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Objective: Non-alcoholic fatty liver disease (NAFLD) can be attributed to the
dysregulation of hepatic lipid metabolism; however, its cellular and molecular
mechanisms remain unclear. This study aims to explore the effect of long non-coding
RNA growth arrest specific 5 (GAS5) on hepatic lipid metabolism in fatty liver models.

Methods: Obese mice, high fat diet-fed mice and free fatty acid-stimulated cells were
used for GAS5 expression detection. GAS5 overexpression or knockdown models were
established to elucidate the regulatory function of GAS5 in de novo lipogenesis (DNL) and
mitochondrial function. Bioinformatic analyses and dual luciferase assays were used to
investigate the interaction between GAS5, miR-26a-5p and phosphodiesterase (PDE) 4B.
The involvement of the cyclic adenosine monophosphate (cAMP)/cAMP-response
element-binding protein (CREB) pathway was evaluated using H89 and forskolin
treatment.

Results: GAS5 was activated in vitro and in vivo fatty liver models. Knockdown of GAS5
reduced lipid droplet accumulation, DNL associated enzymes and preserved
mitochondrial function, while GAS5 overexpression exacerbated hepatic lipid
accumulation. Mechanistically, GAS5 sponged miR-26a-5p to increase PDE4B
expression and subsequently modulated DNL and mitochondrial function via the cAMP/
CREB pathway.

Conclusion: Downregulation of GAS5 can activate the cAMP/CREB pathway through
miR-26a-5p/PDE4B axis to mitigate hepatic lipid accumulation. This study provides
evidence that downregulation of GAS5 may be a potential therapeutic option for the
treatment of NAFLD.

Keywords: non-alcoholic liver disease, hepatic lipid metabolism, GAS5, miR-26a-5p, phosphodiesterase (PDE) 4B,
cAMP/CREB pathway
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INTRODUCTION

Along with obesity and metabolic syndromes, non-alcoholic fatty
liver disease (NAFLD) is among the most common chronic liver
disease worldwide, with a global prevalence of approximately
25% (1, 2). NAFLD comprises a spectrum of fatty liver disorders,
ranging from simple steatosis to non-alcoholic steatohepatitis
(NASH), which can advance to liver cirrhosis and hepatocellular
carcinoma (HCC) (3, 4). Abnormal hepatic lipid metabolism,
especially excessive hepatic triglyceride (TG) accumulation, leads
to NAFLD development (5, 6). Therefore, elucidating the cellular
and molecular mechanism of hepatic lipid metabolism in fatty
liver is crucial.

De novo lipogenesis (DNL), esterified free fatty acids (FFA) and
excessive dietary intake contribute to the hepatic TG accumulation
(7), and increased DNL plays a dominant role in NAFLD
development (6). The catalysis of DNL-associated enzymes
including adenosine triphosphate citrate lyase (ACLY), acetyl-
coenzyme A carboxylase (ACC), and fatty acid synthase (FAS),
leads to the conversion of citrate into fatty acid, which is eventually
esterified to form TGs and other lipids (7). In addition to DNL,
mitochondrial dysfunction is also involved in the pathogenesis of
NAFLD; therefore, mitochondrial-related molecules could be used
as potential targets for NAFLD treatment (8, 9). Peroxisome
proliferator-activated receptor g coactivator-1a (PGC-1a) plays
an eventful role in the regulation of mitochondrial biogenesis and
oxidative metabolism (10) and is highly expressed inmitochondrial-
rich tissues, such as liver, brown fat and skeletal muscle (11).
Moreover, owing to an upregulated lipogenic gene expression and
a limited mitochondrial respiratory capacity, severe hepatic steatosis
was observed in PGC-1a knockout mice (12).

Long non-coding RNA (lncRNA) is commonly defined as a
class of transcript that has no protein coding capacity, with a
length of over 200 nucleotides (13). Recently, lncRNAs have been
increasingly reported to influence the development of various
human diseases, including NAFLD. For example, lncRNA
Gm15622 was confirmed to activate the hepatic DNL by
sponging miR-742-3p and aggregated hepatic lipids
accumulation (14). But fewer studies had linked lncRNAs to
mitochondrial oxidative function in fatty liver compared to DNL.
LncRNA growth arrests specific 5 (GAS5) was firstly isolated
from the fibroblasts of a growth-arrested mouse, wherein the
expression of GAS5 was significantly upregulated post-
transcriptionally (15). Subsequently, GAS5 was identified as
the 5’-terminal oligopyrimidine (5’TOP) class of genes that are
clustered in messenger ribonucleoprotein (mRNP) particles
when cell growth is arrested (16). Regarded as a tumor
suppressor, GAS5 regulates cellular proliferation, invasion and
metastasis in various types of human tumors (17, 18).
Additionally, overexpressed GAS5 can reduce liver fibrosis by
inhibiting the activation of stellate cells and reducing the
accumulation of hepatic collagen (19). GAS5 has been recently
reported to be upregulated in liver tissues and serum of patients
with NAFLD (20); however, its function and underlying
mechanism remain unclear.

MicroRNA (miRNA) is another group of non-coding RNAs,
with 21–25 nucleotides, that work as post-transcriptional
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suppressors of targeted genes by facilitating mRNA
degradation (21, 22). Functions of various miRNAs, including
miR-26a, miR-34a and miR-214-3p, have been investigated in
NAFLD (21–23). Overexpression of miR-26a has been reported
to ameliorate hepatic steatosis by directly inducing eukaryotic
initiation factor 2a (EIF2a) in mice fed with high-fat diet (23).
Interestingly, the sponging of GAS5 with miR-26a-5p has been
observed in degenerative nucleus pulposus cells, diabetic
cardiomyopathy and laryngeal squamous cell carcinoma (24–
26). Hence, the potential of GAS5 as a competing endogenous
RNA (ceRNA) for miR-26a-5p in fatty liver is worth exploring.

PDE4B is a member of the Phosphodiesterase-4 (PDE4)
family, whose inhibition regulates the cyclic adenosine
monophosphate (cAMP) homeostasis and promotes the
hepatic carnitine palmitoyl transferase 1a (CPT-1a) expression
in alcohol-induced steatosis (ALD) (27). Given the similar
pathophysiological changes between NAFLD and ALD,
PDE4B/cAMP could be involved in the development of NAFLD.

