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Resveratrol suppresses hepatic fatty acid synthesis
and increases fatty acid f3-oxidation via the
microRNA-33/SIRT6 signaling pathway
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Abstract. Hyperlipidemia is a strong risk factor for numerous
diseases. Resveratrol (Res) is a non-flavonoid polyphenol
organic compound with multiple biological functions. However,
the specific molecular mechanism and its role in hepatic lipid
metabolism remain unclear. Therefore, the aim of the present
study was to elucidate the mechanism underlying how Res
improves hepatic lipid metabolism by decreasing microRNA-33
(miR-33) levels. First, blood miR-33 expression in participants
with hyperlipidemia was detected by reverse transcription-quan-
titative PCR, and the results revealed significant upregulation
of miR-33 expression in hyperlipidemia. Additionally, after
transfection of HepG2 cells with miR-33 mimics or inhibitor,
western blot analysis indicated downregulation and upregula-
tion, respectively, of the mRNA and protein expression levels of
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sirtuin 6 (SIRT6). Luciferase reporter analysis provided further
evidence for binding of miR-33 with the SIRT6 3'-untranslated
region. Furthermore, the levels of peroxisome proliferator-acti-
vated receptor-y (PPARY), PPARYy-coactivator la and carnitine
palmitoyl transferase 1 were increased, while the concentration
levels of acetyl-CoA carboxylase, fatty acid synthase and sterol
regulatory element-binding protein 1 were decreased when
SIRT6 was overexpressed. Notably, Res improved the basic
metabolic parameters of mice fed a high-fat diet by regulating
the miR-33/SIRTG6 signaling pathway. Thus, it was demonstrated
that the dysregulation of miR-33 could lead to lipid metabolism
disorders, while Res improved lipid metabolism by regulating
the expression of miR-33 and its target gene, SIRT6. Thus, Res
can be used to prevent or treat hyperlipidemia and associated
diseases clinically by suppressing hepatic fatty acid synthesis
and increasing fatty acid B-oxidation.

Introduction

Hyperlipidemia is also referred to as lipid metabolism disorder
or lipid metabolism abnormality. Hyperlipidemia is a systemic
disorder of lipid metabolism caused by various factors, such
as elevated triglycerides (TG), total cholesterol (TC) and/or
low-density lipoprotein cholesterol (LDL-C), and the reduc-
tion of high-density lipoprotein cholesterol (HDL-C) (1).
Unhealthy diet and excessive energy intake make hyper-
lipidemia a chronic disease with an increasing incidence
worldwide (1,2). Hyperlipidemia is a strong risk factor for
numerous diseases, such as diabetes, atherosclerosis and
cardiovascular disease (3-5). Therefore, preventing and
treating hyperlipidemia are effective and common methods
to reduce the incidence of cardiovascular disease and other
chronic diseases (6). Hyperlipidemia should be prevented and
treated as early as possible to reduce the incidence of associ-
ated diseases (7).

MicroRNAs (miRNAs/miRs) have emerged as critically
important post-transcriptional regulators of disease patho-
genesis. A number of miRNAs have been identified as critical
regulators of cellular lipid and lipoprotein metabolism (8),
including the miR-33 family (9). The miRNAs of this family
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comprise miR-33a and miR-33b, which are encoded within
the introns of the sterol regulatory element-binding protein
(SREBP)2 and 1 genes, respectively (10,11). Although the
miR-33 isoforms differ in two nucleotides in their mature
forms, they share the same seed sequence and repress the
same target genes (12). The miR-33 family is one of the most
well-studied miRNA families as a potential therapeutic target
to treat numerous diseases, including atherosclerosis, obesity
and diabetes (13-15). Specifically, the miR-33 family serves
key roles in regulating cholesterol and fatty acid homeo-
stasis, controlling HDL-C biogenesis and cholesterol efflux
by regulating ATP binding cassette subfamily A member 1
(ABCA1) gene expression, and regulating cellular functions,
such as macrophage activation, mitochondrial biogenesis and
autophagy (16). Furthermore, in the liver, miR-33 regulates
reverse cholesterol transport by targeting factors involved
in HDL-C biogenesis (ABCA1) and the cholesterol reverse
transport process, and bile acid secretion and synthesis (17,18).
Hepatic miR-33 deficiency not only improves regulation of
glucose homeostasis but also prevents the development of
fibrosis and inflammation (19,20). Thus, miR-33 deficiency
can attenuate non-alcoholic fatty liver disease-non-alcoholic
steatohepatitis-hepatocellular carcinoma progression (21,22).

Recent research has revealed that dietary polyphenols,
including curcumin (23), resveratrol (Res) (24) and epigal-
locatechin gallate (25), modulate miRNA expression. Among
these, Res is a non-flavonoid polyphenol organic compound
and has now been identified in >70 plants, including grapes,
Polygonum cuspidatum and Veratrum nigrum (26,27).
Multiple studies have confirmed that Res has multiple
biological functions, including regulating lipid metabolism,
anti-inflammatory effects, mitochondrial protection and/or
autophagy induction, and anti-oxidation (28-35).

The liver is essential for energy homeostasis and serves an
active role in synthesis, storage and redistribution of glucose
and free fatty acids (36). Res and atorvastatin have been used
to treat high-fat diet (HFD) intake-induced non-alcoholic
fatty liver disease by targeting genes involved in cholesterol
metabolism and miR-33 (37). Additionally, Res and epigal-
locatechin gallate bind directly and distinctively to miR-33a
and miR-122, and modulate their levels in hepatocytes (38).
Therefore, the specific molecular mechanism underlying the
effects of miR-33 and its role in hepatic lipid metabolism are
unclear. Hence, the aim of the present study was to elucidate
how Res improves hepatic lipid metabolism by targeting
miR-33.

Materials and methods

Study subjects. The present study was performed at the Physical
Examination Center of Hebei General Hospital (Shijiazhuang,
China) and was approved by the Hebei General Hospital
Ethics Committee (2018 Scientific Research Ethics Review;
approval no. 39; Shijiazhuang, China). All of the clinical
samples were obtained from the Physical Examination Center
of Hebei General Hospital. A total of 36 subjects with elevated
blood lipids in the physical examination population between
May 1, 2021 and November 30, 2021 were randomly selected
as the hyperlipidemia group (27 men, 9 women; mean age,
65.50+7.71 years; age range, 50-83 years). Another 36 healthy

subjects matched for age and sex with the subjects in the
hyperlipidemia group were randomly selected during the same
period from the Physical Examination Center of Hebei General
Hospital as the normal control group (CG group; 27 men, 9
women; mean age, 69.11+8.81 years; age range, 43-83 years).
All participants provided written informed consent. The
diagnostic criteria for hyperlipidemia were in accordance
with the Guidelines for the Prevention and Treatment of
Dyslipidemia in Chinese Adults (Revised Edition 2016) (2),
which are as follows: Plasma TC =6.2 mmol/l (240 mg/dl),
TG =2.3 mmol/l (200 mg/dl), LDL-C =4.1 mmol/l (160 mg/dl)
or HDL-C <1.0 mmol/l (40 mg/dl) in adults after a 12-h fast.
Hyperlipidemia was diagnosed if any one criterion was met.
Participants taking aspirin, angiotensin-converting enzyme
inhibitors, angiotensin receptor blockers or statins within the
previous 2 months were excluded from the study. Participants
with chronic liver disease (including hepatitis B virus carriers),
kidney disease, thyroid insufficiency or abnormalities, hyper-
tension, diabetes, blood system disorders, mental disorders,
acute and chronic infectious diseases, autoimmune diseases,
tumors, pregnancy, lactation, long-term oral contraceptive
use, and/or recent surgical history were excluded. The inclu-
sion criteria for the CG group were as follows: No history of
hypertension, diabetes mellitus and other chronic diseases;
blood glucose 3.9-6.1 mmol/l; and the following blood lipid
concentration levels: TC <5.2 mmol/l, TG <1.7 mmol/l and
LDL-C <3.4 mmol/l.

