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Abstract Non-alcoholic fatty liver disease (NAFLD), characterized by hepatic steatosis, is a common

metabolic liver disease worldwide. Currently, satisfactory drugs for NAFLD treatment remain lacking.

Obesity and diabetes are the leading causes of NAFLD, and compounds with anti-obesity and anti-

diabetic activities are considered suitable candidates for treating NAFLD. In this study, biochemical

and histological assays revealed that a natural lignan schisanhenol (SAL) effectively decreased lipid accu-

mulation and improved hepatic steatosis in free fatty acid (FFA)-treated HepG2 cells and high-fat diet

(HFD)-induced NAFLD mice. Further, molecular analyses, microRNA (miRNA)-seq, and bioinformatics

analyses revealed that SAL may improve NAFLD by targeting the miR-802/adenosine monophosphate-

activated protein kinase (AMPK) pathway. Liver-specific overexpression of miR-802 in NAFLD mice

significantly impaired SAL-mediated liver protection and decreased the protein levels of phosphorylated

(p)-AMPK and PRKAB1. Dual-luciferase assay analysis further confirmed that miR-802 inhibits hepatic

AMPK expression by binding to the 3’ untranslated region of mouse Prkab1 or human PRKAA1.
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Additionally, genetic silencing of PRKAA1 blocked SAL-induced AMPK pathway activation in FFA-

treated HepG2 cells. The results demonstrate that SAL is an effective drug candidate for treating

NAFLD through regulating miR-802/AMPK-mediated lipid metabolism.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Non-alcoholic fatty liver disease (NAFLD), the most common
chronic liver disease, is characterized by excessive lipid accu-
mulation in hepatocytes1. NAFLD is a progressive spectrum of
diseases, ranging from simple hepatic steatosis to nonalcoholic
steatohepatitis, fibrosis, cirrhosis, and hepatocarcinoma2. Obesity
and type 2 diabetes are the leading risk factors for NAFLD, and
their increased prevalence has resulted in the NAFLD epidemic3.
Currently, NAFLD affects more than 25% of the world population
and is a global health concern4. Owing to the complex patho-
genesis of NAFLD, currently satisfactory drug therapies for
NAFLD remain lacking. Notably, therapeutic options are solely
limited to lifestyle adjustments and indirect control drugs such as
hypolipidaemic agents, insulin sensitizers, and hepatoprotectors5.
However, prolonged adherence to these drugs is difficult for most
patients and most indirect drugs are not always effective in pre-
venting deterioration6. Consequently, developing new therapeutic
drugs for NAFLD is urgently needed.

Although NAFLD pathogenesis remains unclear, lipid meta-
bolism disorders are commonly involved initially and critically in
its progression7. Increased de novo synthesis of fatty acids, the
influx of lipids from adipose tissues, and reduced lipid decom-
position can promote excessive lipid deposition in hepatocytes,
resulting in hepatosteatosis8. Therefore, reversing hepatic lipid
metabolism disorders may be an effective strategy for improving
NALFD9. Adenosine monophosphate-activated protein kinase
(AMPK), an important metabolic regulator, regulates glycolipid
metabolism in hepatocytes10. Notably, hepatic AMPK, a factor
that mainly contributes to excessive lipid deposition in the
NAFLD, is attenuated in high-fat diet (HFD)-fed mice11. AMPK
activation prevents hepatic steatosis by inhibiting fatty acid syn-
thesis and enhancing fatty acid oxidation8. Furthermore, the loss
of AMPK exacerbates the pathological features of NAFLD in
liver-specific AMPK knockout mice12. Therefore, AMPK plays a
key role in reducing lipid deposition and ameliorating hepatic
steatosis.

Aberrantly expressed microRNAs (miRNAs) are associated
with impaired AMPK function in NAFLD13. miRNAs are small
noncoding RNAs that regulate post-transcriptional gene expres-
sion by promoting messenger RNA cleavage or inhibiting protein
translation14. The microRNA expression profiles of patients with
NAFLD and healthy individuals differ significantly, and aberrant
microRNA expression critically contributes to NAFLD develop-
ment and progression14e16. Further, clinical studies have sug-
gested that certain miRNAs could be used as biomarkers for
NAFLD diagnosis, prognosis, and treatment17,18. Notably, dysre-
gulated miRNAs inhibit AMPK expression and activity in the
liver, promoting NAFLD13. For instance, hepatic miR-33, miR-
34a, miR-1224-5p, and miR-291b-3p are upregulated in NAFLD,
resulting in deranged hepatic lipid metabolism and hepatic
steatosis by repressing AMPK activity13,19e21. Conversely,
inhibiting their overexpression improves AMPK activity, resulting
in reduced lipid accumulation in the liver13. Therefore, the
miRNA/AMPK axis may represent a potential therapeutic target
for NAFLD treatment.

Natural products are important sources of new drugs, and
compounds with anti-obesity and anti-diabetic effects may have
therapeutic potential for NAFLD3. Schisanhenol (SAL), a
biphenylcyclooctene-type lignan, is a main active ingredient of
the Schisandraceous family and exhibits hepatoprotective,
anti-obesity, anti-diabetic, neuroprotective, and anti-oxidant
activities22e25. SAL exhibits a good protective effect against
CCl4-induced liver injury in vitro and ameliorates liver fibrosis by
inhibiting hepatic stellate cell activation26,27. In addition, SAL
analogues, such as deoxyschizandrin, schizandrin B, and gomisin
J, exhibit good anti-NAFLD effects, and its analogue, gomisin M1,
exerts hepatoprotective effects in hepatocellular carcinoma by
modulating miR-2128e32. However, whether and how SAL ame-
liorates NAFLD remains unknown. The present study demon-
strated that SAL administration effectively improved lipid
accumulation and hepatic steatosis by activating the AMPK
pathway in free fatty acid (FFA)-treated HepG2 cells and HFD-fed
mice. Mechanistically, SAL downregulates hepatic miR-802
expression, which directly targets mouse Prkab1 or human
PRKAA1, resulting in AMPK pathway activation and subsequent
attenuation of hepatic lipogenesis. To our knowledge, SAL may be
a novel therapeutic candidate for NAFLD.
2. Materials and methods

