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Abstract 

Background and aims:  The hallmark of non-alcoholic fatty liver disease (NAFLD) is the excessive hepatic lipid accu‑
mulation. Currently, no pharmacotherapy exists for NAFLD. However, the glucagon-like peptide-1 receptor agonists 
have recently emerged as potential therapeutics. Here, we sought to identify the long non-coding RNAs (LncRNAs) 
associated with the steatosis improvement induced by the GLP-1R agonist Exendin-4 (Ex-4) in vitro.

Methods:  Steatosis was induced in HepG2 cells with oleic acid. The transcriptomic profiling was performed using 
total RNA extracted from untreated, steatotic, and Ex-4-treated steatotic cells. We validated a subset of differentially 
expressed LncRNAs with qRT-PCR and identified the most significantly enriched cellular functions associated with the 
relevant LncRNAs.

Results:  We confirm that Ex-4 improves steatosis in HepG2 cells. We found 379 and 180 differentially expressed 
LncRNAs between untreated and steatotic cells and between steatotic and Ex-4-treated steatotic cells, respectively. 
Interestingly, 22 upregulated LncRNAs in steatotic cells became downregulated with Ex-4 exposure, while 50 down‑
regulated LncRNAs in steatotic cells became upregulated in the presence of Ex-4. Although some LncRNAs, such as 
MALAT1, H19, and NEAT1, were previously associated with NAFLD, the association of others with steatosis and the 
positive effect of Ex-4 is being reported for the first time. Functional enrichment analysis identified many critical path‑
ways, including fatty acid and pyruvate metabolism, and insulin, PPAR, Wnt, TGF-β, mTOR, VEGF, NOD-like, and Toll-like 
receptors signaling pathways.

Conclusion:  Our results suggest that LncRNAs may play essential roles in the mechanisms underlying steatosis 
improvement in response to GLP-1R agonists and warrant further functional studies.
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Introduction
Non-alcoholic Fatty Liver Diseases or (NAFLD) is a 
broad term that covers the whole spectrum of fatty liver 
disease, including steatosis, steatohepatitis, fibrosis, and 
cirrhosis [1]. NAFLD’s hallmark is the excessive cyto-
plasmic lipid accumulation in liver cells not attributed to 

alcohol consumption, viral infections, or medication [2]. 
The NAFLD’s pathogenesis and pathophysiology involve 
intricate interactions between genetic predisposition and 
environmental risk factors such as obesity, insulin resist-
ance, diabetes mellitus, and dyslipidemia [3]. NAFLD’s 
global prevalence is about 25%, but it attains 30% in some 
regions like the Middle East, South America, and South 
Asia [4]. Given the relentless rise in obesity rates globally, 
it is estimated that NAFLD incidence will keep increas-
ing, especially in the absence of effective treatment. As of 
today, no approved pharmacotherapy exists for NAFLD 
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[5]. Weight loss based on diet and physical activity is the 
only intervention proven to improve liver function effec-
tively, reduce NAFLD’s severity, and positively impact 
glycemic control and vascular function [6]. However, 
weight loss is notoriously difficult to achieve and even 
more challenging to maintain.

In the recent few years, Glucagon-like peptide-1 recep-
tor agonists (GLP-1RAs), already approved for the treat-
ment of type 2 diabetes (T2D) [7], have emerged as 
potential drugs for the treatment of NAFLD due to their 
appetite and food intake reducing effects [8], and their 
ability to increase lipid oxidation [9]. GLP-1 is a multi-
functional hormone secreted by the intestine L cells [10]. 
Among other functions, GLP-1 regulates glycemia via the 
stimulation of glucose-dependent insulin release and the 
decrease of glucagon secretion [11], promotes pancreatic 
β-cell proliferation, and reduces satiety and food intake 
via actions on centers in the central nervous system [12]. 
Some GLP-1RAs, like liraglutide and dulaglutide [13], are 
already used to manage T2D and obesity in humans [14], 
as they can mimic the effects of GLP-1 in  vivo. Recent 
in vivo and in vitro studies have tested the impact of the 
GLP-1RAs on liver fat content and have shown promis-
ing results [8]. Therefore, these agents were suggested as 
potential options for managing and slowing NAFLD pro-
gression [15].

