosphorylating TSC2, Akt inactivates TSC2s. mTORC1 phosphorylates several targets, including
the translation control proteins S6K inactivates INSR stimulating fatty acid biosynthesis.
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studies knocking out the GLP-1R demonstrate a novel insulin action of
GLP-1 proteins by up regulating hepatocyte insulin signaling pathway
key elements (Sajan et al., 2009). These data suggest that, in addition to
its pancreatic properties, GLP-1 analogs have direct insulin-sensitizing
effects in hepatocytes.

Quinn and Birnbaum (2012) identify that Akt, mTORC1 and S6K1
are key components of the insulin pathway, by promoting de novo li-
pogenesis (Quinn 3rd and Birnbaum, 2012). The protein kinase mTORC
phosphorylates and activates S6K1, which regulates several funda-
mental cellular processes, including transcription, protein translation
and synthesis and cell metabolism. In vitro, mTORC1 signaling can
cause cell intrinsic insulin resistance through negative feedback me-
chanisms affecting Akt upstream regulators (Dibble et al., 2009;
Harrington et al., 2005). Elevated mTORC1 levels have been associated
to hepatic insulin resistance (Noyan-Ashraf et al., 2013; Pessin and
Saltiel, 2000; Sajan et al., 2009).

Interestingly, this study identified by bioinformatics analyses, the
role of S6K1 gene, as a leader gene in hepatic steatosis. Our literature
search revealed a study where pathways that involve the mTOR and
S6K1 expression ameliorates liver steatosis in livers of db/db mice,
which are a genetic model of obesity, through the transcription cofactor
(BTG1) (Xiao et al., 2016).

Recent studies with S6K1 knockout mouse have demonstrated the
anti-obesity effects of S6K1 in adiposity, hyperinsulinemia and glucose
intolerance (Briggs et al., 2003; Fingar et al., 2002; Pende et al., 2000).
In high-fat fed S6K1-deficient mice, glucose and free fatty acids are
increased, resulting in insulin receptor desensitization (Um et al.,
2004). Furthermore, another study showed that S6K1-deficient mice
maintain normal glucose levels during fasting, suggesting hypersensi-
tivity to insulin (Pende et al., 2000). In addition, reports have shown
that S6K1 knockout mice leads to an increased Akt signaling response to
insulin in the liver and other metabolic tissues (Um et al., 2004).

It is important to note that the results obtained with the bioinfor-
matics analyses are promising, but should be carefully interpreted. The
browsing networks for interest genes, inspecting interaction evidence
and performing interactive clustering, led to functional association
networks with Akt and S6K1 as leader genes (Um et al., 2004). In the
scientific literature, bioinformatic studies that evaluated the interaction
of genes in hepatic steatosis are inexistent, emphasizing the innovative
character of this study. However, several studies aimed to explore the
liraglutide mechanisms and target genes on hepatic steatosis through
experimental models are described in the literature (Ono et al., 2003;
Koketsu et al., 2008; Fleischmann and Iynedjian, 2000; Leavens et al.,
2009; Kuang et al., 2017).

In this sense, the present study is the first to show interaction net-
works between protein-coding genes, leader genes and molecular
pathways using bioinformatics analyzes that can be related to hepatic
steatosis pathogenesis associated with liraglutide treatment. The TIS is
associated with extensive interactions while WNL is related to specific
network interactions (Poswar et al., 2017). The use of combined WNL
and TIS values for the gene clustering is critical to identify targets
genes, as the WNL values for gene clustering might be a confusion
factor, since genes with higher TIS values act in several biological
process (Poswar et al., 2017).

In conclusion, we showed that a 2-month treatment with liraglutide
improves metabolic conditions and induces a significant liver fat con-
tent decrease in high-fat fed obese mice. Our results contribute to a
better understanding of the hepatoprotective effects of liraglutide and
give subsidies for the therapeutic potential of this pharmacologic
compound in the hepatic steatosis treatment. However, taking into
account the limitations of the present study, future cellular analyzes
should focus on GLP-1 proteins as insulin sensitizing agents in hepa-
tocytes, to elucidate the liraglutide effects on liver metabolism.
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