2.1. Chemicals and reagents

SAL (�98% purity) was isolated from Schisandra chinensis fruit
by our group (Supporting Information Figs. S1 and S2)22. Pio-
glitazone hydrochloride (PGZ) tablets were provided by Jiangsu
Deyuan Pharmaceutical Co., Ltd. (Jiangsu, China). Alanine
aminotransferase (ALT, #100020000) and aspartate aminotrans-
ferase (AST, #100020010) assay kits were purchased from Bio-
sino Biotechnology and Science Inc. (Beijing, China). The kits
used to detect triglycerides (TG, #BC0625), total cholesterol
(TC, #BC1985), low-density lipoprotein cholesterol (LDL-C,
#BC5335), and high-density lipoprotein cholesterol (HDL-C,
#BC5325), and for Oil red O staining (#G1263) were provided by
Beijing Solarbio Science Technology Co., Ltd. (Beijing, China).
Dulbecco’s modified Eagle’s medium (#C11995500BT) and fetal
bovine serum (FBS, #10099141) were purchased from Gibco
(Carlsbad, CA, USA). The Cell Counting Kit-8 (CCK-8, #C0037)
was purchased from Beyotime Biotechnology (Shanghai, China).
The Bicinchoninic Acid (BCA) Protein Assay Kit (#23227) was
obtained from Thermo Fisher Scientific (Waltham, MA, USA).
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The antibody specific for phospho-AMP-activated protein
kinase alpha (p-AMPKThr172) was obtained from Cell Signaling
Technology (Danvers, MA, USA). Antibodies specific for AMP-
activated alpha 1 (PRKAA1, #10929-2-AP), PRKAA2 (#18167-
1-AP), sterol regulatory element binding protein-1c (SREBP-1c,
#14088-1-AP), acetyl-CoA carboxylase (ACC, #21923-1-AP),
p-ACC (#29119-1-AP), and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH, #10494-1-AP) were purchased from
Proteintech Biotechnology (Wuhan, China). AMP-activated beta 1
(PRKAB1, #ab32112) and peroxisome proliferator-activated re-
ceptor a (PPARa, #ab227074) were obtained from Abcam
(Cambridge, UK). Adeno-associated virus 8 overexpressing miR-
802-5p (AAV8-pre-miR-802-5p, represented as miR-802), AAV8
overexpressing miR-802 control (AAV8-GFP), AAV8 encoding
miR-802-RNA interference (AAV8-anti-miR-802), and AAV8
encoding miR-802-RNA interference control (AAV8-ctrl) were
synthesized by GeneChem (Shanghai, China). miR-802 and NC
inhibitors were purchased from General Biosystems (Anhui,
China).

2.2. Animals

Male C57BL/6J mice (18e22 g) were obtained from Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China),
and housed under controlled temperature (22 � 2 �C) and hu-
midity (60 � 5%) with a 12-h light/dark cycle. Food and water
were freely available to all animals. Animal care and experimental
protocols were conducted in compliance with the principles of the
Institutional Animal Care and Use Committee at the Chinese
Academy of Medical Sciences and Peking Union Medical College
(Beijing, China) in accordance with the Guide for the Care and
Use of Laboratory Animals (National Institutes of Health).

2.3. Establishment and treatment of the NAFLD mouse model

The NAFLD mouse model was established after 1 week of
acclimatization using a HFD (10% lard, 1% cholesterol, 10% egg
yolk powder, 0.2% bile salts, and 78.8% basal feed). Mice in the
control group were fed a normal diet. After 10 weeks, mice were
randomly assigned to six groups (n Z 10): control group, model
group (HFD), PGZ group (HFD þ 10 mg/kg PGZ), low-dose SAL
group (SAL-L, HFD þ 5 mg/kg), medium-dose SAL group
(SAL-M, HFD þ 10 mg/kg), and high-dose SAL group (SAL-H,
HFD þ 20 mg/kg). Mice in the treatment groups were gavaged
daily with PGZ or SAL, whereas the control and model groups
were administered the same volume of 0.5% CMC-Na for 4
weeks. After treatment, the mice were euthanized under anaes-
thesia (pentobarbital sodium) after overnight fasting. Serum was
obtained by centrifuging blood samples at 6000 rpm for 15 min at
4 �C using a TLD-5013 centrifuge (Anke, Shanghai, China). The
liver tissues were collected and divided into two parts. One part of
the liver was fixed in 4% paraformaldehyde for histopathological
examination, and the other was stored in liquid nitrogen for sub-
sequent experiments.

2.4. AAV8 injection mouse model

After adaptive feeding, 70 mice were randomly divided into seven
groups (n Z 10): control group (normal diet), AAV8-control
vectors (AAV8-NC) group (AAV8-ctrl þ HFD or AAV8-
GFP þ HFD), SAL-H group (AAV8-NC þ SAL-H þ HFD),
AAV8-anti-miR-802 group (AAV8-anti-miR-802 þ HFD),
AAV8-anti-miR-802 þ SAL-H group (AAV8-anti-miR-
802 þ SAL-H þ HFD), AAV8-pre-miR-802 group (AAV8-pre-
miR-802 þ HFD), AAV8-pre-miR-802 þ SAL-H group
(AAV8-pre-miR-802 þ SAL-H þ HFD). After 8 weeks of feeding
a normal diet or HFD, HFD-fed mice were injected with AAV8-
NC or AAV8-miR-802 (1.5 � 1012 v.g.) in 200 mL phosphate-
buffered saline (PBS) via tail vein. Two weeks later, mice in the
SAL-H, AAV8-anti-miR-802 þ SAL-H, and AAV8-pre-miR-
802 þ SAL groups were administered SAL-H (20 mg/kg) by
gavage once daily for 4 weeks, whereas the other groups were
administered the same volume of 0.5% CMC-Na. Thereafter, the
mice were sacrificed, and serum and liver samples were collected.
Frozen sections were prepared from each liver tissue sample for
fluorescence microscopy to determine the transfection efficiency.