Emerging evidence indicates that GLP-1RAs can mark-
edly reduce hepatic steatosis in vitro by modulating the 
expression of genes involved in lipid metabolism (inhib-
iting fatty acid synthesis-related genes and enhancing 
the expression of fatty acid oxidation-related genes) [16]. 
However, little is known about the role of long non-cod-
ing RNAs (LncRNAs) in the reported GLP-1RA-induced 
hepatic steatosis improvement.

LncRNAs represent a diverse class of transcribed RNA 
molecules with a length of more than 200 nucleotides 
that do not encode proteins [17]. LncRNAs have roles 
in many liver functions, particularly in lipid metabolism, 
inflammation, cell apoptosis, and development [3]. Sev-
eral previous studies have investigated the dysregula-
tion and modulation of LncRNAs expression in NAFLD 
[3, 18], and a myriad of LncRNAs, including MALAT1, 
NEAT1, H19 and CCAT1 were linked to different stages 
of NAFLD [19–22].

In the present study, we used HepG2 cells treated with 
oleic acid (OA) as an in vitro model for steatosis to inves-
tigate the potential involvement of LncRNAs in the pro-
tective effect of the GLP1RA Ex-4 on hepatic steatosis.

Materials and methods
Cell culture and reagents
The HepG2 cell line (ATCC HB-8065) was cultured 
in a humidified atmosphere at 5% CO2 and 37  °C 

in a DMEM medium (31966047, Gibco, Massachu-
setts,  USA) containing 10% fetal bovine serum (FBS) 
(10500064, Gibco, Massachusetts,  USA) and 100  mg/l 
penicillin and streptomycin (15070063, Gibco, Mas-
sachusetts, USA). All the experiments were performed 
with cells passaged less than 25 times. The OA solu-
tion was prepared, as previously reported [23]. Briefly, 
the powder OA (O-1008, Sigma-Aldrich, Germany) 
was dissolved by sonification at a final concentration of 
12 mM in PBS that contained 11% fatty acid-free bovine 
serum albumin (BSA; 0215240110, MP Biomedicals, 
Santa Ana, CA, USA). The solution was shaken over-
night at 37 °C, filtered with a 0.22 µm filter, and stored 
in aliquots at 4  °C. Exendin-4 (Ex-4) was purchased 
from Tocris (E7144-0.1MG, Tocris, Minneapolis, Min-
nesota), aliquoted, and stored at − 20 °C. Fresh OA and 
Ex-4 aliquots were used for each experiment.

Induction of steatosis with oleic acid and treatment 
with Ex‑4
HepG2 cells were seeded at a density of 4 × 105 cells/well 
in 6-well plates until 70% confluence was reached. They 
were then starved for 6 h in DMEM containing 1% fatty-
acid free bovine serum albumin (FFA-BSA) instead of 
10% fetal bovine serum. Upon starvation, steatosis was 
induced by treating the cells with 400  μM OA for 16  h 
in DMEM medium containing 10% BSA. Cells were then 
treated for 3  h with a fresh DMEM solution containing 
400 µM OA in the presence or absence of 200 nM Ex-4.

