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Abstract: Abnormal and excessive accumulation of lipid droplets within hepatic cells is the main
feature of steatosis and nonalcoholic fatty liver disease (NAFLD) or metabolic-associated fatty liver
disease (MAFLD). Dysregulation of lipogenesis contributes to hepatic steatosis and plays an essential
role in the pathological progress of MAFLD. Tanshinone IIA is a bioactive phytochemical isolated from
Salvia miltiorrhiza Bunge and exhibits anti-inflammatory, antiatherosclerotic and antihyperlipidemic
effects. In this study, we aimed to investigate the lipid-lowering effects of tanshinone IIA on the
regulation of lipogenesis, lipid accumulation, and the underlying mechanisms in hepatic cells. We
demonstrated that tanshinone IIA can significantly inhibit the gene expression involved in de novo
lipogenesis including FASN, ACC1, and SCD1, in HepG2 and Huh 7 cells. Tanshinone IIA could
increase phosphorylation of ACC1 protein in HepG2 cells. We further demonstrated that tanshinone
IIA also could suppress the fatty-acid-induced lipogenesis and TG accumulation in HepG2 cells.
Furthermore, tanshinone IIA markedly downregulated the mRNA and protein expression of SREBP1,
an essential transcription factor regulating lipogenesis in hepatic cells. Moreover, we found that
tanshinone IIA attenuated liver X receptor α (LXRα)-mediated lipogenic gene expression and lipid
droplet accumulation, but did not change the levels of LXRα mRNA or protein in HepG2 cells.
The molecular docking data predicted tanshinone IIA binding to the ligand-binding domain of
LXRα, which may result in the attenuation of LXRα-induced transcriptional activation. Our findings
support the supposition that tanshinone IIA possesses a lipid-modulating effect that suppresses
lipogenesis and attenuates lipid accumulation by modulating the LXRα/SREBP1 pathway in hepatic
cells. Tanshinone IIA can be potentially used as a supplement or drug for the prevention or treatment
of MAFLD.
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1. Introduction

The liver is a major organ in the regulation of lipid metabolism and is critical for lipid
acquisition, storage, export, and utilization as energy upon the oxidation of fatty acids [1].
The disruption of hepatic lipid homeostasis, such as that realized when balance between
lipid acquisition through fatty-acid uptake and de novo lipogenesis is disrupted, and lipid
deposition may lead to fat retention within the liver and the consequential development
of nonalcoholic fatty liver disease (NAFLD), renamed as metabolic-associated fatty liver
disease (MAFLD) [2–5]. MAFLD is recognized as the most common form of chronic liver
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disease worldwide, and it can cause deleterious clinical problems, including end-stage liver
diseases and cancer, in some cases. MAFLD is frequently associated with insulin resistance,
type 2 diabetes mellitus, hyperlipidemia, and obesity [6,7] The main feature of MAFLD
pathogenesis is the accumulation of lipids in the liver. MAFLD manifests in liver conditions
ranging from simple triglyceride (TG) and cholesterol accumulation to steatosis. Abnormal
and excessive lipid accumulation in the liver has the potential to induce inflammatory
injury in hepatocytes and lead to nonalcoholic steatohepatitis (NASH). NASH can progress
to advanced fibrosis, cirrhosis, and hepatocellular carcinoma, and result in increases in
liver-related mortality [8,9]. To date, no approved agents are available for the prevention
and treatment of MAFLD. Thus, the development of therapeutic compounds for MAFLD
is currently being actively pursued [10,11].

The lipid biosynthesis process plays the most important role in the regulation of fat
accumulation in the liver. In hepatic cells, the first step of de novo fatty-acid synthesis
is the conversion of acetyl-CoA to malonyl-CoA by acetyl-CoA carboxylase 1 (ACC1),
then malonyl-CoA is converted to palmitate through a reaction catalyzed by a multifunc-
tional fatty-acid synthase (FASN). Palmitate may further undergo elongation catalyzed
by long-chain elongase, desaturation catalyzed by stearoyl-CoA desaturase 1 (SCD1), and
esterification for triglyceride production or exportation by very low-density lipoprotein
(VLDL) particles [12–15]. It has been demonstrated that increases in de novo lipogen-
esis in the liver may cause hypertriglyceridemia and play an essential role in MAFLD
pathogenesis [16]. MAFLD patients were reported to have increased abnormal de novo
lipogenesis even in fasting condition. The clinical data also showed that failure to regulate
the process of de novo lipogenesis may cause hepatic lipid accumulation in obese patients
with MAFLD [17]. These findings indicate that modulation of de novo lipogenesis in the
liver can provide useful strategies to prevent hepatic steatosis and the development of
MAFLD.