Blood samples. Fasting blood samples (5 ml) were collected
from each participant and placed in a BD Vacutainer SST tube
(Becton, Dickinson and Company). Peripheral blood mononu-
clear cells (PBMCs) were isolated from fasting blood samples
by Ficoll-Paque density gradient centrifugation (20°C; 500 x g;
25 min) for miR-33 and sirtuin 6 (SIRT6) detection by reverse
transcription-quantitative PCR (RT-qPCR). Biochemical tests
[TC, TG, HDL-C, LDL-C, aspartate aminotransferase (AST),
alanine aminotransferase (ALT) and fasting blood glucose
(FBG)] were performed using an automatic biochemical detec-
tion instrument at the Clinical Laboratory of Hebei General
Hospital. Glycated hemoglobin (HbA1c) was analyzed at Hebei
Key Laboratory of Metabolic Diseases (Shijiazhuang, China)
using an automatic glycohemoglobin analyzer (ADAMS Alc
HA-8180; ARKRAY, Inc.) at 25°C.

Animal experiments. A total of 24 C57BL/6J mice (male; age,
8 weeks; weight, 22.0+£2.0 g) were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. The
mice were housed in the animal laboratory at the Hebei Key
Laboratory of Metabolic Diseases (temperature, 21-23°C;
humidity, 40-60%; and 12/12-h light/dark cycle) with constant
access to food and water. All experimental procedures were
approved (2022 Scientific Research Ethics Review; approval
no. 217) by the Animal Care and Use Committee of Hebei
General Hospital (Shijiazhuang, China) and complied with
the Animal (Scientific Procedures) Act 1986 and associated
guidelines (39).

After 1 week of adaptive feeding, the mice were randomly
divided into three groups, with 8 mice in each group. The diet
for the normal diet (ND) group was an ordinary diet (D12450]
formula, consisting of 20% protein, 70% carbohydrate, 10%
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fat and 3.85 kcal/g). The model mice were fed a HFD (D12492
formula, consisting of 20% protein, 20% carbohydrate, 60%
fat and 5.24 kcal/g). The Res mice were fed a HFD and a
Res-based dietary supplement (60 mg/kg). All feed was
purchased from Beijing Huafukang Biotechnology Co., Ltd.
All mice were fed the respective diets for 6 weeks, after
which they were euthanized by CO, asphyxiation (flow rate,
4 1/min; 30% vol/min) (40,41), and cervical dislocation was
performed when the mice exhibited respiratory arrest and
unconsciousness. Complete death was confirmed by cardiac
arrest and dilated pupils. Blood samples were collected in
tubes containing ethylenediaminetetraacetic acid (1.5 mg/ml)
and centrifuged at 1,375 x g at 4°C for 15 min. The plasma
was collected and stored at -80°C. Mice livers were quickly
removed. Part of the liver tissues were snap-frozen in liquid
nitrogen after washing with cold phosphate-buffered saline
and stored at -80°C for further analysis. Part of the liver tissues
were fixed in 4% paraformaldehyde at 25°C for 24 h for H&E
staining.

Body weight and food intake measurement. The body weight
and food intake of the mice in each group were measured at
baseline and weekly thereafter until 6 weeks after baseline.

Detection of serum glucose and lipids in mice. Serum
glucose levels were determined using a glucose assay kit (cat.
no. 60408ES60; Shanghai Yeasen Biotechnology Co., Ltd.).
The TG content assay kit (cat. no. D799796-0100; Sangon
Biotech Co., Ltd.) was used to detect TG levels. The TC assay
kit (cat. no. A111-1-1), LDL-C assay kit (cat. no. A113-2-1),
HDL-C assay kit (cat. no. A112-1-1), ALT assay kit (cat.
no. C009-3-1) and AST assay kit (cat. no. C010-3-1) were
purchased from Nanjing Jiancheng Bioengineering Institute,
and were used to detect the concentrations of TC, LDL-C,
HDL-C, ALT and AST. Serum malondialdehyde (MDA)
concentration levels were measured using a lipid peroxida-
tion MDA assay kit (cat. no. SO131S; Beyotime Institute of
Biotechnology). All protocols were performed in accordance
with the manufacturers' instructions.

Oral glucose tolerance test (OGTT) and insulin tolerance test
(ITT). After feeding for 6 weeks, glucose (1 g/kg) was given
to each mouse via an orogastric tube for the OGTT. Blood
glucose was measured immediately after glucose administra-
tion and 15, 30, 60 and 120 min after administration. A total
of 24 h after the OGTT, the ITT was performed after a 12-h
fast. The mice were injected intraperitoneally with insulin
(1.5 TU/40 g; Tonghua Dongbao Pharmaceutical Co., Ltd.),
and blood glucose was measured immediately after injection
and 15, 30, 60 and 120 min after injection. The area under the
receiver operating characteristic curve (AUC) for the OGTT
was calculated using the trapezoidal method. The quantitative
insulin sensitivity check index (QUICKI) was used to assess
insulin sensitivity, as follows: QUICKI=1/[(log fasting blood
glucose (mmol/l) +log fasting plasma insulin (zU/ml)].

Histomorphometric comparison of mouse liver tissues

H&E staining. Parts of the liver tissues were taken and fixed
in 4% paraformaldehyde at 25°C for 24 h. Subsequently, the
tissues were embedded in paraffin wax, cut into 5-ym-thick
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sections, deparaffinized in xylene at 25°C and rehydrated in a
reverse-gradient series of ethyl alcohol (100, 95, 80 and 75%).
The sections were stained with hematoxylin at 25°C for 10 min
and stained with eosin at 25°C for 3 min, and visualized under
a light microscope.

Oil Red O staining. Parts of the fresh liver tissues were taken
and embedded in optimum cutting temperature compound,
quickly frozen, and then sliced into 6-ym tissue sections.
The sections were washed with PBS, stained with Oil red O
working solution (6:4, oil red stock solution:distilled water;
Oil red O: WSIG20100803; Sinopharm Chemical Reagent Co.,
Ltd.) at room temperature for 15 min and washed three times
with PBS to remove the excess Oil red O dye. Subsequently,
the sections were stained with Harris's hematoxylin (20151216;
Nanjing Jiancheng Bioengineering Institute) for 3 min at 25°C.
The morphological features of the liver sections were observed
under a light microscope.