BODIPY 493/503 staining of lipid droplets
HepG2 cells were grown in glass-bottom dishes and 
treated as mentioned above. They were then incubated for 
10  min in the dark with 0.2  μM boron-dipyrromethene 
(BODIPY) 493/503 (D3922, Thermo Fisher Scientific, 
MA, USA), which labels specifically intracellular neutral 
lipids, and 1 min with 1 μM DAPI (10236276001 Roche, 
Switzerland) to stain the nuclei. Imaging of the cells was 
performed on a Zeiss LSM 870 confocal microscope. 
The channels’ exposure times were independently set 
to maximize the signal while minimizing the number of 
cells with expression levels above saturation to optimize 
the assay’s dynamic range. Once set for each channel, all 
images in that channel were collected at the same expo-
sure. We used ImageJ software (version 1.8.0, NIH, USA) 
to analyze the images. The intracellular lipid accumula-
tion was quantified by dividing the BODIPY fluorescence 
intensity over that of the DAPI. For each treatment con-
dition (untreated, steatotic, and Ex-4-treated steatotic 
cells), two independent researchers analyzed 200 individ-
ual cells from three different experiments.
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RNA extraction
We extracted total RNA from cells under different treat-
ment conditions using the Pure Link RNA Mini kit 
(12183025, Invitrogen, USA), according to the manufac-
turer’s instructions. The RNA samples were immediately 
frozen at − 80 °C until use. Before library preparation, we 
used an RNA broad range assay kit (Q10211, Invitrogen, 
Carlsbad, CA, USA) and Qubit 2.0 (Thermo Fisher Scien-
tific, USA) to measure the RNA concentration. The RNA 
quality was assessed using the Agilent RNA 6000 Nano 
Kit (5067-1511, Agilent, CA, USA) and Agilent 2100 Bio-
analyzer (Agilent Technologies) as per the manufactur-
er’s instructions.

Library preparation and RNA sequencing
We used a starting input material of 100 ng of RNA for 
the library preparation using TruSeq RNA Access Library 
preparation kit (RS-301-2001 and RS-301-2002, Illumina, 
San Diego, CA, USA) as per the manufacturer’s instruc-
tions. Briefly, the RNA was fragmented into small pieces 
under high temperature using divalent cations. The RNA 
fragments were immediately reverse transcribed to first-
strand cDNA using random hexamers. Following the first 
strand, the second strand was synthesized by incorpo-
rating dUTP instead of dTTP. The sequencing adaptors 
were ligated to the double-stranded cDNA followed by 
a single "A" nucleotide adenylation at the 3’ end of blunt 
fragments. The final library was created by capturing the 
regions of the transcriptome using sequence-specific 
probes. The yield of cDNA libraries was quantified using 
the Qubit dsDNA HS assay kit (Q32855, Invitrogen), and 
the size distribution of the cDNA libraries was deter-
mined using the Agilent 2100 Bioanalyzer DNA1000 chip 
(Agilent Technologies). The clusters were generated on a 
cBot cluster generation system (Illumina), and sequenc-
ing was done on Hiseq 4000 with 150 bp paired-ends.

Functional annotation analyses
Paired de-multiplexed fastq files were generated using the 
Linux command line, and initial quality control was per-
formed using FastQC. Paired fastq files were uploaded 
and aligned to the hg19 human reference genome in 
CLC Genomics Workbench-12 (Qiagen) using default 
settings. The abundance of transcripts was measured as 
the score of TPM (transcripts per million) mapped reads 
in CLC Genomics Workbench 12. Abundance data were 
subsequently subjected to differential gene expression 
using built-in statistical analyses recommended in CLC 
Genomics protocol with 2.0-fold change and P value cut-
off < 0.05.

To gain insight into the role of LncRNAs in the 
observed Ex-4-induced steatosis improvement, we used 

the LncPath package in R (https://​cran.r-​proje​ct.​org/​
web/​packa​ges/​LncPa​th/)  to identify functional pathways 
influenced by the combinatorial effects of the LncRNAs 
of interest based on a global network propagation algo-
rithm [24]. Briefly, the LncRNAs are first uploaded to 
R studio. A coding non-coding network (CNC) is then 
constructed based on  a  LncRNA-mRNA interaction 
network. The LncRNAs are then mapped into the CNC 
network. The program was instructed to use the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
database (https://​www.​genome.​jp/​kegg/​pathw​ay.​html) to 
identify relevant biological functions and pathways.

Quantitative reverse transcription PCR (qRT‑PCR)
We used the High-Capacity cDNA Reverse Transcription 
kit (4368813, Applied Biosystems, Foster City, CA, USA) 
to reverse-transcribe 1  µg of RNA into cDNA. Up-reg-
ulation and down-regulation of a set of transcripts were 
validated using qRT-PCR on the QuantStudio 12 Flex 
qPCR (Applied Biosystems USA). Real-time PCR was 
performed using PowerUp™ SYBR™ Green Master Mix 
(A25780, Applied Biosystems, USA), and relative lev-
els of transcripts were determined from their respective 
CT values normalized against β-actin transcript levels. 
The validated LncRNAs and the respective sequences of 
primers used for PCR are listed in Table 1.