This study verifies the expression of GAS5 in in vivo and in
vitro fatty liver models and explores the function and mechanism
of GAS5 in hepatic lipid metabolism.
METHODS AND MATERIALS

Materials and Reagents
High fat diet (HFD) with 60% kcal from fat and normal chow
diet (ND) with 9.7% kcal from fat were purchased from Biotech
HD Co., Ltd. (Beijing, China) and Future Biotech Co., Ltd.
(Beijing, China), respectively. Oleic acid (OA), palmitic
acid (PA), Dulbecco’s Modified Eagle Medium (DMEM),
bovine serum albumin (BSA), high-performance liquid
chromatography (HPLC)-grade formic acid, HPLC-grade
ammonium formate and ammonium acetate (NH4AC) were
purchased from Sigma-Aldrich (MO, USA). Foetal bovine
serum (FBS) was obtained from Biological Industries (Israel).
H89, forskolin, lipid peroxidation malondialdehyde (MDA)
assay kit, superoxide dismutase (SOD) assay kit and ATP
detection kit were purchased from Beyotime (Shanghai,
China), whereas the triglyceride (TG) assay kit was purchased
from Nanjing Jiancheng Institute of Biotechnology (Nanjing,
China). Lipofectamine 3000, enhanced chemiluminescence
(ECL) chromogenic reagent, mass spectrometry (MS)-grade
methanol, MS-grade acetonitrile, HPLC-grade 2-propanol
and ammonium hydroxide (NH4OH) were purchased from
Thermo Fisher Scientific (MA, USA). Acetonitrile was
purchased from Merck (Darmstadt, Germany). Haematoxylin
and eosin (HE), oil red O staining kits and DAPI were obtained
from Service Biology (Wuhan, China). Phosphate buffered
saline (PBS) and radioimmunoprecipitation assay (RIPA)
lysis buffer were purchased from KeyGEN (Nanjing, China).
An enzyme-linked immunosorbent assay (ELISA) kit for cAMP
analysis was purchased from Chen Gong Biotechnology Co.
Ltd. (Shanghai, China). RNA extraction kit was purchased from
Yishan Biotech (Shanghai, China). The polymerase chain
reaction (PCR) kit for mRNA detection and miRNA
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detection were purchased from Takara (Takara Biotechnology,
Dalian, China) and Sangon Biotech (Shanghai, China),
respectively. Dual-luciferase kit was obtained from Yeasen
(Shanghai, China).

Animals and Treatments
Seven-week-old male C57BL/6J mice and obese (ob/ob) mice
with C57BL/6J genetic characteristics were purchased from
Jiangsu GemPharmatech Co., Ltd. (Nanjing, China). The mice
were kept under suitable temperature and humidity, with a 12 h
light-dark cycle. After acclimation to the new environment for a
week, the mice were divided into three groups: (1) ND group
(n = 7): mice were fed with ND; (2) ob/ob group (n = 7): ob/ob
mice were fed with ND; (3) HFD group (n = 7): mice were fed
with HFD.

Body weights were recorded each day. The mice were group-
housed and provided food and water ad libitum as a recent study
described (28). After treatment with HFD or ND for 12 weeks,
mice were anesthetized using an intraperitoneal injection of 1%
pentobarbital sodium (50 mg/kg), and blood samples and liver
tissues were collected.

Experimental protocols were approved by the Animal Care
and Use Committee of Fudan University (Shanghai, China).
Efforts were made to refine the welfare and reduce the suffering
of the experimental mice. The animal studies are reported in
compliance with the Animal Research: Reporting of Experiments
guidelines (Kilkenny C, 2010).

Liver Specific GAS5 Overexpression
=AAV8-GAS5 plasmid and AAV8-GFP with virus titre more
than 1013 vg/ml were constructed by Vigene (Jinan, China).
Liver-specific GAS5 overexpression in C57BL/6J mice was
established using an injection of AAV8-GAS5 plasmid. Briefly,
after a week of acclimatation, seven-week-old male C57BL/6J
mice were then divided into four groups (n=7): (1) older ND-fed
group (OND), (2) older HFD-fed group (OHFD), (3) AAV8-
GAS5 group and (4) AAV8-GFP group. Mice in AAV8-GAS5
group were injected intravenously with a mixture of 7 ml AVV8-
GAS5 and 193 ml saline, while that of the AAV8-GFP group were
injected with AAV8-GFP. Plasmid was stably expressed in mice 3
weeks after tail vein injection (29). During the 3 weeks, mice in
all four group were fed with ND, and then mice of OND group
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were still fed with ND, while the other three groups were fed with
HFD for the next 12 weeks.

In Vitro Models
Two normal human hepatocyte lines, HL-7702 (L-02;
CVCL_6926) and QSG-7701 (7701; 3131C0001000200007) were
purchased from Yuanchuang Biological Technology Co., Ltd.
(Shanghai, China) and complied with the cell STR identification
standards established by the International Committee for Cell
Identification. Cells were cultured in DMEM containing 10% FBS
andmaintained in an incubator at 37°C with 5% CO2. To establish
in vitro models, L02 and 7701 cells were treated with a free fatty
acid (FFA) mixture (1mM, OA:PA, 2:1 in DMEM with 10% FBS)
for 24 h. H89 is a specific PKA inhibitor and forskolin is a cAMP
activator (30). L02 and 7701 cells were cultured in DMEM
containing 10% FBS and treated with 20 mM H89 or forskolin
mixed with DMEM for 1 h before FFA stimulation.

Plasmid and Small Interfering RNA (siRNA)
Transfection In Vitro
Full-length GAS5 sequence was cloned into the vector pcDNA3.1
(+) (GenePharma, Shanghai, China). Specific siRNAs for GAS5
and PDE4B as along with a mimic and an inhibitor of miR-26a-
5p were designed and synthesised by GenePharma.
Oligonucleotide sequences are shown in Table 1. Cells were
seeded into six-well plates, and the transfection experiments
were performed using Lipofectamine 3000, following the
manufacturer’s instructions.