2.5. Serum/hepatic biochemical assays

Serum levels of ALT and AST were determined using an AU480
fully automatic biochemical analyzer (Beckman). TG, TC, LDL-
C, and HDL-C levels in the liver were measured using commer-
cially available kits according to the manufacturer’s protocols.

2.6. Histopathological examination

A part of the harvested liver tissues was fixed in a 4% para-
formaldehyde solution and embedded in paraffin. Paraffin-
embedded liver sections were stained with hematoxylin and
eosin (H&E) for pathological evaluation. Frozen liver sections
were stained with Oil red O and Nile red to evaluate lipid droplet
accumulation. The histological features of the liver tissues were
observed and captured using the CaseViewer software (3DHIS-
TECH, Hungary).

2.7. Small RNA high-throughput sequencing

Total RNAwas extracted from the hepatic tissues of the mice from
the control, HFD, and SAL-H groups (n Z 3 per group) using
TRIzol reagent (Invitrogen, #15596018CN). RNA quality was
assessed using a NanoPhotometer spectrophotometer (Implen) and
an Agilent Bioanalyzer 2100 System (Agilent Technologies). Li-
brary for miRNA sequencing was generated using the NEBNext
Ultra™ small RNA Sample Library Prep Kit for Illumina (NEB)
following the manufacturer’s instructions, and library quality was
assessed using the Agilent Bioanalyzer 2100 System. Clustering
of the index-coded samples was performed using the TruSeq PE
Cluster Kit v3-cBot-HS (Illumina). Thereafter, the library prepa-
rations were sequenced on the Illumina sequencing platform, and
50-bp single-end reads were generated. Raw data in fastQ were
processed using custom Perl and Python scripts and then filtered
based on Q20, Q30, and GC content. Next, the obtained clean
reads were mapped to the mouse genome and aligned against
miRBase to identify the mature miRNAs. The miRNA expression
profiles of each sample were analyzed and normalized to tran-
scripts per million using previously described methods33. DESeq2
(v1.16.1) was employed to determine differentially expressed
miRNAs, with a significance threshold of P < 0.05 and absolute
foldchange �2.

2.8. Cell culture and viability

The HepG2, LO2, and Hepa1c1c7 cells were obtained from the
American Type Culture Collection. Cells were maintained in
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Dulbecco’s modified Eagle’s medium supplemented with 10%
FBS and 1% penicillin/streptomycin, and cultured in an incubator
at 37 �C and 5% CO2. The cells were seeded in 96-well plates and
cultured overnight. Then, SAL (5, 10, and 20 mmol/L) was added,
and plates were incubated again for 24 h. Three independent
replicates were employed for each concentration in each group.
Cell viability was determined using a CCK-8 assay.

2.9. Cell treatment and Oil red O staining

HepG2 cells were seeded on glass coverslips in 6-well plates
and cultured to 80% confluence. Then, cells were exposed to
1 mmol/L FFA containing sodium oleate and sodium palmitate
(2:1) in the presence or absence of SAL (5, 10, and 20 mmol/L).
After 24 h, the cells were rinsed twice with PBS and fixed with 4%
paraformaldehyde. Next, the cells were soaked in 60% iso-
propanol and stained with an Oil red O working solution. Stained
cells were observed and photographed using an optical micro-
scope. Semi-quantitative analysis was carried out using the ImageJ
software. All experiments were repeated thrice.

2.10. Cellular TG and TC activity assays

Following treatment, the primary medium was discarded, and the
cells were washed with PBS thrice. Cells were digested with
trypsin and centrifuged to obtain the supernatant. The intracellular
TG and TC contents in each well were measured using commer-
cial kits following the manufacturer’s instructions. The protein
levels in each well were quantified using a BCA protein assay kit.
All experiments were repeated thrice.

2.11. Cell immunofluorescence assay

For immunofluorescence staining, HepG2 cells were fixed with
4% paraformaldehyde for 15 min and washed thrice with PBS.
Subsequently, fixed cells were permeated with 0.3% Triton X-100
for 10 min. After rinsing, 10% goat serum in PBS was added, and
the cells were blocked at room temperature for 1 h. Thereafter, the
cells were incubated with p-AMPK antibody (1:200, Abcam,
#ab32047) at 4 �C overnight. After washing with PBS, the cells
were incubated with an Alexa Fluor 488-conjugated anti-rabbit
IgG antibody for 1 h at room temperature. Next, the nuclei were
stained with 40,6-diamidino-2-phenylindole for 10 min. After
rinsing thrice with PBS, the cells were stained with phalloidin
(UElandy, #YP0052S) for 20 min. After washing with PBS, the
cells were observed under a fluorescence microscope (Olympus),
and the results were analyzed using ImageJ software. All exper-
iments were repeated thrice.

2.12. Dual-luciferase reporter assay

The 30 untranslated region (UTR) of mouse Prkab1 from the
cDNA of mouse liver was amplified via PCR using the
primers: forward, 50-GGACTAGTTGTTGCTTGTTCCAAAA-
GAAGAGCTC-30 and reverse, 50-CCCAAGCTTCAAGTCAGGG
TTTTGAAAACAGTAACAAAAG-30. The Prkab1 30 UTR mRNA
was then inserted into the pMIR-Report Luciferase vector to
generate the luciferase reporter vector. The Prkab1 30 UTR mut
plasmids (forward, 50-GGACTAGTTGTTGCTTGTTCCAAAA-
GAAGAGCTC-30 and mutation reverse, 50-CCCAAGCTTCAA
GTCAGGGTTTTGAAAAGACTTAGAAAAG-30) were con-
structed through amplifying and inserting the 30 UTR mut of the
Prkab1 mRNA into the Luciferase vector. The human PRKAA1 30