Statistical analyses
We performed all statistical analysis and graphing using 
GraphPad Prism 9.0 software (GraphPad Prism v9, La 
Jolla, CA, USA). We used unpaired one-way analy-
sis of variance  (ANOVA) to evaluate the significance 

Table 1  Primer sequences for qRT-PCR. The primers used for 
MALAT1, NEAT1, and H19 were previously published, while the 
primers for TP73-AS1, ABALON, and HOXA10-AS were designed 
using primers3 (http://​www.​ncbi.​nlm.​nih.​gov/​tools/​primer-​
blast/)

Primer Sequence

MALAT1 [25] F:GAA​TTG​CGT​CAT​TTA​AAG​CCT​AGT​T

R:GTT​TCA​TCC​TAC​CAC​TCC​CAA​TTA​AT

NEAT1[26] F: GTG​GCT​GTT​GGA​GTC​GGT​AT

R: ACC​ACG​GTC​CAT​GAA​GCA​TT

TP73-AS1 F:CCG​GTT​TTC​CAG​TTC​TTG​CAC​

R:GCC​TCA​CAG​GGA​AAC​TTC​ATGC​

ABALON F:CCC​CCT​CCA​GGT​ACC​AGA​AC

R:CCA​CTG​GTG​CTT​TCG​ATT​TGA​

H19 [27] F:TCA​GCT​CTG​GGA​TGA​TGT​GGT​

R:CTC​AGG​AAT​CGG​CTC​TGG​AAG​

HOXA10-AS F: CCC​AGT​AAG​CCA​AAG​TCA​AGCC​

R: CTG​AGG​TCA​ATG​GTG​CAA​AGG​

https://cran.r-project.org/web/packages/LncPath/
https://cran.r-project.org/web/packages/LncPath/
https://www.genome.jp/kegg/pathway.html
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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of differences between the mean values of different 
experimental groups. Multiple comparisons between 
experimental groups were adjusted with the Bonferroni 
correction.  For qRT-PCR experiment, we used a t-test 
for independent samples to compare the expression level 
between different groups. A p value < 0.05 was consid-
ered statistically significant unless otherwise indicated.

Results
Exendin‑4 reduces lipid accumulation in HepG2
We determined OA’s optimal concentration required to 
induce steatosis by treating HepG2 cells with increas-
ing OA concentrations (0, 200  µM, 300  µM, 400  µM, 
and 500  µM) overnight and by quantifying triglycerides 
(TGs) accumulation (data not shown). A significant accu-
mulation of TGs was obtained with 200  µM OA, but 
the saturating levels of TGs were achieved with 400 µM 
(p < 0.001, relative to untreated). Therefore, we used 
400  µM OA to induce steatosis in all our experiments. 
Moreover, we compared TGs content between untreated 
cells, steatotic cells, and Ex-4 -treated steatotic cells. 
There were statistically significant differences between 
group means as determined by one-way ANOVA (F(2, 
6) = 6.4, p = 0.032). Post hoc analysis correcting for multi-
ple comparisons revealed significant differences between 
untreated cells and steatotic cells (p < 0.05), and between 
steatotic cells and Ex-4-treated steatotic cells (p < 0.05) 

(Fig. 1). This observation suggests that Ex-4 reduces OA-
induced lipid accumulation.