Histological Analysis and Oil
Red O Staining
Livers were collected and fixed in 4% paraformaldehyde for more
than 24 h. Tissues were embedded with paraffin, and 5 mm
sections were sliced for HE and oil red O staining. The oil red O
staining was performed as previously described (31).

Biochemical Analysis of Tissues and Cells
Liver tissues and cell samples were homogenised using PBS or
lysed using RIPA lysis buffer. Following this, TG, MDA and SOD
levels were detected using the commercial test kits. cAMP levels
in the liver tissues and cells were detected using an ELISA kit
according to the manufacturer’s protocol.
TABLE 1 | Small interfering RNAs (siRNAs) used in this study.

Name Sense (5’-3’) Antisense (5’-3’)

GAS5-1 GCUCUGGAUAGCACCUUAUTT AUAAGGUGCUAUCCAGAGCTT
GAS5-2 GCAGACCUGUUAUCCUAAATT UUUAGGAUAACAGGUCUGCTT
GAS5-3 GGACCAGCUUAAUGGUUCUTT AGAACCAUUAAGCUGGUCCTT
PDE4B-1 GACGCUCAGACACCUAUUATT UAAUAGGUGUCUGAGCGUCTT
PDE4B-2 CUGCCGAGUUCAUCUAUUATT UAAUAGAUGAACUCGGCAGTT
PDE4B-3 CGGGAACAGAGAAUGUUUATT UAAACAUUCUCUGUUCCCGTT
siRNA NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
miR-26a-5p mimic UUCAAGUAAUCCAGGAUAGGCU –

miRNA mimic NC UUGUACUACACAAAAGUACUG –

miR-26a-5p inhibitor AGCCUAUCCUGGAUUACUUGAA –

miRNA inhibitor NC CAGUACUUUUGUGUAGUACAA –
July 20
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RNA Extraction and Quantitative Real-
Time PCR (RT-qPCR)
Total RNA was obtained from the liver tissues and cells using an
RNA extraction kit and RT-qPCR was performed following the
manufacturer’s instructions using a QuantStudio 3 (Thermo Fisher
Scientific) thermocycler. b-actin and U6 small nuclear RNA were
used for the normalisation of mRNA and miRNA, respectively.
Primers used for RT-qPCR in the study are presented in Table 2.

Western Blot
Total protein was extracted from the liver tissues or cell samples
using RIPA lysis buffer. Antibodies including Adenosine
triphosphate citrate lyase (ACLY, Cat No. 15421-1-AP), acetyl-
coenzyme A carboxylase 1 (ACC1, Cat No. 21923-1-AP), fatty
acid synthase (FAS, Cat No. 13098-1-AP), GAPDH (Cat No.
60004-1-Ig), peroxisome proliferator-activated receptor g
coactivator-1a (PGC-1a, Cat No. 66369-1-Ig) and cAMP-
response element-binding protein (CREB, Cat No. 12208-1-
AP) were purchased from Proteinech Group (IL, USA), while
phosphodiesterase (PDE) 4B (Cat No. 72096) and
phosphorylated CREB (p-CREB, Cat No. 9198) were
purchased from Cell Signalling Technology (CST, MA, USA).
The dilution of antibodies used in this study were as follows:
ACLY (1:1000), ACC1 (1:1000), FAS (1:1000), GAPDH (1:5000),
PGC-1a (1:1000), p-CREB (1:500), CREB (1:1000), and PDE4B
(1:1000). Western blotting was performed according to the
standard protocol and different bands were detected using ECL
chromogenic reagent.
Frontiers in Endocrinology | www.frontiersin.org 4
Immunofluorescence
L02 and 7701 cells were seeded on sterile glass coverslips and
gently washed with PBS. Samples were fixed with 4%
paraformaldehyde for 15 min and rinsed thrice for 5 min
each. After 5 min of incubation with 0.2% Triton X, samples
were immersed in 5% BSA for 1 h. Blocking buffer was then
aspirated and coverslips were incubated with p-CREB (1:100,
Cat No. 9198, CST, MA, USA) at room temperature for 2 h.
The target antigen was visualised using a fluorescent
microscope after incubation with an AlexaFluor488-labeled
secondary antibody (Invitrogen, CA, USA) and 4 ’, 6-
diamidino-2-phenylindole (DAPI).

Luciferase Reporter Assay
The human embryonic kidney (HEK) 293T cell line was
purchased from the Cell Bank of Type Culture Collection of
the Chinese Academy of Sciences and cells were cultured in
DMEM with 10% FBS. The binding sites of has-miR-26a-5p
within GAS5 and PDE4B were predicted using ENCORI
(https://starbase.sysu.edu.cn). The full-length of GAS5 and
fragment of PDE4B 3′-UTR containing the predicted binding
sites were amplified using PCR and cloned into a pmirGLO
vector (AZENTA, Suzhou, China). The binding sites were
mutated to establish the mutant (MUT) model. The reported
plasmid and has-miR-26a-5p mimic or inhibitor were co-
transfected into HEK 293T. Additionally, a commercial dual-
luciferase kit was used to detect the luciferase assay after 36 h
of transfection.
TABLE 2 | Primers used for qPCR in the study: For mice.