Cell culture. HepG2 cells (human liver cancer cells) were
purchased from Procell Life Science & Technology Co., Ltd.,
and cultured in complete DMEM (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% fetal bovine serum
(Sangon Biotech Co., Ltd.) and 1% penicillin/streptomycin
(Sangon Biotech Co., Ltd.) at 37°C with 5% CO,. HepG2 cells
were immersed in normal medium and medium containing
0.25 mmol/l palmitate (PA) for 24 h. At the end of the stimu-
lation period, the cells were washed three times with PBS
and fixed with 4% paraformaldehyde for 10 min at 37°C.
Subsequently, cells were washed twice with PBS, then stained
with 0.5% Oil red O for 30 min at 37°C. After staining, the
cells were washed once with 60% isopropanol, washed with
PBS until a colorless solution was obtained, and observed
under a fluorescence inverted microscope at a magnification of
x50. Short tandem repeat profiling was used for authentication
of HepG2 cells. HepG2 cells cultured in normal medium and
transfected with miR-33 mimics, and HepG2 cells cultured in
medium containing 0.25 mmol/l PA for 24 h after transfec-
tion with miR-33 inhibitor or SIRT6-pcDNA 3.1 were used to
analyze the effect of transfection on lipid metabolism-related
genes and lipid deposition.

Cell transfection. miR-33 mimics, inhibitor and the corre-
sponding controls were synthesized by Shanghai GenePharma
Co., Ltd. For miR-33 mimics transfection, the HepG2 cells
were seeded in 6-well plates at a density of 5x10° cells/well.
When 70-80% confluence was reached, cells were divided
into three groups: CON (liposome), NC mimics (lipo-
some + mimics control sequence) and miR-33 mimics
(liposome + miR-33 mimics). The CON group was the control
group, in which cells were transfected without any sequence.
The NC mimics group was the scrambled negative control.
The sequence of the corresponding controls (100 nmol/l) was
5'-GGUCUUACGUCAGUCACAAUAUCUG-3". Cells were
transfected using Lipofectamine® 3000 Transfection Reagent
(cat. no. L3000015; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol. The cells were transfected
for 6 h at 37°C in a cell incubator with 5% CO,, and then
the medium was replaced with fresh DMEM. In the miR-33
mimics group, the cells were transfected with 100 nmol/l
miR-33 mimics (5'-GUGCAUUGUAGUUGCAUUGCA-3'")
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using Lipofectamine® 3000 Transfection Reagent (cat.
no. L3000015; Thermo Fisher Scientific, Inc.) according to
the manufacturer's protocol. Cells were transfected for 6 h at
37°C in a cell incubator with 5% CO,, and then the medium
was replaced with fresh DMEM. Subsequently, cells were
incubated for 24 h in an incubator with 5% CO, at 37°C, and
the cells were collected for subsequent experiments.

To investigate the effect of miR-33 inhibitor transfection,
HepG?2 cells were divided into three groups: CON (lipo-
some), NC inhibitor (liposome + inhibitor control sequence)
and miR-33 inhibitor (liposome + miR-33 inhibitor). The
CON group was the control group, in which cells were
transfected without any sequence. The NC inhibitor group
was transfected with 100 nmol/l scrambled negative
controls (5'-GGUCUUACGUCAGUCACAAUAUCUG-3")
using Lipofectamine® 3000 Transfection Reagent (cat.
no. L3000015; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol. Cells were transfected for
6 h at 37°C in a cell incubator with 5% CO,, and then the
medium was replaced with fresh DMEM. In the miR-33
inhibitor group, cells were transfected with 100 nmol/l
inhibitor (5'-UGCAAUGCAACUACAAUGCAC-3') using
Lipofectamine® 3000 Transfection Reagent (cat. no. L3000015;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
protocol. Cells were transfected for 6 h at 37°C in a cell incu-
bator with 5% CO,, and then the medium was replaced with
fresh DMEM. Subsequently, cells were incubated for 48 h in an
incubator with 5% CO, at 37°C, and the cells were collected for
subsequent experiments.

To investigate the effect of miR-33 inhibitor on intracel-
lular lipid metabolism, cells were divided into three groups:
PA + lipo (liposome), PA + NC inhibitor (liposome + inhibitor
control sequence) and PA + miR-33 inhibitor (liposome +
miR-33 inhibitor). miR-33 inhibitor or NC inhibitor (scramble
control) transfection was performed as aforementioned. After
transfection for 6 h at 37°C, cells were incubated with PA
(0.25 mmol/l) for 24 h in an incubator with 5% CO, at 37°C
and then collected for the subsequent experiments.

To investigate the effect of SIRT6 overexpression, HepG2
cells were divided into the pcDNA 3.1 group (transfected with
500 ng pcDNA 3.1) and the SIRT6-pcDNA 3.1 group (trans-
fected with 500 ng SIRT6-pcDNA 3.1). Cells were transfected
in an incubator with 5% CO, at 37°C for 6 h with the afore-
mentioned plasmids using Lipofectamine® 3000 Transfection
Reagent (cat. no. L3000015; Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol, and then the medium
was replaced with fresh DMEM. Subsequently, cells were
incubated for 24 h in an incubator with 5% CO, at 37°C, and
then collected for subsequent experiments.

To investigate the effect of SIRT6 overexpression on
lipid metabolism, HepG2 cells divided into three groups:
PA + lipo (liposome), PA + pcDNA 3.1 (liposome + 500 ng
pcDNA 3.1) and PA + SIRT6-pcDNA 3.1 (liposome + 500 ng
SIRT6-pcDNA 3.1). SIRT6-pcDNA 3.1 or pcDNA 3.1 trans-
fection was performed as aforementioned. After transfection
for 6 h at 37°C, cells were incubated with PA (0.25 mmol/l)
for 24 h in an incubator with 5% CO, at 37°C and then
collected for subsequent experiments. The human SIRT6-
pcDNA 3.1 (cat. no. V38520) was purchased from Thermo
Fisher Scientific, Inc.