Identification of differentially expressed LncRNAs (DELs)
To investigate the role of LncRNAs in the observed Ex-
4-induced improvement in steatosis, we sequenced the 
total RNA extracted from untreated, steatotic, and Ex-
4-treated steatotic cells in triplicates using a Hiseq 4000 
platform. After removing the low-quality reads and adap-
tors, untreated, steatotic, and Ex-4-treated steatotic cells, 
respectively showed, 25396454, 36665640, and 32101936 
read depths. Sample log folds hierarchical clustering 
based on differentially expressed transcripts revealed dis-
tinct clustering of LncRNAs between the three treatment 
conditions. Figure  2 displays the differential expression 
of the top 50 LncRNAs between the three groups. A full 
list of all the DELs between the three groups is shown in 
Additional file 1: Table S1.

We identified 379 significant DELs, with 138 upregu-
lated and 241 downregulated in steatotic, compared to 
untreated cells (Fig. 3A(a) and Additional file 1: Table S1). 
These 379 DELs may be associated with the lipid accu-
mulation in HepG2 cells in response to OA treat-
ment. On the other hand, 180 significant DELs, with 58 
upregulated and 122 downregulated, were identified in 
Ex-4 treated steatotic cells compared to steatotic cells 
(Fig.  3A(b) and Additional file  2: Table  S2). These 180 
DELs may be associated with the positive effect of Ex-4 
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Fig. 1  Exendin-4 reduces Oleic acid-induced lipid accumulation in HepG2 cells. In all experiments, HepG2 cells were starved for 6 h and then 
treated with 400 μM Oleic acid for 16 h. Afterwards, cells were treated for 3 h with a fresh DMEM solution containing 400 µM OA in the presence or 
absence of 200 nM Ex-4. a Confocal imaging of lipid droplets after staining with 0.2 mM BODIPY 493/503 (green) and DAPI (blue). The white dots in 
the bright field images indicate lipid droplets. b Quantification of the lipid content with the BODIPY/DAPI fluorescence ratio in steatotic cells relative 
to untreated cells, and in Ex-4-treated steatotic cells relative to steatotic cells. For each treatment condition (untreated, steatotic, and Ex-4-treated 
steatotic cells), two independent researchers analyzed 200 individual cells from three separate experiments. Values are expressed as the mean ± SE 
(n = 3). *p < 0.05
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on steatosis. Interestingly, 22 LncRNAs upregulated in 
steatotic cells were downregulated in the presence of 
Ex-4 (Fig. 3A(a) and B(a), and Additional file 3: Table S3), 
whereas 50 LncRNAs downregulated in steatotic cells 
were upregulated by in Ex-4-treated steatotic cells 
(Fig.  3A(b) and 3B(b), and Additional file  4: Table  S4). 
These 72 DELs may be functionally related with, and 
maybe more critical to, the protective effects of Ex-4 on 
OA-induced steatosis.

Validation of differentially expressed LncRNAs by qRT‑PCR
To validate the differential expression results in RNA-
seq data, we performed qRT-PCR analysis on a set of 
LncRNAs (Fig.  4). The qRT-PCR results were consist-
ent with the RNA-seq data and revealed differentially 
expressed LncRNAs between Steatotic cells and Ex-
4-treated steatotic cells.

Untreated cells Steatotic cells Ex-4-treated steatotic cells

Fig. 2  Hierarchical Clustered Heatmaps of the top 50 LncRNAs showing differential expression between untreated, steatotic, and Ex-4-treated 
steatotic cells. Each row represents one LncRNA, and each column represents one sample. The expression level of each transcript in a single sample 
is depicted according to the color scale. Red and blue indicate up-regulation and down-regulation, respectively. The experiment was performed in 
triplicate
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Functional enrichment analysis
In order to identify the biological processes that might 
be affected by the sets of 22 and 50 LncRNAs, we 
uploaded the two sets separately to the LncPtah pack-
age in R. The software was instructed to use the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) path-
way database (https://​www.​genome.​jp/​kegg/​pathw​ay.​
html) to identify the relevant functional pathways. The 
functional enrichment analysis results revealed that 
the 22 LncRNAs that were upregulated in steatosis and 
downregulated upon Ex-4 treatment were associated 
with several critical biological and molecular processes 
such as glycan degradation, protein export, fatty acid 
metabolism, GnRH, and mTOR signalling pathways 
(Fig.  5). On the other hand, the analysis revealed that 
the 50 LncRNAs that were downregulated in steatosis 
and upregulated upon Ex-4 exposure were significantly 
associated with essential processes and molecular path-
ways, including insulin, PPAR, Wnt, mTOR, p53, TGF-
β, VEGF, NOD-like, and Toll-like receptors signaling 