Gene name Forward (5’-3’) Reverse (5’-3’) Gene ID

b-actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC 11461
SREBP-1c TTGTGGAGCTCAAAGACCTG TGCAAGAAGCGGATGTAGTC 20787
FAS GCTGCGGAAACTTCAGGAAAT AGAGACGTGTCACTCCTGGACTT 14104
ACC1 ATGCGATCTATCCGTCGGTG AGCAGTTCTGGGAGTTTCGG 104371
ACLY TTCGTCAAACAGCACTTCC ATTTGGCTTCTTGGAGGTG 104112
DGAT1 GGAATATCCCCGTGCACAA CATTTGCTGCTGCCATGTC 13350
CD36 ATGGGCTGTGATCGGAACTG TTTGCCACGTCATCTGGGTTT 12491
GAS5 CTTGCCTGGACCAGCTTAAT CAAGCCGACTCTCCATACCT 14455
miR-26a AAGCTGAGTTCAAGTAATCCAGG – 387218
PDE4B GACCGGATACAGGTTCTTCG CAGTGGATGGACAATGTAGTCA 18578
PGC-1a TATGGAGTGACATAGAGTGTGCT GTCGCTACACCACTTCAATCC 19017
CPT-1a TGGCATCATCACTGGTGTGTT GTCTAGGGTCCGATTGATCTTTG 25757
For human:
Gene name Forward (5’-3’) Reverse (5’-3’) Gene ID
b-actin CTGGAACGGTGAAGGTGACA AAGGGACTTCCTGTAACAATGCA 60
FAS GGGATGAACCAGACTGCGTG TCTGCACTTGGTATTCTGGGT 2194
ACC1 AATGTCCTTCTCCTCCAA GAGTGAATGAGTTGTCCAA 31
GAS5 AGTAGCCGTCTCTGTGT CTCCACGAACAGCTTCACAA 60674
miR-26a TTCAAGTAATCCAGGATAGGCT – 407015
PDE4B CTATACCGATCGCATTCAGGTC CTGTCCATTGCCGATACAATT 5142
PGC-1a TCTGAGTCTGTATGGAGTGACAT CCAAGTCGTTCACATCTAGTTCA 10891
CPT-1a TCCAGTTGGCTTATCGTGGTG TCCAGAGTCCGATTGATTTTTGC 1374
TFAM ATAAAGAAGAGATAAGCAGATT TGCCTATTAAGAGAAAACTAC 7019
NRF-1 GTACAAGAGCATGATCCTGGA GCTCTTCTGTGCGGACATC 4899
July 2022 | Volume 13 | Articl
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Relative Quantitative Lipidome Analysis of
Liver Tissues
Hepatic lipids were extracted with the methyl tert-butyl ether
(MTBE) method. Briefly, 30 mg of the liver sample was mixed
with 200 ml H2O and vortexed for 30 s. Subsequently, 240 ml of
precooling methanol was added to the mixture and vortexed for
30 s. Following this, 800 ml of MTBE was added to the mixture,
which underwent ultrasound for 20 min at 4°C. The solution was
centrifuged at 14000 g for 15 min at 10°C and the upper organic
solvent layer was obtained and dried using nitrogen gas. The
lipid extracts were re-dissolved in 200 ml 90% isopropanol/
acetonitrile and centrifuged at 14000 g for 15 min, and the
mass spectra was acquired using Q Exactive Plus system
(Thermo Fisher).

Untargeted Metabolome Analysis of
Liver Tissues
Livers were frozen in liquid nitrogen immediately after
dissection. At least 80 mg tissues were cut and homogenised
with 200 ml of H2O and five ceramic beads. Then, 800 of ml
methanol/acetonitrile (1:1, v/v) was added to the homogenised
solution for metabolite extraction. The mixture was centrifuged
for 15 min (14000 g, 4°C) and the supernatant dried in a vacuum
centrifuge. For LC-MS analysis, the samples were re-dissolved in
100 ml acetonitrile/water (1:1, v/v) solvent. Samples were
separated using an Agilent 1290 Infinity LC ultra-high
performance liquid chromatography system (UHPLC, Agilent,
CA, USA) and analysed using a Triple TOF 6600 mass
spectrometer (AB SCIEX, CA, USA).

Statistical Analyses
All data are expressed as mean ± standard error of mean.
Comparisons between groups were determined using unpair
Student’s t test or the Analysis of Variance (ANOVA).
Statistical analyses were performed using GraphPad Prism 8
software (GraphPad Software, CA, USA). P value < 0.05
indicated significant difference. All data are available from the
authors on reasonable request.
RESULTS

GAS5 Is Elevated in Ob/Ob Mice, HFD Fed
Mice and FFA Stimulated Hepatocytes
The body weights of mice in different groups were recorded every
week (Figure 1A). HFD mice grew significantly heavier than ND
mice and there was significant difference from the 9th week.
Importantly, HE and oil red O staining showed that ob/ob and
HFD mice produced more lipid droplets in the hepatic
intracellular vacuoles than the ND mice (Figure 1B).
Correspondingly, the ratio of liver weight to body weight in
the ob/ob and HFD mice was much higher than in the ND group
(Figure 1C). Notably, the hepatic TG content was increased in
the ob/ob and HFD mice (Figure 1D). Relative quantitative
lipidome analyses of HFD and ND mice were conducted to
Frontiers in Endocrinology | www.frontiersin.org
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determine lipid concentrations between the HFD and ND groups
(Figures S1, 2). HFD fed mice had significantly higher levels of
total lipids and TGs compared with that of the ND fed mice
(Figures 1E, F).

DNL, lipid uptake and lipoprotein secretion contributed to
hepatic lipid metabolism. As shown in Figure 1G, the expression
of key genes associated with DNL, lipid uptake and lipoprotein
secretion were significantly increased in ob/ob and HFD fed
mice. Consistently, the protein levels of DNL-associated enzymes
were also increased in the ob/ob and HFD mice (Figure 1H).
Therefore, the NAFLD mice models were successfully
established, and the expression of GAS5 was upregulated in the
ob/ob and HFD mice (Figure 1I).

L02 and 7701 cells were used to establish the in vitro models.
FFA caused an increase in the intracellular TG content (Figure 1J),
which was evidenced by the increased lipid droplet production in
the FFA-treated cells (Figure 1K). Moreover, GAS5 expression was
higher in FFA treated cells than control cells (Figure 1L).

GAS5 Overexpression Aggravates
Lipid Accumulation
Compared with the AAV8-GFP plus HFD groups, mice in the
AAV8-GAS5 plus HFD group developed a significantly higher
body weight and liver/body weight ratio (Figures 2A, B).
Notably, increased lipid droplet accumulation in the
hepatic intracellular vacuoles was observed in the GAS5
overexpressed group (Figure 2C). AVV8-GAS5 significantly
increased the expression of GAS5 in liver tissues (Figure 2D).
Changes in the biochemical parameters were observed,
with increased hepatic TG levels in GAS5 overexpressed
mice (Figure 2E).