UTR and 30 UTR mut plasmids (forward, 50-GGACTAGTA-
TAATGTTCCTGATGTTAACAGAAGACTG-30; reverse, 50-CCC
AAGCTTGCAATATTTAAATATTTTCAAAATAAAACACAGTAA
CTAAAATG-30 and mutation reverse, 50-CCCAAGCTTGCAA-
TATTTAAATATTTTCAAAATAAAACTCTGAATCTAAAATG-
30) were constructed through amplification using the human
cDNA and inserting the 30 UTR and 30 UTR mut of the PRKAA1
mRNA into the Luciferase vector, respectively. Reporter assays
were performed using mouse Hepa1c1c7 and human HepG2 cells.
Cells were seeded in a 24-well plate and cultured for 24 h. Then,
cells were transfected with 40 nmol/L miR-802 mimic or mimic
control and co-transfected with 0.8 mg of wild-type (WT) 30 UTR-
luc or mutated-type (MUT) 30 UTR-luc per well using the Lip-
ofectamine 2000 System (Thermo Fisher Scientific). The pGL-
4.74 vectors (0.1 mg/well) were co-transfected as the endoge-
nous control for luciferase activity. The luciferase activity was
determined after 24 h of transfection using the Dual Luciferase
Reporter Gene Assay Kit (Beyotime, #RG029M).

2.13. Small interfering RNA (siRNA) transfection in cells

HepG2 cells (2 � 105 cells/well) were seeded in 6-well plates and
classified into seven groups: control, FFA, FFA þ SAL,
FFA þ siPRKAA1, FFA þ siPRKAA1 þ SAL, FFA þ miR-802
inhibitor, and FFA þ miR-802 inhibitor þ SAL. Non-targeting
siRNA and siRNA targeting PRKAA1 were transiently trans-
fected into HepG2 cells using the EZ Cell Transfection Reagent
(Life-iLab, #AC04L092) according to the manufacturer’s in-
structions. Transfecting miR-802 inhibitor or NC inhibitor into
HepG2 cell was performed following the manufacturer’s protocol.
Thereafter, cells were treated with 1 mmol/L FFA and/or SAL
(20 mmol/L) for 24 h. Proteins were extracted from the cells for
further analysis.

2.14. Quantitative real-time reverse transcription polymerase
chain reaction (qRT-PCR)

Total RNA from liver tissues or HepG2 cells was extracted using
TRIzol reagent (Sigma, #T9424), and RNA purity was determined
using a nanodrop (Allsheng). The RNA was reverse transcribed
into cDNA using UEIris II RT-PCR System for First-Strand cDNA
Synthesis Kit (US Everbright, #R2028). For miRNA, RNA was
reverse transcribed using a miRNA 1st Strand cDNA Synthesis Kit
(Vazyme, #MR101-02). qRT-PCR was performed using the Hieff�

qPCR SYBR Green Master Mix (YEASEN, #11203ES03) on the
QuantStudio™ 5 Real-Time PCR System (Thermo Fisher Scien-
tific). Primer sequences for the mRNAs and miRNAs are listed in
Supporting Information Table S1. Gapdh and U6 were used as
internal reference genes. Relative transcript levels of the test genes
were calculated using the 2�DDCT method.

2.15. Protein extraction and Western blotting

Proteins were extracted from mouse liver and cells by RIPA lysis
buffer (Beyotime Biotechnology) containing protease and phos-
phatase inhibitors. The BCA protein assay kit was used to measure
protein concentration. Protein samples were separated using 10%
sodium dodecyl-sulfate polyacrylamide gel electrophoresis and
transferred onto a polyvinylidene fluoride membrane. Subse-
quently, the membrane was blocked with 5% fat-free milk and
incubated with primary antibodies against GAPDH (1:40,000),
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ACC (1:4000), p-ACC (1:1500), PPARa (1:2000), SREBP-1c
(1:2500), PRKAA1 (1:6000), PRKAA2 (1:1200), and PRKAB1
(1:3000) overnight at 4 �C. Membranes were incubated with the
corresponding secondary antibodies (1:5000) for 2 h at room
temperature. Specific bands were visualized using an enhanced
chemiluminescence reagent (Thermo Scientific) and captured
using a BioSpectrum Gel Imaging System (UVP). Protein
expression was normalized to that of GAPDH.

2.16. Statistical analysis

Experimental data are presented as the mean � standard deviation
(SD). Statistical analyses were performed using GraphPad Prism
8.0. Statistical comparisons between different groups were per-
formed using a one-way analysis of variance. P < 0.05 was
considered statistically significant.

3. Results

3.1. SAL alleviates lipid accumulation in FFA-treated HepG2
cells

To evaluate the therapeutic effects of SAL on NAFLD, an FFA-
treated HepG2 cell model was established. First, a CCK-8 assay
was used to evaluate the cell viability of SAL treatment (5, 10, and
20 mmol/L) in the absence or presence of FFA-treated HepG2 cells
and LO2 cells. The results indicated that the concentrations used
in this study were safe (Fig. 1A and Supporting Information
Fig. S3). Oil red O staining showed that SAL significantly
decreased the FFA-treated cellular lipid accumulation in a dose-
dependent manner (Fig. 1B). The lipid-lowering effect of SAL
was further confirmed by measuring the TG levels in HepG2 cells
(Fig. 1C). Notably, SAL dramatically decreased TC content at
high doses (Fig. 1D). Therefore, these results suggested that SAL
markedly attenuated FFA-treated lipid accumulation in HepG2
cells.