RNA isolation and RT-gPCR. RNAs from PBMCs of partici-
pants with hyperlipidemia, three randomly selected mouse
liver tissues or cultured HepG2 cells were isolated using
a total RNA purification kit (Sangon Biotech Co., Ltd.).
Complementary DNA synthesis was performed using the
Goscript Reverse Transcriptase System (Promega Corporation)
and All-in-One™ miRNA First-Strand cDNA Synthesis kit
(GeneCopoeia, Inc.). The aforementioned operations were
carried out in strict accordance with the manufacturer's instruc-
tions. JPCR was performed using an Applied Biosystems 7500
system (Thermo Fisher Scientific, Inc.) to detect mRNA levels
using GoTaq® qPCR Master Mix (Promega Corporation) and
miRNA levels using the All-in-One™ miRNA RT-qPCR
detection kit (fluorophore, SYBR® Green I; GeneCopoeia,
Inc.). The thermocycling conditions were as follows:
Polymerase activation for 1 cycle at 95°C for 2 min; followed
by 40 cycles of 95°C for 15 sec and 60°C for 1 min. Relative
fold changes in RNA expression were calculated using the
244 method (42). mRNA levels were normalized to GAPDH
gene expression, and miRNA levels were normalized to U6
small nuclear RNA levels. The primer sequences used were
as follows: Mouse (m-)SIRT6 forward, 5'-CCGGGACCTGAT
GCTCGCTGATGA-3' and reverse, 5'-"AGCCGTGGATGC
GCAGGTCAG-3"; m-FASN forward, 5-CGGTCCCTGTGC
GCCTTCC-3' and reverse, 5 TGGGGTTGTGGAAGTGCA
GGTTAGG-3"; m-PPARy forward, 5-CCGAAGAACCAT
CCGATTGAAGC-3' and reverse, 5'-CCGCCAACAGCT
TCTCCTTCTCG-3"; m-PGCla forward, 5'-"AAGCGAAGA
GCATTTGTCAACAGCA-3' and reverse, 5'-GCGGTTGTG
TATGGGACTTCTTTTT-3"; m-CPT1 forward, 5-AGCGCT
GGCAAATGACTTCCTGAG-3' and reverse, 5-CCTGCA
GCGGTGTGGGGGTGAC-3"; m-SREBPI forward, 5'-CGC
AAGGCCATCGACTACATCCG-3' and reverse, 5'-CGGCGT
CTGAGGGTGGAGGGGTAA-3"; m-ACC forward, 5'-GCC
CCCGAGCCAGAGGACAGTAT-3" and reverse, 5'-CCGGGA
GGAGTTCTGGAAGGAGC-3"; human (h-)SIRT6 forward,
5'-CGGCCCACGCAGACCCACATG-3' and reverse, 5-TGG
GGAAGCCTGAGCGCACAT-3"; h-FASN forward, 5'-GCG
GCTGCTGCTGGAAGTCACCTAT-3' and reverse, 5'-GCC
GCTCACGCCCACCCAGA-3'; h-PPARYy forward, 5'-GGC
CGAGAAGGAGAAGCTGTTGG-3' and reverse, 5'-CGC
CCTCGCCTTTGCTTTGGT-3"; h-PGCla forward, 5'-CCC
AGAACCATGCAAATCACAATCA-3' and reverse, 5'-GAC
GTCTTTGTGGCTTTTGCTGTTG-3"; h-CPT1 forward,
5'-CCCGGCAAGCCCCTCCAGTT-3' and reverse, 5'-GGA
CATGCAGTTGGCCGTTTC-3'; h-SREBP1 forward, 5'-CGC
CCTCACCCCTGTCCCCTCC-3' and reverse, 5-GGGGCT
GTGGGGTGGGGGTC-3"; h-ACC forward, 5'-CCCCAC
TATGAGGCCGAGCA-3' and reverse, 5'-~AGCGGGAGA
AGCCACGGTAAAGT-3"; m/h-GAPDH forward, 5'-TGA
ACGGGAAGCTCACTG-3' and reverse, 5'-GCTTCACCA
CCTTCTTGATG-3'; m/h-miR-33 forward, 5-GTGCATTGT
AGTTGCATTGC-3' and reverse, 5-GTCGTATCCAGTGCA
GGGT-3"; m/h-U6 forward, 5'-CTCGCTTCGGCAGCACA-3'
and reverse, 5" AACGCTTCACGAATTTGCGT-3'.

Western blotting. Liver tissues of three randomly selected
mice or cultured HepG2 cells were lysed in radioimmuno-
precipitation assay lysis buffer (Thermo Fisher Scientific,
Inc.; 25 mM Tris, HCI pH 7.6, 150 mM NacCl, 1% NP-40, 1%
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sodium deoxycholate and 0.1% SDS), and the total soluble
protein was quantified using a BCA Protein Assay kit (Beijing
Solarbio Science & Technology Co.,Ltd.). Protein (20 ug/lane)
from cell lysates was separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Following transfer
of the proteins onto polyvinylidene fluoride membranes, the
membranes were blocked at room temperature for 60 min in
5% skim milk and probed with the primary antibodies over-
night at 4°C: Acetyl-CoA carboxylase (ACC; dilution, 1:2,000;
cat. no. 3676; Cell Signaling Technology, Inc.), fatty acid
synthase (FASN; dilution, 1:1,000; cat. no. ab128870; Abcam),
SREBP1 (dilution, 1:2,000; cat. no. 557036; BD Biosciences),
peroxisome proliferator-activated receptor-y (PPARYy; dilu-
tion, 1:1,000; cat. no. 16,643-1-AP; Proteintech Group, Inc.),
anti-PPARy-coactivator 1 a (PGCla; dilution 1:1,000; cat.
no. 66,369-1-Ig; Proteintech Group, Inc.), carnitine palmi-
toyltransferase 1 (CPT1; dilution 1:1,000; cat. no. AF6558;
Beyotime Institute of Biotechnology), SIRT6 (dilution, 1:1,000;
cat. no. ab191385; Abcam) and anti-B-actin (dilution, 1:1,000;
cat. no. 60008-1; Proteintech Group, Inc.). The membranes
were incubated with the secondary antibodies for 2 h at
room temperature. The secondary antibodies included the
HRP-conjugated goat anti-rabbit antibody (dilution, 1:5,000;
cat. no. ZDR-5306; OriGene Technologies, Inc.) and the
HRP-conjugated goat anti-mouse antibody (dilution, 1:10,000,
cat. no. ZDR-5307; OriGene Technologies, Inc.). Protein bands
were visualized using enhanced chemiluminescent substrate
(Pierce ECL Western Blotting substrate; Thermo Fisher
Scientific, Inc.), and the band intensities were evaluated using
Image J software (V1.8; National Institutes of Health).

Dual luciferase assay. The synthesized SIRT6 3'-untranslated
region (UTR) was inserted into the pmirGLO vector (Promega
Corporation). The mutation in the miR-33 seed-matching
sequences was designed using the SIRT6 wild-type (WT)
sequence generated by overlap extension PCR. SIRT6 WT and
SIRT6 mutant-type (MT) reporter plasmids were designed
and constructed by Guangzhou RiboBio Co., Ltd. 293T cells
(Shanghai GeneChem Co., Ltd.) were cultured in High Glucose
DMEM (Gibco; Thermo Fisher Scientific, Inc.) supplemented
with 10% fetal bovine serum (Sangon Biotech Co., Ltd.) and
1% penicillin/streptomycin at 37°C with 5% CO,. The WT
and MT sequences were co-transfected with the miR-33
mimic (5-GUGCAUUGUAGUUGCAUUGCA-3'; 100 nM) or
corresponding control (5'-GGUCUUACGUCAGUCACAAUA
UCUG-3" 100 nM) into 293T cells using Lipofectamine® 3000
(Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C for 6 h.
After transfection for 24 h, the cells were lysed and subjected
to a Dual-Luciferase Reporter Assay (Promega Corporation).
Luciferase activity was measured and calculated as the ratio
of firefly luciferase activity to Renilla luciferase activity. The
experiment was repeated three times.