The transcriptional regulation of de novo lipogenesis is predominantly regulated by
sterol regulatory element binding protein 1 (SREBP1), which binds to the sterol regulatory
element (SRE) and upregulates the gene expression of FASN, ACC1, and SCD1, thereby
increasing TG production and accumulation in hepatic cells [18]. It is known that SREBP-1c
expression is stimulated by the transcription factor liver X receptor α (LXRα), a ligand-
activated nuclear hormone receptor [19]. LXRα and retinoid X receptor (RXR) can form
a heterodimer that binds to LXR-responsive elements (LXREs) in the promoter of target
genes. LXRα binding to ligands causes the release of repressors and the recruitment of
coactivators that interact with the LXRα/RXR heterodimer for the induction of target gene
transcription [20,21]. It has been demonstrated that distinct LXRα ligands, such as synthetic
nonsteroidal ligands or endogenous oxysterols, induce LXRα activation and promote de
novo lipogenesis in the liver, which may lead to elevated levels of plasma and hepatic
lipid [22–25]. Modulation of the LXRα/SREBP1-dependent lipogenesis pathway may be
beneficial for reducing hepatic lipid accumulation and treating MAFLD.

Tanshinone IIA is a main lipophilic diterpenoids isolated from Salvia miltiorrhiza
Bunge, also known as Danshen, with antioxidant, anti-inflammation, antiatherosclerosis,
and anticancer properties that can be used in the prevention or treatment of hepatic fi-
brosis, neurodegeneration, and cardiovascular diseases [26,27]. Recently, several in vitro
and in vivo studies have suggested that tanshinone IIA can modulate lipid homeostasis.
Tanshinone IIA can attenuate oxidized-LDL (oxLDL) uptake by macrophage and inhibit
foam-cell formation [28,29]. Tanshinone IIA can also increase LDLR levels and LDL uptake
by cells through the downregulation of PCSK9 expression in HepG2 cells [30] Tanshinone
IIA was reported to attenuate atherosclerotic lesions in hyperlipidemic and hypercholes-
terolemic animal models [31,32] Tanshinone IIA regulated the SREBP2/PCSK9 pathway,
increased the levels of HDL, and decreased lipid deposition in the livers of hyperlipidemic
rats [33,34]. In rats fed a high-fat diet, tanshinone IIA treatment reduced fat accumulation
and partly ameliorated oxidative stress, inflammation, and apoptosis in the livers [35].
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These recent findings suggest that tanshinone IIA can modulate hepatic lipid metabolism
and homeostasis; however, the underlying mechanisms by which tanshinone IIA regulates
hepatic lipid homeostasis remain unclear. In this study, we aimed to investigate the lipid-
modulating effect and underlying mechanisms of tanshinone IIA, particularly focusing on
its effects on lipogenic gene expression and lipid accumulation in hepatic cells.

2. Materials and Methods
2.1. Chemicals

Tanshinone IIA, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
dimethyl sulfoxide (DMSO), palmitic acid, oleic acid, insulin–transferrin–selenium (ITS),
T0901317, 24(S),25-epoxycholesterol, and other chemicals were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA) unless otherwise indicated. DMEM, fetal bovine serum
(FBS) and nonessential amino acids (NEAAs) were purchased from Thermo Fisher Scientific,
Inc. (Rockford, IL, USA).

2.2. Cell Culture and Compound Treatment

HepG2 and Huh7 cells were cultured in growth medium composed of DMEM con-
taining 10% FBS and 1x nonessential amino acid (NEAA) solution in a 5% CO2 incubator
at 37 ◦C. The high-fat medium formula was described in previous literature and slightly
modified [36,37]. For the high-fat medium preparation, stock solutions of palmitic acid
(0.25 mM) and oleic acid (1 mM) were prepared and precomplexed with 10% FBS in DMEM
medium, respectively, for dilution of the desired final concentration. The high-fat medium
contained DMEM, 10% FBS, 1xNEAA, palmitic acid (0.125 mM), oleic acid (0.5 mM),
and insulin–transferrin–selenium (ITS). For compound treatment for 24 h in the high-fat
medium condition, cells were treated with vehicle (0.1% DMSO) or tanshinone IIA (1–10
µM) in growth medium, and after 20 h, the medium was replaced with high-fat medium
containing the indicated compounds (vehicle or tanshinone IIA) and incubated for an addi-
tional 4 h. For LXRα ligand treatment, cells were pretreated with vehicle or tanshinone IIA
(10 µM) for 1 h, followed by incubation with T0901317 (1 µM) or 24(S),25-epoxycholesterol
(40 µM) for 24 h and harvested for further studies.

2.3. Analysis of Cell Viability by MTT Assay

The viability of cells was determined by MTT assay as described previously [38]. Cells
were treated with vehicle or tanshinone IIA (1–20 µM) for 24 h. These cells were incubated
with the MTT reagent (1 mg/mL) at 37 ◦C for 3 h. The medium was removed, and the cells
were washed with PBS. Purple crystals were dissolved in DMSO, and cell viability was
determined by the absorbance measured at 550 nm using a microplate reader.