Simultaneously, this study confirms that the expression of
GAS5 in cells was upregulated with pcDNA-GAS5 transfection
(described as GAS5 in Figures) (Figure 2F). Furthermore, GAS5
overexpression resulted in increased TG synthesis in FFA-
stimulated cells (Figure 2G). Therefore, GAS5 overexpression
is closely associated with hepatic and hepatocellular
lipid accumulation.

GAS5 Knockdown Alleviates
Hepatocellular DNL Lipogenesis
All three synthetic siRNA for GAS5 (siGAS5) significantly
downregulated the intracellular GAS5 levels (Figure 3A). TG
contents in the cells were also reduced after GAS5 knockdown
(Figure 3B). Correspondingly, decreased lipid droplets were
produced in the cells (Figure 3C). Moreover, the protein
express ion of DNL enzymes , ACC1 and FAS was
downregulated in FFA-treated cells after GAS5 suppression
(Figure 3D). Similar results were observed in the mRNA
expression of ACC1 and FAS (Figure 3E). Considering that
siGAS5-1 had the strongest inhibitory effect on GAS5 expression
and had an obvious effect on inhibiting lipid droplet formation
and reducing the expression of ACC1 and FAS in L02 and 7701
cells, we selected siGAS5-1 for subsequent experiments and
described it as siGAS5.
July 2022 | Volume 13 | Article 889858
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GAS5 Knockdown Preserves
Mitochondrial Function
MDA and SOD are oxidative stress markers, and the increased
levels of MDA and decreased levels of SOD indicate that the
mitochondrial function is suppressed in the ob/ob and HFD
treated mice (Figure 4A). PGC-1a and CPT-1a play important
roles in fatty acid oxidation and are key indicators of
mitochondrial function, which were reduced in the ob/ob and
HFD-fed mice (Figures 4B, C).
Frontiers in Endocrinology | www.frontiersin.org 6
In L02 and 7701 cells, the levels of MDA were upregulated and
SOD were downregulated in FFA-stimulated cells and the changes
in MDA and SOD were reversed on GAS5 knockdown
(Figure 4D). FFA treatment markedly decreased ATP production,
but GAS5 knockdown could upregulate the ATP production in
FFA-stimulated cells (Figure 4E). Furthermore, GAS5 knockdown
increased the mRNA expression of TFAM and NRF-1 (Figure 4F).
In Figures 4G, H, GAS5 knockdown helped cells maintain the
A
B

D
E F

G

I

H

J

K L

C

FIGURE 1 | The expression of long non-coding RNA growth arrest specific 5 (GAS5) in in vivo and in vitro non-alcoholic liver disease (NAFLD) models. The body weight
of mice in normal chow diet (ND), obese (ob/ob) and high fat diet (HFD) groups were recorded (A). After 12 weeks of HFD treatment, livers were collected for haematoxylin
and eosin staining and oil red staining (Original magnification, ×200) (B). The ratio of liver weight to body weight was calculated (C). Levels of triglycerides (TGs) in the liver
tissues were detected using commercial kits (D). Total lipids in HFD and ND fed mice and TG concentration was detected using mass spectrometry (E, F). The gene
expression of SREBP-1c, FAS, ACC1, ACLY, DGAT1 and CD36 was detected using quantitative real-time polymerase chain reaction (RT-qPCR) (G). Protein expression of
ACLY, ACC1 and FAS was determined using western blotting (H). Expression of GAS5 in ND, ob/ob and HFD mice were detected using RT-qPCR (I). TG levels (J), oil
red staining (Original magnification, ×200) (K), and lnc-GAS5 expression (L) of cells treated with FFA. Data are expressed as mean ± standard error of mean. *P < 0.05
and **P < 0.01; n = 7 in C-F and n = 3 in G-L.
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levels of PGC-1a and CPT-1a. Hence, GAS5 knockdown can
protect the mitochondrial function.

GAS5 Modulates PDE4B Expression by
Sponging With MiR-26a-5p
Sequencing analysis showed the potential binding sites between
GAS5 and miR-26a-5p. Subsequently, the luciferase reporters
Frontiers in Endocrinology | www.frontiersin.org 7
were constructed, containing the wild-type GAS5 (GAS5 WT) or
mutant GAS5 (GAS5 MUT). Compared with miRNA negative
control (NC) or inhibitor NC, miR-26a-5p mimic or inhibitor
suppressed or enhanced the luciferase reporter activities of GAS5
WT, but not those of GAS5 MUT (Figure 5A). Potential binding
sites were also predicted between PDE4B and miR-26a-5p and
further proved by luciferase reporters (Figure 5B). Therefore,
A B

D E

F G

C

FIGURE 2 | Long non-coding RNA growth arrest specific 5 (GAS5) overexpression aggregates hepatic lipid accumulation. After mice were injected with AAV8-GAS5
or AAV8-GFP for 21 days, they were fed with high fat diet (HFD) or normal chow diet (ND). The body weight of mice in OND, OHFD, AAV8-GFP plus HFD and
AAV8-GAS5 plus HFD group was recorded every week (A), data are expressed as mean ± standard error of mean (SEM), *P < 0.05, n = 7. The ratio of liver weight
to body weight in different groups were calculated (B), data are expressed as mean ± SEM, **P<0.01, n = 7. The expression of GAS5 in different groups (C), data
are expressed as mean ± standard error of mean (SEM), *P<0.05, **P<0.01, n = 3. Haematoxylin and eosin staining and oil red staining of liver tissues in different
groups (Original magnification, ×200) (D). The detection of hepatic triglycerides (TGs) in different groups (E), data are expressed as mean ± SEM, **P<0.01, n = 7.
Cells were transfected with pcDNA3.1-GAS5 (described as GAS5) or pcDNA3.1 vector and treated with free fatty acid. The quantitative real-time polymerase chain
reaction analysis of GAS5 in different groups (F), and the TG detection in different groups (G); data are expressed as mean ± SEM, *P < 0.05, **P < 0.01, n = 3.
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GAS5 and PDE4B mRNA are physically associated with miR-
26a-5p via these sites.