Statistical analysis. All experimental data are presented as
the mean + SD. All experiments were repeated at least three
times to verify the trends. One-way ANOVA with Tukey's post
hoc test was used for comparisons among multiple groups.
Comparisons between groups were performed using an
unpaired Student's t-test. Sex differences were compared using
the Pearson y* test. SPSS (version 25.0; IBM Corp.) was used
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for all analyses. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Clinical and metabolic characteristics of the participants.
Demographic, clinical and biochemical data were obtained
from 36 participants with hyperlipidemia and 36 healthy
control participants. As shown in Table I, BMI, weight, TC,
TG, LDL-C, FBG, HbAlc, ALT and AST concentration levels
were significantly higher, while HDL-C levels were signifi-
cantly lower, in participants with hyperlipidemia compared
with CG participants. No significant differences in sex, age or
height were observed between the groups.

miR-33 and SIRT6 expression levels differ between partici-
pants with hyperlipidemia and CG participants. PBMCs from
the hyperlipidemia group and CG were tested for miR-33 and
SIRT6 expression levels and it was identified that miR-33
expression levels were significantly higher (Fig. 1A), and
SIRT6 expression was significantly lower in the hyperlipid-
emia group compared with the CG (Fig. 1B).

Res reverses the changes in lipid metabolism and expression
of miR-33 and SIRT6 in the HFD mouse model. Before inves-
tigating the underlying mechanism of Res in lipid metabolism,
the mice in the HFD group were used to investigate lipid
metabolism and miRNA expression in blood or liver tissues,
respectively. After 6 weeks, body weights were significantly
higher in the HFD group compared with the ND group. From
5 weeks, body weights were decreased significantly in the
HFD + Res group compared with the HFD group (Fig. 2A).
There was no significant difference in the daily food intake
among the three groups (Fig. 2B). TC, TG, LDL-C, MDA,
ALT and AST concentration levels were significantly higher in
mice in the HFD group compared with mice in the ND group,
and these levels were decreased significantly in the HFD +
Res group compared with the HFD group (Fig. 2C and D). By
contrast, HDL-C concentration levels were significantly lower
in the HFD group compared with the ND group, and signifi-
cantly increased in the HFD + Res group compared with the
HFD group (Fig. 2C). Blood glucose levels were also recorded,
and OGTT and ITT results are shown in Fig. 2E and G. In
the OGTT, there was a significant decrease in the AUC in the
HFD + Res group compared with the HFD group (Fig. 2F).
Consistently, there was a statistically significant difference
in QUICKI values between the HFD + Res and HFD groups
(Fig. 2H).

To investigate the effect of Res on hepatic lipid deposition
in mice, H&E staining and oil red O staining were performed
using mouse liver tissues. H&E staining of mouse liver tissues
revealed uniform cell cytoplasm in ND mice and fewer lipid
droplets (Fig. 3A). In comparison, hepatocyte staining in the
HFD group revealed disordered cellular structure and more
lipid droplets (Fig.3B).In the HFD + Res group, the morphology
of the liver tissue and the number of lipid droplets were inter-
mediate to those of the ND and HFD groups (Fig. 3C). Liver
cell staining with oil red O showed that cells from the ND
group contained blue nuclei with a small number of orange-red
lipid droplets (Fig. 3D). The HFD group exhibited numerous
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Table I. Comparison of the clinical characteristics and metabolic parameters between the hyperlipidemia group and CG.

Characteristics Hyperlipidemia group (n=36) CG (n=36) P-value
Sex, n 1.000

Male 27 27

Female 9 9
Age, years 65.50+7.71 69.11+8.81 0.068
BMI, kg/m? 24.53+2.34* 23.26+2.53 0.030
Weight, kg 72.11+9.80° 67.18+10.19 0.040
Height, cm 171.39+7 41 169.65+6.98 0.310
TC, mmol/l 6.43+0.76* 4.72+0.76 <0.001
TG, mmol/l 2.53+2.97* 0.90+0.30 0.002
LDL-C, mmol/l 4.04+0.54* 2.79+0.54 <0.001
HDL-C, mmol/l 1.29+0.31° 1.52+0.23 0.001
FBG, mmol/l 5.55+0.46 5.19+0.47 0.002
HbAlc, % 6.05+0.74* 5.64+0.26 0.002
ALT, U/ 20.978+8.67* 17.08+4.71 0.020
AST, U/l 26.19+7.73* 22.92+5.19 0.039

iP<0.05 vs. CG. Sex differences were compared using the Pearson % test. An unpaired Student's t-test was used to compare data between two
groups. ALT, alanine aminotransferase; AST, aspartate aminotransferase; CG, control group; FBG, fasting blood glucose; HbAlc, glycated
hemoglobin Alc; HDL-C, high-density lipoprotein cholesterol; LDL-C low-density lipoprotein cholesterol; TC, total cholesterol; TG, triglyc-

erides.
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Figure 1. Relative expression levels of miR-33 and SIRT6 in peripheral blood mononuclear cells from the hyperlipidemia group and the CG. (A) Reverse
transcription-quantitative PCR analysis of miR-33. (B) Reverse transcription-quantitative PCR analysis of SIRT6. Data are presented as the mean + SD (n=36
in each group). "P<0.05 vs. CG (unpaired t-test). CG, control group; miR, microRNA; SIRT®6, sirtuin 6.

orange-red lipid droplets (Fig. 3E), whereas after Res treat-
ment, the number of lipid droplets decreased (Fig. 3F).

To gain further insights, the effect of Res on lipid metabolism
and gene expression was investigated. The results revealed that
miR-33 expression was significantly higher (Fig. 4A) and SIRT6
mRNA expression was significantly lower (Fig. 4B) in liver
tissue of the HFD group compared with the ND group. Western
blot analysis to assess SIRT6 expression in tissues revealed a
significant decrease in the HFD group (Fig. 4C and D). In the
HFD + Res group, Res reversed the increase in miR-33 expres-
sion and the decrease in SIRT6 expression. It was also found that
mRNA expression levels (Fig. 4E) and protein expression levels
(Fig. 4F and G) of ACC, FASN and SREBPI1 were increased in
the HFD group compared with the ND group, whereas PPARY,

PGCla and CPT1 mRNA and protein expression levels were
decreased. However, these changes in the expression levels of
liver genes and proteins were reversed in the HFD + Res group
(Fig. 4E-G). These findings indicated that Res improved basic
metabolic parameters and changed the expression levels of
metabolism-related genes in mice fed a HFD supplemented
with Res.