3.2. SAL regulates lipid metabolism in FFA-treated HepG2 cells

Owing to the inhibitory effect of SAL on lipid accumulation, we
assessed whether SAL affects lipid metabolism-related proteins
Figure 1 Effect of SAL on lipid accumulation in FFA-treated HepG2 ce

with or without FFA. (B) Lipid droplet deposition in FFA-treated HepG2 c

20 mmol/L) on TG (C) and TC (D). The data are presented as the mean �
*P < 0.05, **P < 0.01, ***P < 0.001 vs. model group.
and gene expression in FFA-treated HepG2 cells. Western blotting
analysis showed that SAL treatment significantly decreased
SREBP-1c expression and increased PPARa levels compared to
those in FFA-treated HepG2 cells (Fig. 2A). Further, qRT-PCR
analysis indicated that the upregulation of fat-related synthase
genes (ACC, SCD1, FAS, DGAT1, and DGAT2) and the down-
regulation of lipolysis-related gene (CPT-1) in FFA-treated HepG2
cells were restored following SAL treatment (Fig. 2B). As AMPK
is an important cellular energy sensor that regulates hepatic
lipogenesis10, we further assessed p-AMPK and its downstream
protein p-ACC expression to investigate whether SAL exerts its
metabolic regulatory activity via the AMPK pathway. Immuno-
fluorescence results showed that the fluorescence intensity of
p-AMPK in FFA-treated HepG2 cells was significantly decreased,
whereas SAL treatment dramatically recovered it (Fig. 2C).
Western blotting revealed that FFA exposure reduced p-ACC
levels, and this effect was significantly enhanced by SAL
(Fig. 2D). Together, these data strongly indicate that SAL inhibits
lipid accumulation and promotes b-oxidation via activating the
AMPK pathway in FFA-treated hepatocytes.

3.3. SAL alleviates HFD-induced NAFLD in mice

To examine the effects of SAL on NAFLD, a mouse model was
established by feeding mice an HFD for 10 weeks. Subsequently,
SAL (5, 10, and 20 mg/kg) was administered orally for another 4
weeks. PGZ was used as a positive control. The histological
staining results of H&E, Oil red O, and Nile red showed excessive
lipid droplet accumulation, balloon-like changes, hepatocyte
swelling and necrosis, and slight inflammatory cell infiltration in
the liver of the model group (Fig. 3A). Notably, SAL adminis-
tration improved these histological changes dose-dependently. In
addition, serum ALT and AST and hepatic TG, TC, and LDL-C
levels in the model group were remarkably increased, whereas
the hepatic HDL-C content was considerably decreased (Fig. 3B).
SAL treatment significantly decreased serum ALT and AST and
hepatic TG, TC, and LDL-C levels and increased hepatic HDL-C
levels compared to those in the model group. In addition, SAL
treatment dose-dependently improved the HFD-induced impair-
ment of insulin action and reduced serum IL-6 levels in NAFLD
mice (Supporting Information Figs. S4 and S5). Therefore, SAL
lls. (A) Effects of SAL (5, 10, and 20 mmol/L) on HepG2 cell viability

ells was assessed using Oil red O staining. Effects of SAL (5, 10, and

SD (n Z 3). #P < 0.05, ##P < 0.01, ###P < 0.001 vs. control group;



Figure 2 Effect of SAL on lipid accumulation through the AMPK pathway in FFA-treated HepG2 cells. (A) Representative Western blotting

results and densitometric analysis of SREBP-1c and PPARa. (B) qRT-PCR analysis of ACC, SCD1, FAS, DGAT1, DGAT2, and CPT-1 gene

expression. (C) Representative immunofluorescence images of p-AMPK (green) expression and Western blotting analysis of AMPK. Phalloidin

(red) and 4ʹ,6-diamidino-2-phenylindole (DAPI, blue) were used as cell skeleton and nuclear counterstaining probes, respectively. (D) Repre-

sentative Western blotting results and densitometric analysis of p-ACC. The results are expressed as the mean � SD (n Z 3). #P < 0.05,
##P < 0.01, ###P < 0.001 vs. control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. model group.
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effectively improved lipid metabolism and liver function in
NAFLD mice.

3.4. SAL regulates lipid metabolism via activating the AMPK
signaling pathway in NAFLD mice

The cell experiment results indicated AMPK as a key element in
SAL, affecting lipid accumulation. Subsequently, in vivo experi-
ments were conducted to confirm whether SAL attenuates hepatic
steatosis through the AMPK pathway. Western blotting results
showed that the protein levels of hepatic p-AMPK were
significantly lower in the model group than in the control
group (Fig. 4A). In contrast, SAL treatment considerably
increased p-AMPK expression dose-dependently. The protein
expression of p-ACC, SREBP-1c, and PPARa in the liver was
determined to further explore the effect of SAL on the down-
stream signaling of AMPK. Consistent with the p-AMPK results,
a significant reduction in p-ACC and PPARa levels was observed
in the model group compared with the control group, whereas
their levels were remarkably increased in SAL-treated mice.
Conversely, hepatic SREBP-1c expression was significantly
increased in the model group, whereas it was notably reduced



Figure 3 SAL ameliorates hepatic steatosis in HFD-induced NAFLD mice. (A) Representative images of H&E, Oil red O, and Nile red staining

of liver sections. (B) Serum ALT and AST and hepatic TG, TC, LDL-C, and HDL-C levels. The results are expressed as the mean � SD (n Z 6).
#P < 0.05, ##P < 0.01, ###P < 0.001 vs. control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. model group.
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following SAL treatment. Next, we evaluated the expression of the
genes involved in lipogenesis and lipolysis. Notably, the expres-
sion of lipogenesis genes (Acc, Scd1, Fas, Dgat1, and Dgat2) was
enhanced, and that of the lipolysis gene (Cpt-1) was dramatically
decreased in the model group compared with that in the control
group (Fig. 4B). SAL treatment inhibited Acc, Scd1, Fas, Dgat1,
and Dgat2 and increased Cpt-1 expression compared with the
model group, indicating that it regulates lipid metabolism by
activating the AMPK pathway.