All three siRNA for PDE4B significantly reduced the
expression of PDE4B in cells, and we chose siPDE4B-2 for
subsequent experiments and described it as siPDE4B (Figure
S3). GAS5 knockdown decreased PDE4B protein expression,
whereas PDE4B expression was increased on miR-26a-5p
inhibition. Decreased miR-26a-5p could promote PDE4B
expression even when cells were treated with siPDE4B
(Figure 5C). The overexpression of miR-26a-5p suppressed the
levels of GAS5, while decreased miR-26a-5p upregulated the
expression of GAS5. As a downstream molecule of miR-26a-5p,
there exists an inverse correlation between PDE4B and miR-26a-
Frontiers in Endocrinology | www.frontiersin.org 8
5p (Figure 5D). GAS5 knockdown promoted the expression of
miR-26a-5p in FFA-treated cells. Moreover, the decreased level
of PDE4B also upregulated miR-26a-5p expression (Figure 5E).
Hence, GAS5 sponges with miR-26a-5p and modulates
PDE4B expression.

GAS5/MiR-26a-5p/PDE4B Axis Mediates
FFA-Induced Hepatocellular Lipid
Metabolism
When cells were transfected with siGAS5 and miR-26a-5p
inhibitor, lipid accumulation and intracellular TG levels were
increased compared to those treated with siGAS5 plus FFA
(Figures 6A, B). Western blot and qRT-PCR results showed that
A B
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C

FIGURE 3 | Long non-coding RNA growth arrest specific 5 (GAS5) knockdown mitigates cellular de novo lipogenesis. After cells were transfected with three
synthetic small interfering RNAs, the expression of lnc-GAS5 were determined using quantitative real-time polymerase chain reaction analysis (RT-qPCR) (A) and lipid
accumulation in cells were assessed via oil red staining (Original magnification, ×200) (B). The cellular triglyceride levels were detected using commercial kits (C), and
the protein and mRNA levels of ACC1 and FAS were measured via western blot and RT-qPCR, respectively (D, E). Data are expressed as mean ± standard error of
mean. *P<0.05, and **P<0.01, n = 3.
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GAS5 knockdown inhibited ACC1 expression and promoted PGC-
1a expression, whereas these characteristics could be restricted on
co-transfection with miR-26a-5p inhibitor (Figures 6C, D).

FFA-stimulated cellular lipid accumulation decreased with
PDE4B downregulation, whereas it was increased with a miR-
26a-5p inhibitor co-transfection (Figure 6E). Consistently,
intracellular TG levels in PDE4B knockdown cells could be
upregulated by a miR-26a-5p inhibitor (Figure 6F). In
Figure 6G, the protein levels of ACC1 decreased when PDE4B
was downregulated and this could be reversed by a miR-26a-5p
inhibitor. As a protective molecule, changes in PGC-1a were
contrasting to those in ACC1. Additionally, ACC1 and PGC-1a
Frontiers in Endocrinology | www.frontiersin.org 9
mRNA expression detection via RT-qPCR showed similar results
(Figure 6H). Therefore, GAS5 regulates hepatocellular lipid
accumulation via the miR-26a-5p/PDE4B axis.

Lnc-GAS5 Modulates cAMP/CREB
Pathway
As a hepatic manifestation of metabolic syndromes, changes in
hepatocellular metabolites can aid in elucidating the regulatory
processes of NAFLD. The hepatic untargeted metabolomic
analysis of HFD and ND mice were performed to demarcate the
HFD and ND groups (Figures S4, 5). The concentration of 144
metabolites changed on comparing the HFD-fed and ND-fed mice
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C

FIGURE 4 | Long non-coding RNA growth arrest specific 5 (GAS5) regulates mitochondrial function. The detection of hepatic malondialdehyde (MDA) and
superoxide dismutase (SOD) levels in different groups of mice (A). The protein and mRNA expression of PGC-1a and CPT-1a (B, C). Cells were transfected with
small interfering GAS5-1 (described as siGAS5 in subsequent experiments) and then treated with free fatty acid. The detection of cellular MDA and SOD levels (D).
The detection of ATP production in cells of FFA, siNC plus FFA and siGAS5 plus FFA groups (E). The expression of mRNA levels of mitochondrial biogenesis
including TFAM and NRF-1 in cells of FFA, siNC plus FFA and siGAS5 plus FFA groups (F). The protein and mRNA expression of PGC-1a and CPT-1a in different
groups of cells (G, H). Data are expressed as mean ± standard error of mean. *P < 0.05 and **P < 0.01, n = 3.
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(Figure S6A), and different pattern of lipid and lipid like
metabolites were shown in Figure S6B. The 20 most enriched
Kyoto Encyclopaedia of Genes and Genomes pathways based on
metabolite variations are shown in Figure S6C. Given the close
association between PDE4B and cAMP, the changes and roles of the
cAMP pathway were analysed in this study’s models.

The variation of metabolites involved in the cAMP pathway
were collected and significant differences between the HFD and ND
groups were observed. The expression of 3-hydroxybutyrate and
acetylcholine was downregulated in HFD-fed mice, whereas the
hydrolysates of cAMP, adenosine 5’-monophosphate and adenosine
were increased in HFD-fed mice (Figure S6D). Furthermore, HFD
feeding decreased the levels of hepatic cAMP (Figure 7A). Similar
results were detected in FFA-treated cells, whereas GAS5
knockdown increased the cAMP accumulation (Figure 7B). FFA
treatment increased the expression of PDE4B and suppressed the
expression of p-CREB and PGC-1a. Knockdown of GAS5
promoted CREB phosphorylation and reversed PGC-1a
alteration. On the contrary, H89 dephosphorylated CREB and
reduced PGC-1a expression (Figure 7C). Furthermore, H89
aggravated the accumulation of lipids in FFA-stimulated cells
compared with those transfected with siGAS5 (Figure 6D).
Although forskolin did not affect PDE4B expression, it notably
Frontiers in Endocrinology | www.frontiersin.org 10
promoted CREB phosphorylation and thereby suppressed ACC1
and FAS expression and increased PGC-1a expression (Figure 7E).
Forskolin treatment reduced lipid droplet accumulation even when
GAS5 was overexpressed (Figure 7F). Integrating the effects of H89
and forskolin on lipid accumulation, the cAMP/CREB pathway was
involved in the regulation of GAS5 in hepatocellular lipid
metabol ism, which was confirmed by the p-CREB
immunofluorescence in cells with different treatments. As shown
in Figure 7G, p-CREB expression increased with siGAS5
transfection and forskolin treatment, but decreased with GAS5
overexpression andH89 treatment in cells, particularly in the nuclei.
DISCUSSION

The present study demonstrated that the expression of GAS5 was
upregulated in fatty liver models in vitro and in vivo.
Additionally, the function of the GAS5/miR-26a-5p/PDE4B
and cAMP/CREB pathway in the regulation of hepatic lipid
metabolism was investigated.