Res reverses the changes in lipid metabolism and expression
of miR-33 and SIRT6 in PA-induced HepG2 cells. To further
examine the underlying mechanism, PA-induced HepG2 cells
were used to investigate the effect of Res on lipid metabolism
and expression levels of miR-33 and SIRT6 in vitro. First, a
high-fat model was constructed by inducing HepG2 cells with
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Figure 2. Effect of Res on lipid metabolism. (A) Body weights of the mice in the three groups (ND mice, and mice that received a HFD or a HFD + Res diet
for 6 weeks). (B) Average daily food intake in the three groups. (C) Levels of TC, TG, HDL-C and LDL-C in the three groups after Res treatment for 6 weeks.
(D) Levels of MDA, ALT and AST in the three groups after Res treatment for 6 weeks. (E) Results of OGTT. (F) AUC for OGTT. (G) Results of ITT and
(H) QUICKI calculations. Data are presented as the mean = SD (n=8 per group). “P<0.05 and “"P<0.001 vs. ND group; "P<0.05 and ""P<0.001 vs. HFD group
(one-way ANOVA with Tukey's multiple comparison test). ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUC, area under the receiver
operating characteristic curve; HDL-C, high-density lipoprotein; HFD, high-fat diet; HFD + Res, high-fat diet supplemented with Res; ITT, insulin tolerance
test; LDL-C, low-density lipoprotein cholesterol; MDA, malondialdehyde; ND, normal diet; OGTT, oral glucose tolerance test; QUICKI, quantitative insulin

sensitivity check index; Res, resveratrol; TG, triglycerides; TC, total cholesterol.

PA, and changes after Res treatment were observed. It was
found that lipid deposition in HepG2 cells improved after the
addition of Res (Fig. 5A). Next, changes in miR-33 and SIRT6
mRNA expression were detected in PA-induced HepG2 cells.
RT-qPCR analysis demonstrated that miR-33 expression was
increased significantly (Fig. 5B) and mRNA levels of SIRT6

decreased significantly (Fig. 5C) in PA-induced HepG2 cells
compared with CON cells. Additionally, treatment with Res
decreased miR-33 expression and increased SIRT6 expression
in PA-induced HepG2 cells (Fig. 5B and C). Furthermore,
western blotting indicated that, with Res supplementation,
protein expression levels of SIRT6, PPARy, PGCla and
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Figure 3. Histomorphological findings of hepatic lipid deposition. (A-C) H&E staining of liver tissues. (A) ND group; (B) HFD group; (C) HFD + Res group.
(D-F) Oil Red O staining of liver tissues. (D) ND group; (E) HFD group; (F) HFD + Res group. Scale bar, 100 ym. HFD, high-fat diet; ND, normal diet; Res,
resveratrol.
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Figure 4. Effect of Res on the expression levels of miR-33, SIRT6 and genes involved in fatty acid synthesis and fatty acid 3-oxidation in vivo. (A) Relative
expression levels of miR-33 in liver tissues. (B) Relative expression levels of SIRT6 in liver tissue. (C) Protein levels of SIRT6. (D) Western blot analysis of
SIRT6. (E) mRNA expression levels of genes involved in fatty acid synthesis and fatty acid $-oxidation in liver tissues. (F) Western blot analysis of ACC,
FASN, SREBPI, PPARY, PGCla and CPT1. (G) Expression levels of proteins involved in fatty acid synthesis and fatty acid 3-oxidation in liver tissues. 3-actin
was used as a control for the normalization of samples for western blotting. Data are presented as the mean = SD (n=3). "P<0.05 and “P<0.001 vs. ND group;
"P<0.05 and *"P<0.001 vs. HFD group (one-way ANOVA with Tukey's multiple comparison test). ACC, acetyl-CoA carboxylase; CPT1, carnitine palmitoyl
transferase 1; FASN, fatty acid synthase; HFD, high-fat diet; HFD + Res, HFD supplemented with Res; miR, microRNA; ND, normal diet; PGCla, PPARY-
coactivator la; PPARY, peroxisome proliferator-activated receptor-y; Res, resveratrol; SIRT6, sirtuin 6; SREBPI, sterol regulatory element-binding protein 1.
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Figure 5. Effect of Res on the expression levels of miR-33, SIRT6 and genes involved in fatty acid synthesis and fatty acid (3-oxidation in vitro. (A) Oil Red
O staining of HepG?2 cells. Pale blue cytosol and a small amount of orange lipid droplets were visible in CON cells. Numerous orange lipid droplets were
visible in PA-treated cells. After Res treatment, the numbers of lipid droplets were decreased compared with those in PA-treated cells (Scale bar, 100 ym).
(B) Relative expression levels of miR-33. (C) Relative expression level of SIRT6. (D) Western blot analysis of SIRT6. (E) Protein levels of SIRT6. (F) Western
blot analysis of ACC, FASN, SREBP1, PPARYy, PGCla and CPT1. (G) Expression levels of proteins involved in fatty acid synthesis and fatty acid -oxidation.
(H) Genes involved in fatty acid synthesis and fatty acid -oxidation. 3-actin was used as a control for the normalization of samples for western blotting. Data
are presented as the mean £ SD (n=3). “P<0.001 vs. CON group; "/P<0.001 vs. the PA group (one-way ANOVA with Tukey's multiple comparison test). ACC,
acetyl-CoA carboxylase; CON, control; CPT1, carnitine palmitoyl transferase 1; FASN, fatty acid synthase; miR, microRNA; PA, palmitate; PGCla, PPARY-
coactivator la; PPARY, peroxisome proliferator-activated receptor-y; Res, resveratrol; SIRT6, sirtuin 6; SREBPI, sterol regulatory element-binding protein 1.
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Figure 6. Effects of miR-33 mimics transfection on the expression levels of SIRT6 and lipid deposition. HepG2 cells were transfected with NC mimics or
miR-33 mimics for 24 h before harvesting. (A) Expression levels of miR-33 after transfection with NC mimics or miR-33 mimics. (B) mRNA levels of SIRT6.
(C) Western blot analysis of SIRT6. (D) Protein levels of SIRT6. (E) Lipid deposition in HepG2 cells after miR-33 mimics transfection. 3-actin was used as a
control for the normalization of samples for western blotting. Scale bar, 100 ym. Data are presented as the mean + SD (n=3). #P<0.001 vs. NC mimics group
(one-way ANOVA with Tukey's multiple comparison test). CON, liposome; NC mimics, liposome + mimics control sequence; miR-33 mimics, liposome +

miR-33 mimics; miR, microRNA; SIRT6, sirtuin 6.