Fig. 3  LncRNA transcriptional portrait between untreated, steatotic, and Ex-4-treated steatotic cells. A Venn Diagram of differentially expressed 
LncRNAs. The 22 LncRNAs at the intersection are upregulated in steatotic cells and downregulated in Ex-4 treated steatotic cells (a). The 50 LncRNAs 
at the intersection are downregulated in steatotic cells and upregulated in Ex-4 treated steatotic cells (b). B Fold change of 22 LncRNAs upregulated 
in steatotic HepG2 cells and downregulated in Ex-4-treated steatotic Cells (a) and fold change of 50 LncRNAs downregulated in steatotic HepG2 
cells and upregulated in Ex-4-treated steatotic Cells (b). The experiment was performed in triplicate
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pathways as well as pyruvate metabolism and type 2 
diabetes (Fig. 5).

Discussion
We have investigated the potential implication of LncR-
NAs in the Ex-4-induced improvement of steatosis in 
HepG2 cells. We detected significant changes in the 
expression of several LncRNAs between untreated and 

steatotic cells and between steatotic cells and steatotic 
cells treated with Ex-4. The differentially expressed 
LncRNAs are involved in various critical biological 
processes and signaling pathways directly or indirectly 
relevant to NAFLD.

Because of the concomitant skyrocketing rates of 
obesity and insulin resistance worldwide, NAFLD 
has become a global health problem [28]. To date, no 
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approved pharmacotherapy exists for NAFLD. However, 
recent human and animal studies have documented a 
potential beneficial effect of the GLP-1R agonists on the 
disease [8, 29]. The mechanisms that underlie this posi-
tive effect are yet to be elucidated.

Although thousands of LncRNAs have been identified 
in recent years, the possible role of LncRNAs in the posi-
tive effect of GLP-1R agonism on NAFLD has never been 
researched yet. In this study, we performed untargeted 
profiling of LncRNAs to elucidate the molecular mecha-
nisms underlying the observed decrease in OA-induced 
lipid accumulation in response to Ex-4 treatment in an 
in vitro steatosis model. We opted for an in vitro model of 
steatosis to overcome the pleiotropic effects that charac-
terize the action of GLP-1R agonists in vivo [12]. Indeed, 
among other effects, GLP-1R agonists promote weight 
loss, induce satiety, and reduce insulin resistance, effects 
that can all improve NAFLD independently of direct acti-
vation of hepatic GLP-1Rs [30].

Interestingly, some studies have reported the lack of 
GLP-1R expression in hepatic cells [31], leading to the 
hypothesis that the effect of GLP-1R agonists on NAFLD 
is not mediated by direct GLP-1R activation. However, 
previous studies have documented the expression of 
GLP-1R by human hepatocytes [32, 33]. In our hands 
too, the HepG2 cells express GLP-1R (data not shown). 
Although LncRNAs usually do not translate into proteins, 
they regulate protein-coding genes and related signaling 
pathways involved in multiple diseases [34], including 
NAFLD [3]. Our data shows that there were differences 
in LncRNA expression profiles between untreated and 
steatotic HepG2 cells. Compared to untreated cells, 138 
and 242 LncRNAs were found to be respectively upregu-
lated and downregulated after steatosis induction with 
OA. On the other hand, we found 56 and 123 LncRNAs 
that were respectively upregulated and downregulated in 
Ex-4-treated steatotic cells relative to steatotic cells. The 
function of several of the differentially expressed LncR-
NAs in our study is unknown, while many others are 
known to be associated with different diseases such as 
cancer [35], and a set of them was previously associated 
with NAFLD [3].

Interestingly, 22 and 50 LncRNAs were respectively 
upregulated and downregulated in steatotic compared 
to untreated cells, but the exposure to Ex-4 reversed the 
direction of expression of these LncRNAs. This reversal 
of expression suggests that those 72 LncRNAs might be 
crucial for the significant reduction in lipid accumulation 
induced by Ex-4.