With various studies focusing on new targets for NAFLD
diagnosis and treatment, lncRNAs has been reported as an
increasingly promising candidate (32). Given its increased
A

B
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C

FIGURE 5 | Long non-coding RNA growth arrest specific 5 (GAS5) regulates phosphodiesterase-4D (PDE4B) by sponging miR-26a-5p. Bioinformatic predictions of the
miR-26a-5p targeting GAS5 3′UTR through the binding sequence, and dual luciferase reporter detection of GAS5 and miR-26a-5p (A). Bioinformatic predictions of the miR-
26a-5p targeting PDE4B 3′UTR through the binding sequence, and dual luciferase reporter detection of PDE4B and miR-26a-5p (B). The protein expression of PDE4B in
different groups (C). The expression of GAS5 and PDE4B of cells transfected with a miR-26a mimic or inhibitor (D). The expression of miR-26a-5p in cells with GAS5
knockdown or PDE4B knockdown (E). Data are expressed as mean ± standard error of mean. *P < 0.05 and **P < 0.01, n = 3. ns, not significant.
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expression in patients with NAFLD (20), GAS5 could have a role
in regulating hepatic lipid metabolism. GAS5 was reported to have
anti-tumour effects in many kinds of human tumours, however,
Tao et al. demonstrated that GAS5 could be a proto-oncogene in
HCC (33). That may partly be explained by the high tissue-specific
feature of lncRNA, and therefore, the function of lncRNA in
different tissues may be different (34). The single nucleotide
polymorphism (SNP) detection and more in vivo studies will
help us better understand the biological functions of lncRNAs (35,
36). This study confirmed that the expression of GAS5 was
increased in leptin knockout mice, HFD fed mice and FFA
stimulated cells. On elucidating the association between GAS5
and hepatic lipid metabolism, increased hepatic DNL was found to
be a central metabolic indicator for NAFLD (6, 37, 38). When
energy storage is sufficient, dietary lipids, carbohydrates and
proteins act as substrates for DNL (39). The actions of
regulatory enzymes, including ACLY, ACC and FAS, have been
reported to play a role in the regulation of hepatic fatty acid
Frontiers in Endocrinology | www.frontiersin.org 11
synthesis (40–42). Increasing DNL is closely associated with iron
overload and hepatic inflammation through bone morphogenetic
protein (BMP6)/Sma- andMad-related proteins (SMAD) pathway
in NAFLD (43). A recent study showed that increased DNL in
mice could reduce the expression of HMG-CoA reductase protein
and the excretion of bile acids, and facilitated cholesterol uptake.
In addition, DNL also led to the secretion of very low-density
lipoproteintriglyceride, which was closely associated with
hypertriglyceridemia (44). In NAFLD mice models, SREBP-1c,
ACLY, ACC1, FAS, DGAT1 and CD36 were upregulated, with
significant hepatic TG accumulation in the pathological sections.
Lipidome detection is a novel method to study the pathogenesis of
NAFLD or alcohol-induced fatty liver disease (45, 46), which
detected both quality and quantity changes in lipids in the mice
tissues. Liver-specific GAS5 overexpression in mice accelerated
weight gain and TG accumulation, gradually developing severe
hepatic steatosis and hepatocellular ballooning. Correspondingly,
GAS5 knockdown alleviates the cellular lipid accumulation and
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FIGURE 6 | The regulation of the long non-coding RNA growth arrest specific 5 (GAS5)/miR-26a-5p/phosphodiesterase-4D (PDE4B) axis in lipid metabolism. Cells
were transfected with small interfering (si)GAS5 or siGAS5 plus miR-26a-5p inhibitor and stained with oil red (Original magnification, ×200) (A). Triglyceride (TG) levels
were detected using a commercial kit (B), and the protein and mRNA expression of ACC1 and PGC-1a was detected via western blot and quantitative real-time
polymerase chain reaction analysis (RT-qPCR), respectively (C, D). Cells were stained with oil red after transfection with siPDE4B or siPDE4B plus a miR-26a-5p
inhibitor, (Original magnification, ×400) (E), TG levels detection (F), and the protein and mRNA expression of ACC1 and PGC-1a was detected via western blot and
RT-qPCR, respectively (G, H). Data are expressed as mean ± standard error of mean. *P < 0.05 and **P < 0.01, n = 3.
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downregulates DNL marker expressions, demonstrating that
GAS5 is closely associated with the regulation of hepatic DNL.