CPT1 (Fig. 5F and G) were increased compared with those
in PA-induced HepG2 cells, whereas the expression levels of
ACC, FASN and SREBP1 were decreased (Fig. SF and G).
Additionally, RT-qPCR results revealed that incubation with
Res reversed mRNA expression levels of the aforementioned
genes in PA-induced HepG2 cells (Fig. SH). These results
indicated that Res significantly changed the expression of
metabolism-related genes in vitro.

miR-33 mimics transfection affects the expression of SIRT6
and lipid metabolism-related genes. 100 nmol/l miR-33
mimics or mimic controls were transfected into HepG2 cells.
The results demonstrated that, after transfection with miR-33
mimic, the expression levels of miR-33 in cells were signifi-
cantly increased (Fig. 6A). Transfection of miR-33 mimics (but
not a negative control miRNA) led to a significant decrease

in SIRT6 mRNA (Fig. 6B) and protein expression levels
(Fig. 6C and D), and promoted lipid deposition in HepG2 cells
(Fig. 6E).

miR-33 inhibitor transfection affects the expression of SIRT6
and lipid metabolism-related genes. miR-33 inhibitor or
inhibitor controls (100 nmol/l) were transfected into HepG2
cells. The results demonstrated that, after transfection with
miR-33 inhibitor, the expression levels of miR-33 in cells
were significantly decreased (Fig. 7A). Similarly, miR-33
inhibition significantly increased SIRT6 mRNA expression
(Fig. 7B) and protein expression compared with those in the
inhibitor control group (Fig. 7C and D). HepG2 cells were
induced by PA for 24 h after transfection, and then RT-qPCR
was used to analyze the effect of miR-33 inhibitor trans-
fection on lipid metabolism-related genes, and Oil Red O
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Figure 7. Effects of miR-33 inhibitor transfection on the mRNA and protein expression levels of SIRT6, and expression levels of mRNAs involved in fatty acid
synthesis and fatty acid 3-oxidation. HepG2 cells were transfected with miR-33 inhibitors for 24 h before harvesting. (A) Expression levels of miR-33 after
transfection with miR-33 inhibitors. (B) mRNA levels of SIRT6. (C) Western blot analysis of SIRT6. (D) Protein levels of SIRT6. CON group (liposome); NC
inhibitor group (liposome + inhibitor control sequence); miR-33 inhibitor group (liposome + miR-33 inhibitor). “P<0.001 vs. NC inhibitor group (one-way
ANOVA with Tukey's multiple comparison test). (E) mRNA expression levels of ACC, FASN, SREBP1, PPARy, PGCla and CPT1, which are involved in fatty
acid synthesis and fatty acid 3-oxidation, in PA + HepG2 cells following miR-33 inhibitor transfection. (F) Effects of miR-33 inhibitor on intracellular lipid
deposition. PA + lipo group (liposome); PA + NC inhibitor group (liposome + inhibitor control sequence); PA + miR-33 inhibitor group (liposome + miR-33
inhibitor); #P<0.001 vs. PA + NC inhibitor group (one-way ANOVA with Tukey's multiple comparison test). -actin was used as a control for the normalization
of samples for western blotting, respectively. Scale bar, 100 ym. Data are presented as the mean + SD (n=3). ACC, acetyl-CoA carboxylase; CPT1, carnitine
palmitoyl transferase 1; FASN, fatty acid synthase; miR, microRNA; PA, palmitate; PGCla, PPARy-coactivator 1a; PPARY, peroxisome proliferator-activated
receptor-y; SIRT6, sirtuin 6; SREBPI, sterol regulatory element-binding protein 1.

staining was used to analyze the effect of miR-33 inhibitoron = the mRNA expression levels of ACC, FASN and SREBP1
lipid deposition. RT-qPCR results revealed that transfection  (Fig. 7E), Simultaneously, Oil Red O staining revealed
with the miR-33 inhibitor significantly increased the mRNA  decreased lipid deposition in HepG2 cells after miR-33
expression levels of PPARy, PGCla and CPT1, decreased inhibitor transfection (Fig. 7F).


https://www.spandidos-publications.com/10.3892/etm.2024.12615

12 LIU et al: RESVERATROL INCREASES FATTY ACID $-OXIDATION VIA miR-33/SIRT6

A . B 3 20r
- m pcDNA 3.1 x K ™ pcDNA 3.1 b
| o=
§ | WSRTepcONAST S 1.5 W SIRTE-pcDNA 3.1
[} B 0
4 (0]
5 .
<z( 4 b .g 1.0 F
g .
e 2f 2 WE
g E
o, i s .. I
pcDNA 3.1 SIRT6-pcDNA 3.1 pcDNA 3.1 SIRT6-pcDNA 3.1

| @ PA+pcDNA 3.1
M PA+SIRT6-pcDNA 3.1

##

R e 3.0 1 @ PA+iipo

25

BraCln | e e ——————

pcDNA 3.1 SIRT6-pcDNA 3.1

mRNA expression level

ACC

[ ACC FASN SREBP1  PPARy PGC1o CPT1
FASN

PA+pcDNA 3.1
2.0 - M PA+SIRT6-pcDNA 3.1

##

PGC1a

CPT1 W - . G-
[

Protein expression level

Bractin - - ——— - - -— -

%
/
g
/

PA+lpo  PA+pcDNA 3.1 PA+SIRT6-pcDNA 3.1 ACC ~ FASN  SREBP1 PPARy PGCla  CPT

PA+SIRT6-pcDNA3.1

R R S5 LT e e R e A
PA+lipo PA+pcDNAS3.1

Figure 8. Effect of SIRT6 overexpression on the expression of genes involved in fatty acid synthesis and fatty acid 3-oxidation. (A) mRNA expression levels of
SIRT6. (B) Protein expression levels of SIRT6. (C) Western blot analysis of SIRT6. pcDNA 3.1 group (transfected with pcDNA 3.1); SIRT6-pcDNA 3.1 group
(transfected with SIRT6-pcDNA 3.1) (n=3; “P<0.001 vs. pcDNA 3.1 group; unpaired t-test). (D) mRNA levels of ACC, FASN, SREBPI, PPARy, PGCla and
CPT1 in HepG2 cells following transfection. (E) Western blot analysis of ACC, FASN, SREBP1, PPARy, PGCla and CPT1. (F) Protein expression levels of
ACC, FASN, SREBP1, PPARY, PGCla and CPT1 in HepG2 cells following transfection. (G) Effects of SIRT6 overexpression on intracellular lipid deposition.
PA + lipo group (liposome); PA + pcDNA 3.1 group (liposome + pcDNA 3.1); PA + SIRT6-pcDNA 3.1 group (liposome + SIRT6-pcDNA 3.1). -actin was
used as a control for the normalization of samples for western blotting. Scale bar, 100 ym. Data are presented as the mean + SD, n=3, #P<0.001 vs. PA +
pcDNA 3.1 group (one-way ANOVA with Tukey's multiple comparison test). ACC, acetyl-CoA carboxylase; CPT1, carnitine palmitoyl transferase; FASN,
fatty acid synthase; NC, negative control; PA, palmitate; PGCla, PPARy-coactivator 1a; PPARY, peroxisome proliferator-activated receptor-y; SIRTO, sirtuin
6; SREBPI, sterol regulatory element-binding protein 1.