3.5. SAL modulates miR-802 expression to improve lipid
metabolism

To investigate whether miRNAs are involved in the regulatory
effects of SAL on lipid accumulation in NAFLD mice, we
compared the miRNA profiles of livers from the control, model,
and SAL-H groups using miRNA-seq analysis. The replications of
the control, model, and SAL-H groups showed satisfactory clus-
tering within their groups, as demonstrated using the principal
component analysis (Supporting Information Fig. S6). As shown
in Fig. 5A, 51 miRNAs were differentially expressed in the livers
of the model and control groups and 55 were differentially
expressed between the SAL-H and model groups (Supporting
Information Tables S2 and S3). A Venn diagram was used to
summarise the differentially expressed miRNAs among groups,
and 32 overlapping miRNAs were identified (Fig. 5B). Among
them, 20 known mature miRNAs with the opposite expression
trends were identified, including seven upregulated and 13
downregulated miRNAs. To determine the potential roles of these
20 miRNAs in ameliorating NAFLD, we predicted the target
genes of each miRNA using the TargetScan database and enriched
their signaling pathways using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis. As shown in
Fig. 5C, the target genes of miR-802 were highly involved in lipid
metabolism and the AMPK signaling pathway, indicating the role
of miR-802 in alleviating hepatic lipid metabolism disorder in
NAFLD mice via SAL. Subsequently, qRT-PCR was performed to
determine hepatic miR-802 expression in each group. miR-802



Figure 4 SAL modulates lipid metabolism via the AMPK signaling pathway in HFD-induced NAFLD mice. (A) Representative Western

blotting results and densitometric analysis of p-AMPK, AMPK, p-ACC, SREBP-1c, and PPARa (n Z 3). (B) qRT-PCR analysis of Acc, Scd1,

Fas, Dgat1, Dgat2, and Cpt-1 gene expression (n Z 5). The results are expressed as the mean � SD. #P < 0.05, ##P < 0.01, ###P < 0.001 vs.

control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. model group.
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expression was dramatically increased in the model group, and
SAL-H treatment significantly reversed this increase (Fig. 5D),
which was consistent with the detected and predicted data.
Therefore, miR-802 may be an important target of SAL to
improve lipid metabolism in NAFLD mice.

3.6. SAL alleviates HFD-induced NAFLD through miR-802
down-regulation

To verify the role of miR-802 in SAL-ameliorated lipid accumu-
lation and hepatic steatosis, NAFLD mice were injected with
AAV8 expressing or inhibiting miR-802 via the tail vein.
Immunohistological analysis showed that more than 80% of he-
patocytes of AAV8-anti-miR-802 and AAV8-pre-miR-802 trans-
duced liver tissues display GFP positivity (Supporting Information
Fig. S7A), suggesting high efficiency of transduction. Consis-
tently, analysis of miR-802 expression showed that AAV8-anti-
miR-802 or AAV8-pre-miR-802 effectively knocked down or
overexpressed the miR-802 (Fig. S7B). H&E, Oil red O, and Nile
red staining showed that miR-802 suppression in the liver reduced
lipid droplet accumulation, balloon-like changes, hepatocyte
swelling, and necrosis in NAFLD mice, whereas its over-
expression exacerbated these pathological changes (Fig. 6A).
Notably, hepatic miR-802 overexpression in NAFLD mice almost



Figure 5 SAL decreases hepatic miR-802 expression in HFD-induced NAFLD mice. (A) Volcanic plots showing the analysis of different

genes. (B) Venn diagram verifying different genes among groups, including known mature miRNAs with the opposite expression trend.

(C) KEGG signaling pathway analysis of miR-802 target genes. (D) qRT-PCR analysis of miR-802 expression in the livers of mice from the

control, HFD, and SAL-H groups (n Z 3 per group). The results are expressed as the mean � SD. ###P < 0.001 vs. control group; **P < 0.01 vs.

model group.
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abolished the SAL-H-induced improvement in lipid accumulation
and hepatic steatosis. Consequently, we examined the effects of
miR-802 expression on hepatic TG, TC, LDL-C, and HDL-C
levels in NAFLD mice. Consistent with the histological staining
results, the abnormal levels of hepatic TG, TC, LDL-C, and HDL-
C were effectively reversed by AAV8-anti-miR-802 treatment in
NAFLD mice relative to AAV8-NC mice, whereas AAV8-pre-
miR-802 treatment dramatically worsened these lipid metabolism-
related indicators compared with AAV8-NC mice (Fig. 6B).
Compared with the AAV8-NC group, SAL-H treatment resulted in
significantly decreased levels of hepatic TG, TC, and LDL-C and
increased hepatic HDL-C levels. Expectedly, miR-802 over-
expression in the liver almost completely abolished these effects.
Therefore, miR-802 downregulation is critical for alleviating
HFD-induced NAFLD via SAL.
3.7. SAL promotes AMPK pathway activation by inhibiting miR-
802 expression

Ppp2ca, Prkab1, and Pafah1b1, predicted miR-802 target genes,
play important roles in lipid metabolism. qRT-PCR results showed
that SAL-H treatment significantly decreased hepatic Prkab1
expression in HFD-induced NAFLD mice but did not affect
Ppp2ca and Pafah1b1 expression (Supporting Information
Fig. S8), suggesting that SAL activating the AMPK pathway
may be achieved by attenuating miR-802-regulated Prkab1
expression. To further verify whether SAL promotes AMPK
pathway activation by inhibiting miR-802 expression, we exam-
ined the expression of AMPK signaling pathway-related genes
and proteins by transfecting NAFLD mice with AAV8-pre-miR-
802 or AAV8-anti-miR-802. PRKAB1, also called AMPKb1, is a



Figure 6 SAL improves hepatic steatosis in HFD-treated mice through downregulating miR-802. (A) Representative images of H&E, Oil red