One of the 22 LncRNAs is NEAT1, which promotes 
hepatic lipid accumulation via the regulation of miR-
146a-5p/ROCK1 in NAFLD [36]. Notably, the down-reg-
ulation of NEAT1 was suggested to alleviate the NAFLD 

via the mTOR/S6K1 signaling pathway [37]. Interest-
ingly, mTOR signalling pathway is one of the important 
pathways we identified in our functional analysis. It was 
also recently suggested that NEAT1 could regulate fibro-
sis, inflammatory response, and lipid metabolism via the 
miR-506/GLI3 axis [22]. Furthermore, NEAT1 could 
promote steatosis via enhancement of estrogen receptor-
mediated AQP7 expression in HepG2 cells [38]. Together 
with our findings, these studies indicate that NEAT1 
might play an essential role in alleviating lipid accumula-
tion in response to Ex-4 treatment.

The expression of the LncRNA MALAT1 was also 
significantly upregulated by OA induced steatosis and 
downregulated by treatment with Ex-4. The association 
of MALAT1 to NAFLD is documented in several studies. 
Thus, MALAT1 is suggested to promote hepatic steatosis 
and insulin resistance by enhancing triacylglycerol bio-
synthesis through the increase of nuclear SREBP-1c pro-
tein stability [20]. Moreover, the expression of MALAT1 
is dose-dependently increased in HepG2 cells and pri-
mary mouse hepatocytes exposed to different doses of 
palmitate. Knockdown of MALAT1 significantly reduces 
the palmitate-induced TG accumulation [20]. MALAT1 
is also suggested as a common molecular driver in 
NASH’s pathogenesis and chronic immune-mediated 
liver damage [39]. The Ex-4-induced down-regulation 
of MALAT1 in our study may, therefore, play s a critical 
role in the steatosis improvement we observe upon Ex-4 
treatment.

ABALON is another LncRNA whose expression is 
upregulated in steatotic cells and downregulated in Ex-
4-treated steatotic cells. This lncRNA is known to be 
upregulated in cancers [40]. To date, no known role of 
this LncRNA in NAFLD has been reported, and further 
investigations are warranted to understand better its role 
in steatosis and in the effect of Ex-4 we observed.

The lncRNA TP73-AS1 plays a crucial role in many dif-
ferent carcinomas, including hepatocellular carcinoma 
[41]. TP73-AS1 regulates proliferation, invasion, migra-
tion, apoptosis, and in vivo and in vitro chemoresistance 
cancer mechanisms through different signaling path-
ways. No known role of this LncRNA has been reported 
in other diseases, and more investigations are needed to 
understand better the differential expression we see in 
our steatosis model.

The LncRNA H19 is one of the first LncRNAs discov-
ered and associated with liver disease [42]. In our hands, 
its expression is decreased in the steatotic cells and 
increased following Ex-4 treatment. However, previous 
studies have reported overexpression of H19 in primary 
hepatocytes from a NAFLD mouse model and in steatotic 
HepG2 and Huh-7 cell lines [43]. We have no explanation 
for this discrepancy. However, it is worth mentioning 
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the differences between our protocol and the others. For 
example, Wang and colleagues [43] observed an up-regu-
lation of H19 in primary hepatocytes after 72 h treatment 
with OA (0.5  mM), compared to 16  h (400  µM) in our 
study. Besides, in the mouse model of NAFLD they used, 
the significant H19 up-regulation was only observed after 
16  weeks of high-fat diet regimen, while in Liu’s study 
[21], the H19 up-regulation was detected after 8 weeks of 
high-fat feeding. Additionally, Liu et al., [21] treated the 
HepG2 and Huh-7 cells with a mixture of 1  mM FFAs, 
containing oleic and palmitic acids, for 24  h to induce 
steatosis, as compared to 16  h (400  µM) in our study. 
The fact that we were able to reproduce the expression 
changes previously reported for the LncRNAs NEAT1 
and MALAT1 gives us confidence in our protocol and 
analysis. However, further experiments are required to 
elucidate the above-said discrepancy fully.