SIRT6 overexpression affects the expression of lipid SIRT6-pcDNA 3.1 was transfected into HepG2 cells. The
metabolism-related genes. To further analyze the effect of results demonstrated that, after transfection with SIRT6-
SIRT6 overexpression on intracellular lipid metabolism, pcDNA 3.1, the expression levels of SIRT6 mRNA were
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Figure 9. miR-33 binds the 3'-UTR of SIRT6. (A) Target sequence for miR-33 in the SIRT6 3'-UTR. The sequence in red represents mutations of the predicted
miR-33 binding site in the SIRT6 3'-UTR. (B) Luciferase reporter assays in 293T cells demonstrating the repressive effect of miR-33 mimics on the activities of
the SIRT6 3'-UTR (WT). Data are presented as the mean = SD (n=3; “P<0.001 vs. control mimics group; unpaired t-test). hsa, Homo sapiens; miR, microRNA;

UTR, untranslated region; SIRT6, sirtuin 6; WT, wild-type; MT, mutant-type.

significantly increased (Fig. 8A) and the protein expression
levels of SIRT6 were also significantly increased compared
with those in the pcDNA 3.1 group (Fig. 8B and C). HepG2 cells
were induced by PA for 24 h after transfection, and RT-qPCR
and western blotting were used to analyze the effect of SIRT6
overexpression on its downstream lipid metabolism-related
genes, and Oil Red O staining was used to analyze the effect of
SIRT6 overexpression on lipid deposition. The results revealed
that transfection of HepG2 cells with SIRT6 overexpression
vector increased PPARy, PGCla and CPT1 expression, and
decreased ACC, FASN and SREBP1 mRNA (Fig. 8D) and
protein expression levels (Fig. 8E and F). Simultaneously, Oil
Red O staining revealed decreased lipid deposition in HepG2
cells after SIRT6 overexpression (Fig. 8G).

miR-33 binds to the 3'-UTR of SIRT6 mRNA and inhibits
SIRT6 expression. To confirm the direct binding of miR-33
to the 3'-UTR of SIRT6 mRNA, luciferase reporter
constructs were generated containing the miR-33 binding
site (SIRT6-WT) and its mutant sequence (SIRT6-MT). The
results of the luciferase reporter assay demonstrated that the
miR-33 mimic significantly decreased the luciferase activity
in the SIRT6-WT group (Fig. 9A and B) and had no obvious
effect in the SIRT6-MT group (Fig. 9B), indicating that SIRT6
was a direct target of miR-33.

Discussion

miRNAs represent a novel level of regulation that could provide
novel therapeutic targets for the treatment of numerous human
diseases (11,43-47). Manipulating the expression of miRNAs
has good potential for treating lipid metabolism (48). miR-33
is one of the most well-studied miRNAs and regulates hepatic
lipoprotein metabolism, fibrosis and regeneration (49). Previous

studies have reported that short-term treatment with miR-33
inhibitors markedly increased plasma HDL-C levels (50-52).
Numerous studies (53-57) have confirmed that Chinese herbal
medicines or their active components can target miRNAs in
the treatment of diseases. However, few studies (58-60) have
focused on the treatment of lipid metabolism disorders with
traditional Chinese medicines or their active components
targeting miR-33. To this end, in the current study, the in vivo
and in vitro effects of Res were investigated in a HFD mouse
model and PA-induced HepG2 cells. The results indicated
that Res antagonized abnormal lipid metabolism by targeting
miR-33. A further search for downstream genes found that
Res inhibited miR-33 expression in the liver and upregulated
SIRT6, a key regulator of hepatic lipid metabolism and liver
health (61,62). Res also altered the expression levels of genes
involved in fatty acid synthesis and fatty acid p-oxidation.
Thus, the present study indicated that Res should be further
studied for its potential clinical use to prevent or treat hyper-
lipidemia and associated diseases.

Although multiple animal experiments have confirmed
that miR-33 is an important small RNA in regulating
lipid metabolism, few studies have been conducted on its
expression levels in circulating blood in individuals with hyper-
lipidemia (20,58,63-67). A total of two studies have confirmed
upregulation of miR-33 expression in circulating blood
using different methods in participants with hyperlipidemia
compared with participants without hyperlipidemia (68,69).
Therefore, in the present study, the serum levels of miR-33
were detected in participants with hyperlipidemia. The results
showed significant upregulation of miR-33 expression in
participants with hyperlipidemia, consistent with previous
research findings.

The expression levels of SIRT6, a known target gene of
miR-33 (62), were lower in participants with hyperlipidemia
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compared with participants without hyperlipidemia. SIRT6
is a member of the class III histone deacetylase family and
serves an important role in regulating hepatic TG, TC and
LDL-C homeostasis (70-76). SIRT6 also increases hepatic
fatty acid oxidation (77). The present findings demonstrated
that Res improved the basic metabolic parameters of mice fed
a HFD. Res also inhibited miR-33 expression and promoted
SIRT6 expression in the HFD mouse models and PA-induced
HepG?2 cells in the present study. Furthermore, Res treatment
altered the expression levels of other genes involved in fatty
acid synthesis and fatty acid f-oxidation. Among these genes,
SREBPI1 can regulate fatty acid homeostasis, and SREBP1
upregulation can lead to lipid metabolism disorders, subse-
quently causing insulin resistance, obesity, non-alcoholic
fatty liver disease and hepatocellular carcinoma (78-81). The
activities of both FASN and ACC are an indirect indicator of
lipid synthesis in the liver (82). Previous studies have reported
that increased activation of FASN and ACC could accelerate
lipid synthesis (83,84). In the present study, Res downregulated
the protein expression levels of SREBP1, ACC and FASN in
the liver of mice fed a HFD. These results indicated that Res
decreased lipid synthesis, which prevents excessive accumu-
lation of fat (37). Res also upregulated the protein expression
levels of PGCla, PPARy and CPT1 in the livers of mice fed
a HFD. The aforementioned genes are involved in fatty acid
[-oxidation. For example, CPT1 participates in hepatic lipid
metabolism and adipocyte differentiation (85,86). CPT1
activation can reduce the number of adipocytes, facilitate
adipocyte differentiation and control lipid peroxidation (87).
Upregulation of PPARy in subcutaneous adipose tissue can
combat HFD-induced obesity and promote B-oxidation of
fatty acids (85,88). PGCla, as a key PPARY coactivator, regu-
lates fatty acid catabolism (89). The present results indicated
a direct interaction between miR-33 and the SIRT6-3'-UTR.
It was also demonstrated that miR-33 negatively regulated
SIRT6 protein expression at the post-translational level
in vitro, and SIRT6 overexpression changed the expression
levels of genes involved in fatty acid synthesis and fatty acid
[-oxidation. The present results suggested that Res improved
lipid metabolism by regulating the miR-33/SIRT6 signaling
pathway.

In conclusion, the present study revealed a negative
association between miR-33 and SIRT6 expression in hyper-
lipidemia. miR-33 negatively regulated lipid metabolism by
targeting SIRT6. Res improved lipid metabolism by regulating
the miR-33/SIRT6 signaling pathway. However, how Res
regulated miR-33 expression remains uncertain and requires
further investigation in subsequent studies. It is expected that
further research can provide additional insights into potential
therapeutics for lipid metabolism disorders, such as miR-33
antagonists to reduce the harm caused by elevated blood lipids.
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