O, and Nile red staining of liver sections. (B) Hepatic TG, TC, LDL-C, and HDL-C levels. The results are expressed as the mean � SD (n Z 6).
#P < 0.05, ##P < 0.01, ###P < 0.001 vs. control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. model group; NS, no significance.
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b subunit of AMPK. miR-802 overexpression notably decreased
Prkab1 expression but increased Acc and Fas expression in the
livers of NAFLD mice (Fig. 7A). In contrast, miR-802 suppression
significantly increased Prkab1 expression and decreased Acc and
Fas expression. Similarly, SAL-H treatment significantly
increased Prkab1 expression and decreased Acc and Fas expres-
sion, whereas miR-802 overexpression almost completely abol-
ished these effects. Therefore, SAL potentially functions upstream
of miR-802 and regulates Prkab1 expression. As we all know,
PRKAB1 is a critical bioenergetic sensor that maintains energetic
homeostasis via activating the a subunits34. We speculated that
miR-802 regulates Prkab1 expression and activates PRKAA1 and
PRKAA2 in hepatocytes. As expected, hepatic miR-802 knock-
down remarkably increased PRKAB1, PRKAA1, and PRKAA2
levels in NAFLD mice, whereas their levels were decreased in
the mice in the AAV8-pre-miR-802 group (Fig. 7B). Further, miR-
802 overexpression dramatically decreased p-AMPK, p-ACC, and
PPARa levels and enhanced SREBP-1c levels in NAFLD mice,
whereas miR-802 suppression reversed these changes. Therefore,
miR-802 plays a critical role in regulating hepatic lipid meta-
bolism in NAFLD mice through AMPK pathway.

3.8. miR-802 binds to Prkab1 and regulates its expression

To determine whether Prkab1 is a potential target of miR-802,
we performed bioinformatics predictions of miRNA targets.
Notably, mouse Prkab1 and human PRKAA1 exhibit putative
miR-802 binding sites in 3’ UTR. To confirm miR-802 and
Prkab1/PRKAA1 binding, we conducted a luciferase reporter
assay using WT or MUT 3’ UTR of Prkab1/PRKAA1 (Fig. 8A
and B). miR-802 overexpression dramatically decreased lucif-
erase activity in Prkab1-WT, whereas no change was observed in
Hepa1c1c7 cells stimulated with mutant 3’ UTR. Similarly, in
HepG2 cells, miR-802 mimic treatment resulted in the sup-
pression of luciferase intensity in PRKAA1-WT, but this effect
was not observed in PRKAA1-MUT, indicating that miR-802



Figure 7 SAL activates the AMPK pathway through miR-802 downregulation. (A) qRT-PCR analysis of Prkab1, Acc, and Fas genes

expression (n Z 5). (B) Representative Western blotting results and densitometric analysis of PRKAB1, PRKAA1, PRKAA2, p-AMPK, p-ACC,

SREBP-1c, and PPARa (n Z 3). The results are expressed as the mean � SD. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. control group; *P < 0.05,

**P < 0.01, ***P < 0.001 vs. model group; NS, no significance.

Schisanhenol alleviates NAFLD through miR-802/AMPK axis 3959



Figure 8 SAL activates AMPK via inhibiting miR-802 and its binding to PRKAA1 or Prkab1. (A) Targeted miR-802 and Prkab1/PRKAA1 WT

or Prkab1/PRKAA1 Mut sequences. (B) Dual-luciferase reporter assay. (C) Representative Western blotting results and densitometric analysis of

PRKAA1, p-AMPK, p-ACC, SREBP-1c, and PPARa. The results are expressed as the mean � SD (n Z 3e5). #P < 0.05, ##P < 0.01,
###P < 0.001 vs. control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. model group; NS, no significance.
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directly targets mouse Prkab1 and human PRKAA1 and sup-
presses their expression.

3.9. SAL activates the AMPK signaling pathway by inhibiting
miR-802 and its binding to PRKAA1

To assess whether SAL activates the AMPK signaling pathway
through miR-802 modulation of PRKAA1, PRKAA1 was knocked
down in HepG2 cells using siPRKAA1 transfection. Further,
PRKAA1 knockdown was verified using Western blotting
(Supporting Information Fig. S9). A significant reduction in
PRKAA1 expression was observed in the model group compared
with the control group, whereas SAL or/and miR-802 inhibitor
treatment remarkably increased PRKAA1 expression (Fig. 8C). In
contrast, siPRKAA1 treatment almost completely abolished the
enhancement of SAL-induced PRKAA1 expression. Similarly,
SAL treatment significantly increased p-AMPK, p-ACC, and
PPARa expression and decreased SREBP-1c expression in FFA-



Schisanhenol alleviates NAFLD through miR-802/AMPK axis 3961
treated HepG2 cells, whereas PRKAA1 knockdown reversed these
changes. Therefore, PRKAA1 is crucial for AMPK pathway acti-
vation by SAL.
4. Discussion

Lipid metabolism dysfunction is the core pathological process
involved in NAFLD occurrence and development8. Therefore,
improving lipid metabolism disorders is an effective strategy for
blocking or delaying disease progression35. Natural substances
exert beneficial effects on hepatic steatosis36. In particular,
bioactive molecules with low toxicity and lipid-lowering proper-
ties have received increasing attention for effectively alleviating
NAFLD37. In this study, we demonstrated the excellent thera-
peutic effects of SAL against lipid accumulation and hepatic
steatosis in in vitro and in vivo NAFLD models for the first time.
Additionally, we clarified the mechanism underlying the
involvement of the miR-802/AMPK axis.

Hepatocyte regulates the primary metabolic and physiological
functions of the liver38. HepG2 cell line is commonly used to
establish the in vitro NAFLD model 38. Although it is a tumor cell
type, it possesses the same characteristics as normal human he-
patocytes and is easier to culture than primary human hepato-
cytes39. Therefore, the HepG2 cell line was used to study the
effects of SAL on lipid metabolism. SAL treatment notably
reduced intracellular oil droplets and TG and TC levels in an FFA-
treated HepG2 cell model. Further, immunofluorescence and
Western blotting showed that SAL significantly up-regulated
p-AMPK, p-ACC, and PPARa expression and decreased
SREBP-1c expression, suggesting that SAL can improve lipid
deposition and activate the AMPK pathway.