The lncRNA HOXA10-AS is downregulated by 
OA treatment and upregulated after Ex-4 exposure. 
HOXA10-AS is a LncRNA that promotes cell growth 
and survival by activating HOXA10 gene expression 
in glioma [44] and its silencing decreases proliferation 
[45]. To date, no data that directly or indirectly associ-
ates HOXA10-AS with NAFLD are available. Because of 
the significant changes in expression we observed, this 
LncRNA deserves further investigation into its role in 
steatosis developments and improvement with Ex-4.

A relevant finding in our study was the important bio-
logical processes and signaling pathways identified by the 
functional annotation analysis using the sets of DELs. 
Several of the cellular functions such as lipid metabolism, 
pyruvate metabolism and type 2 diabetes are directly 
relevant to NAFLD [46–48]. Furthermore, a number 
of signaling pathways previously implicated in differ-
ent stages of NAFLD were also identified, including the 
signaling pathways of Wnt [38], insulin [49]; mTOR [26], 
TGF-β [50], NOD [51], TOLL-like receptor [52], VEGF 
[53], and PPARs [54].

Interestingly, some of the signaling pathways above 
were associated with the effect of the GLP-1R agonist 
liraglutide on NAFLD [55]. Further studies are warranted 
to unravel how all these signaling pathways’ combined 
effect leads to improvement of steatosis upon treatment 
with GLP-1R agonists.

We acknowledge the limitations of using the HepG2 
as an in vitro steatosis model to investigate an important 
question such as the mechanisms involved in the protec-
tive effect of the GLP-1R agonists. Several cell types from 
multiple tissue sources that involve complex hormone 
interactions are implicated in lipid metabolism; thus, 
the effects of Ex-4 we observed at the single-cell level 
may differ when applied to the whole organism. While 
the role of LncRNAs in the protective effect of GLP-1R 

agonists in steatosis has not been researched in  vivo, 
there is ample evidence that these drugs do reduce fat 
liver content both in NAFLD patients and animal models.

Furthermore, in testing the effect of Ex-4 on the OA-
induced steatosis, we used the absence of Ex-4 as the 
control, which we believed is a good and sufficient con-
trol, instead of using another peptide that is analogous or 
of the same length as Ex-4 for example. This would have 
been useful to distinguish between biochemical actions 
and physical influences of the EX-4 structure.

Our findings in HepG2 are a first step towards fur-
ther investigations in  vivo to deeply characterize the 
role of LncRNAs in the positive effect of GLP-1R ago-
nists on NAFLD. Furthermore, we have used 400  µM 
of OA to establish our steatosis cell model based on a 
dose–response experiment and is similar to what has 
been used in other studies. This concentration is within 
the physiological range in healthy individuals. Indeed, 
Abdelmagid et al., [56] have determined the average con-
centrations of a set of 61 fatty acids, including oleic acid, 
in plasma total lipids from an ethnically diverse popula-
tion of healthy young Canadian males and females (Total 
n = 826) and found that the concentration of oleic acid 
ranges between 179  µM and 3210.5  µM with a mean 
value at 1285.5 ± 417  µM. However, the majority of the 
individuals tested had oleic acid concentration between 
300 and 450 µM. Therefore, the concentration of OA we 
used within the expected physiological range of healthy 
individuals.

Conclusion
Our results indicate that the GLP-1R agonist Ex-4 
reduces lipid accumulation potentially through the mod-
ulation of the expression of LncRNAs that target several 
genes involved in a myriad of signaling pathways, includ-
ing lipid metabolism, insulin resistance, and others. Our 
findings may open a new avenue toward a better under-
standing of the molecular mechanisms associated with 
NAFLD’s pathogenesis and provide potential novel bio-
markers or candidate drug targets for NAFLD. A thor-
ough and comprehensive in  vivo investigation of the 
identified differentially expressed LncRNAs, and their 
target genes is warranted in the future.
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