LncRNAs regulate the expression of target genes by competing
for shared microRNAs with mRNAs, which are known as ceRNAs
(47). Bioinformatic analyses and luciferase reporter assay showed
Frontiers in Endocrinology | www.frontiersin.org 12
that GAS5 physically interacted with microRNA-26a-5p (miR-26a-
5p) through their binding sites. The interaction between GAS5 and
miR-26a-5p has been well demonstrated in this study, with GAS5
sponging with miR-26a-5p; furthermore, GAS5 knockdown
upregulates miR-26a-5p (23). However, increased levels of miR-
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FIGURE 7 | Long non-coding RNA growth arrest specific 5 (GAS5) regulates cAMP/CREB pathway through phosphodiesterase-4B (PDE4B). The cAMP levels in
liver tissues (A) and cells treated with free fatty acid (FFA) or siGAS5 plus FFA (B). Protein expression of PDE4B, p-CREB, CREB, PGC-1a, ACC1 and FAS in cells
treated with FFA after transfection with siGAS5 or siGAS5 plus H89 (C). Oil red staining of cells transfected with siGAS5 or siGAS5 plus H89 followed by FFA
treatment (Original magnification, ×400) (D). Protein expression of PDE4B, p-CREB, CREB, PGC-1a, ACC1 and FAS in cells treated with FFA after transfection with
GAS5 or GAS5 plus forskolin (E). Oil red staining of cells transfected with GAS5 or GAS5 plus forskolin followed by FFA treatment (Original magnification, ×400)
(F). Immunofluorescence of p-CREB in cells with different treatment (G). Data are expressed as mean ± standard error of mean. *P < 0.05 and **P < 0.01, n = 3.
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26a have been demonstrated to mitigate NAFLD in vivo and in vitro
(23, 48, 49). Ding et al. found that miR-26a could downregulate
CD36, and thereby reducing the steatosis in HepG2 cells (50).
Micewith miR-26a overexpression had significant lower liver weight
and TG contents compared with that of the normal control mice
(49). Conversely, overexpressed GAS5 notably reduced the
expression of miR-26a-5p.

Recently, metabolomic analyses have provided novel insights
into the pathophysiology of NAFLD (51, 52). Through the detection
of hepatic metabolites, the protective cAMP response pathway was
highlighted from the analysis of the KEGG signalling pathways.
Known as a second messenger, cAMP can be synthesized by
adenylyl cyclase from adenosine triphosphate and initiate
downstream molecular interactions (53). In HFD-fed mice or
FFA-treated cells, the expression of PDE4B was upregulated.
Moreover, PDE4B, which is highly expressed in the liver,
selectively hydrolyses cAMP (27). Low levels of cAMP lead to the
reduction of mitochondrial function and oxygen consumption, thus
promoting NAFLD and insulin resistance (54). Conversely, GAS5
knockdown elevated cAMP, which could be attributed to PDE4B
inhibition. Increased cAMP phosphorylates CREB by activating
protein kinase A and eventually promoting the induction of
peroxisome proliferator-activated receptor (PPAR)-g coactivator
1a (PGC-1a) (55). However, these changes could be reduced
when GAS5 was upregulated. Reduced p-CREB expression
exacerbates HFD-induced hepatic steatosis by downregulating
PPARa (56), whereas activated p-CREB reduces PPAR-g
expression to regulate the hepatic DNL (57), which was
confirmed by the downregulation of DNL-related ACC1 and FAS
in GAS5 knockdown cells. However, GAS5 knockdown cells with
H89 pre-treatment suppressed PGC-1a expression and increased
ACC1 and FAS expression. Additionally, H89 reduced the
Frontiers in Endocrinology | www.frontiersin.org 13
expression of p-CREB by inhibiting the activity of PKA, and
subsequently increasing the expression of SREBP-1c, ultimately
leading to DNL (58). Conversely, forskolin pre-treatment
increased the level of cAMP, upregulated the expression of PGC-
1a and reduced the levels of ACC1 and FAS, without affecting
PDE4B. Therefore, GAS5 regulates hepatic lipid metabolism via the
cAMP response signalling pathway, at least partially.

A recent study identified GAS5 as a mitochondria-associated
lncRNA, sustaining homeostasis by regulating mitochondrial
metabolic enzymes in physiology and cancer (59). Mitochondria
control energy metabolism in cells and pathways involved in the
regulation of energy metabolism at least partially dependent on
mitochondrial function (60). The PGC1 family, including PGC-1a,
PGC-1b and PGC related coactivator (61), regulate the
mitochondrial biogenesis by interacting with transcription factors
or nuclear receptors (62). The expression of PGC-1a was
downregulated in HFD treatment or FFA stimulation in this
study, and reduced PGC-1a fails to maintain the content of
mitochondrial-associated proteins (63). Moreover, GAS5
knockdown by siRNA significantly upregulated the levels of PGC-
1a. Increased PGC-1a could promote the levels of lipin 1,
subsequently activating PPARa to improve the mitochondrial
fatty acid oxidation capacity and suppress DNL and lipid
secretion (64). Carnitine palmitoyltransferase-1a (CPT-1a) is
abundant in the liver and plays an important role in
mitochondrial oxidation by converting fatty acyl-CoA to fatty
acylcarnitine (65). In this study, impaired mitochondrial function
after HFD or FFA treatment was indicated with increased MDA
levels and decreased SOD levels. Consistent with a previous study,
the increased expression of PGC-1a and CPT-1a ameliorated
NAFLD by promoting mitochondrial function (31), with GAS5
knockdown increasing the expression of PGC-1a and CPT-1a.
FIGURE 8 | The underlying mechanism of long non-coding RNA growth arrest specific 5 (GAS5) in regulating lipid metabolism. Under normal physiological conditions,
cAMP is synthesised from ATP with the catalysis of adenylate cyclase. cAMP activates PKA to phosphorylate CREB, and phosphorylated CREB (p-CREB) upregulates
PGC-1a and downregulates ACC1 and FAS expression. Therefore, through controlling the de novo lipogenesis (DNL) and mitochondrial function, high level of cAMP may
reduce lipid accumulation in liver. cAMP is hydrolysed into AMP by phosphodiesterase, especially phosphodiesterase-4B in liver. GAS5 is upregulated in hepatocytes with
high-fat treatment via the miR-26a-5p/PDE4B axis, which consumes cAMP, thereby promoting fat accumulation in the liver.
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Furthermore, the overexpression of GAS5 suppresses the expression
of PGC-1a and CPT-1a and aggravates hepatic lipid accumulation
and liver damage.

In conclusion, the expression of GAS5 was increased in in
vivo and in vitro fatty liver models. Moreover, GAS5 sponges
with miR-26a-5p to upregulate PDE4B expression, thus
modulating hepatic lipid metabolism via the cAMP/CREB
pathway (Figure 8). This study provides a novel therapeutic
strategy for downregulating GAS5 levels in fatty liver treatment.
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