The effects of SAL on hepatic steatosis were examined using
an HFD-induced NAFLD mouse model. Consistent with previous
reports, HFD-fed mice showed notable liver steatosis and damage,
accompanied by increased serum AST and ALT and hepatic TG,
TC, and LDL-C levels and decreased hepatic HDL-C compared
with mice fed a standard chow diet3,40. Following SAL interven-
tion, serum AST and ALT and hepatic TG, TC, and LDL-C levels
decreased, whereas HDL-C levels increased. In addition, SAL
significantly ameliorated HFD-induced hepatic lipid accumulation
and steatosis. Therefore, SAL effectively alleviated hepatic stea-
tosis, hepatocyte ballooning, and dyslipidemia and improved liver
function in HFD-induced NAFLD mice. Consequently, we
explored the underlying therapeutic mechanisms.

A previous study reported that SAL alleviates oxidized LDL-
induced endothelial dysfunction via an AMPK-dependent mech-
anism41. Notably, AMPK is the master cellular energy sensor that
regulates many metabolic processes42. Our results revealed that
SAL activates the AMPK signaling pathway in an in vitro NAFLD
model. AMPK is a heterotrimer complex that comprises a cata-
lytic a subunit and two regulatory b and g subunits43. AMPK
activation ameliorates NAFLD through multiple mechanisms,
including lipid catabolism and lipogenesis inhibition44. AMPK
phosphorylation inhibits lipid synthesis by inactivating SREBP-1c
and ACC11. ACC, a crucial lipogenic enzyme, stimulates de novo
lipogenesis and inhibits fatty acid oxidation45. SREBP-1c, a
pivotal transcription factor, regulates fatty acid desaturation and
lipogenesis-related enzyme expression46. In the present study,
SAL treatment significantly increased p-AMPK and ACC
expression and decreased the expression of SREBP-1c and its
target gene, Fas, in HFD-induced NAFLD mice. Further, p-AMPK
down-regulates SREBP-1c and its target gene, Fas, in the NAFLD
model47, which was also observed in the present study. In addition
to inhibiting hepatic lipogenesis, p-AMPK also enhances fatty
acid b-oxidation by upregulating PPARa-related fatty acid
oxidation genes like Cpt-143. Fatty acid oxidation is another
metabolic pathway that regulates liver lipid homeostasis, and its
imbalance results in abnormal TG accumulation and subsequent
hepatic steatosis11. PPARa is a master factor that controls the
b-oxidation of fatty acids, preventing hepatic lipid accumulation
by promoting fatty acid catabolism48. CPT-1, encoded by Cpt1, a
target gene of PPARa, is the rate-limiting enzyme in fatty acid
oxidation49. In this study, SAL treatment significantly increased
PPARa and Cpt-1 levels in mice in the model group. These
findings suggested that SAL ameliorates NAFLD by activating the
AMPK pathway with subsequent inhibition of SREBP-1c-
mediated lipogenesis and the enhancement of PPARa-mediated
fatty acid b-oxidation.

Aberrantly expressed miRNAs in the liver are associated with
impaired AMPK function in NAFLD13. Dysregulated miRNAs in
NAFLD inhibit hepatic AMPK expression and activity50. As
miRNAs are crucial regulators of lipid metabolism, we further
explored whether miRNAs are involved in the anti-NAFLD
mechanism of SAL using miRNA-seq and bioinformatics ana-
lyses. Our study revealed that miR-802 is involved in the AMPK
pathway and lipid metabolism, suggesting that miR-802 plays a
potential role in the regulation of hepatic lipid metabolism by
SAL. Consistent with previous reports, miR-802 expression was
dramatically increased in HFD-induced NAFLD mice34, and SAL
treatment significantly decreased its expression. Notably, miR-802
overexpression in NAFLD mice almost completely abolished the
SAL-induced improvement in hepatic steatosis. Further, miR-802
knockdown notably improved hepatic steatosis and increased
p-AMPK, p-ACC, and PPARa expression, and decreased SREBP-
1c expression in NAFLD mice. Collectively, these results revealed
that SAL exerted protective effects against NAFLD via the
miR-802/AMPK axis. miRNAs bind to many mRNAs and
modulate their expression51. In this study, three target mRNAs
(Ppp2ca, Prkab1, and Pafah1b1) of miR-802 were predicted to be
involved in lipid metabolism. qRT-PCR results showed that SAL
treatment significantly decreased hepatic Prkab1 expression in
HFD-induced NAFLD mice but did not affect Ppp2ca and
Pafah1b1 expression. This implies that SAL activates the AMPK
pathway by attenuating miR-802-regulated Prkab1 expression.
Further, miR-802 can bind the 3’ UTRs of both mouse Prkab1 and
human PRKAA1, resulting in decreased AMPK expression and
activity34. To further examine whether SAL function in lipid
accumulation in hepatocytes involves miR-802/PRKAA1,
PRKAA1 was knocked down in HepG2 cells using siPRKAA1.
PRKAA1 knockdown significantly reversed the effects of SAL on
p-AMPK, p-ACC, PPARa, and SREBP-1c levels in hepatocytes,
suggesting that PRKAA1 is essential for AMPK pathway activa-
tion by SAL. These results suggested that SAL exerts protective
effects against NAFLD by modulating miR-802/AMPK-mediated
lipid metabolism. In addition, we found that SAL dose-
dependently improved the HFD-induced impairment of insulin
action in mice. In addition, SAL treatment also reduced serum IL-
6 levels in HFD-induced NAFLD mice, suggesting that insulin
resistance and pro-inflammatory signaling pathways may also be
involved in the anti-NAFLD mechanism of SAL. However, the
precise mechanism requires further investigation.
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5. Conclusions

This is the first study to demonstrate SAL as an effective
therapeutic agent for NAFLD prevention and treatment. The
therapeutic effect of SAL was attributed to enhanced lipolysis and
fatty acid oxidation, along with its anti-lipogenic activity. Further,
SAL exerted protective effects against NAFLD by modulating
AMPK-mediated lipid metabolism by inhibiting miR-802. Our
findings revealed that, owing to its modulatory effects on the miR-
802/AMPK axis, SAL may be a potential leading compound for
anti-NAFLD drug development.
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