2.4. Analysis of Cell Cytotoxicity by LDH Release Assay

The cytotoxicity of cells was determined by LDH assay as described previously [39]
Cells were treated with vehicle or tanshinone IIA (1–20 µM) for 24 h. Supernatants were
harvested and LDH activity was measured using an LDH Cytotoxicity Assay Kit II (Abcam,
Cambridge, MA, USA) according to the manufacturer’s protocol. The absorbance of
samples was determined at 450 nm using a microplate reader.

2.5. Reverse-Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) Analysis

The RT-qPCR analysis was carried out as described previously [40] Cells were treated
with vehicle or tanshinone IIA (5 and 10 µM) for 24 h, and cellular RNA was extracted
using a FavorPrepTM blood/cultured cell total RNA purification mini kit (FAVORGEN
Biotech, Ping-Tung, Taiwan). Reverse transcription was carried out with a high-capacity
cDNA reverse transcription kit (Thermo Fisher Scientific, MA, USA). Quantitative real-
time PCR was performed in a mixture containing cDNA, human-specific primers (Table
S1), and Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific) on a
Roche LightCycler®-480 real-time PCR system. The ∆∆Ct method was used to measure
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the relative differences in mRNA expression between experimental groups and normalize
with the mRNA expression of GAPDH in the same samples.

2.6. Western Blot Analysis

Western blot analysis was carried out as described previously [41]. Cells were treated
with vehicle or tanshinone IIA (5 and 10 µM) for 24 h. For preparation of total cellular
proteins, the cells were harvested with RIPA buffer (Thermo Fisher Scientific). For nuclear-
extract preparation, the cells were harvested using NE-PER nuclear and cytoplasmic
extraction reagent (Thermo Fisher Scientific). The samples were separated by 10% SDS-
PAGE and transferred to PVDF membranes (PerkinElmer, Boston, MA, USA). The blots
were incubated with the following primary antibodies at 4 ◦C for 24 h: anti-FASN (A6273)
(1:2000) (ABclonal, Woburn, MA, USA), anti-ACC1 (#3676) (1:1000) and anti-phospho-ACC1
(Ser79) (#3661) (1:1000) (Cell Signaling Technology, Danvers, MA), anti-SCD1 (ab39969)
(1:1000) and anti-LXRα (ab41902) (1:1000) (Abcam), anti-HDAC2 (GTX112957) (1:3000)
(GeneTex, Irvine, CA, USA), anti-SREBP1 (sc-13551) (1:200) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and anti-actin (MAB1501) (1:30000) (Thermo Fisher Scientific).
The blots were incubated with the appropriate HRP-conjugated secondary antibodies,
and the amount of each protein was measured by Amersham ECLTM prime Western
blotting detection reagent. The chemiluminescent signal was visualized using Amersham
HyperfilmTM ECL film (GE Healthcare, Buckinghamshire, UK).

2.7. Staining of Neutral Lipid Droplets

Lipid droplets were stained by a specifically lipophilic fluorescent dye as described
previously [42,43]. HepG2 cells were seeded in poly-L-lysine-coated coverslips and treated
with vehicle or tanshinone IIA in growth medium or high-fat medium as described above.
The cells on coverslips were fixed in cold 4% paraformaldehyde at room temperature for
20 min followed by incubation with 0.5 µM BODIPY493/503 fluorescent dye (Thermo
Fisher Scientific) for 15 min. The coverslips were washed three times with PBS and mounted
using VECTASHIELD HardSet™ mounting medium with 4’,6-diamidino-2-phenylindole
(DAPI) (Vector Laboratories, Burlingame, CA, USA). The imaged were observed and
photographed with a ZEISS LSM 900 laser confocal microscope (ZEISS Microscopy, Jena,
Germany). The mean fluorescent intensities of the lipid droplets per cell were analyzed and
quantified in at least 200 cells in 25–30 randomly selected fields (63x) from independent
replicates using ZEISS ZEN lite software (ZEN 2.3) (ZEISS Microscopy).

2.8. Analysis of Hepatic Triglyceride (TG)

The cells were treated with vehicle or tanshinone IIA, and cell lysates were prepared
by using sonication. The triglyceride (TG) was extracted from cell lysates as described
previously [44]. The amounts of TG were measured with a Triglyceride Colorimetric Assay
Kit (Cayman Chemical, Ann Arbor, MI, USA) according to the manufacturer’s protocol.
The TG content was measured as the absorbance at 530 nm using a microplate reader.

2.9. Molecular Docking of Compounds to Binding Domain of LXRα Protein

The molecular docking of compounds to nuclear receptor LXRα was performed using
Molecular Operating Environment software (MOE2019.01). The DOCK module with
“induced fit” refinement to enhance the accuracy of the MOE2019.01 software program was
used to predict the preferable binding sites between LXRα and the respective compounds
(tanshinone IIA, T0901317, and 24 (S),25-epoxycholesterol). The compounds were manually
built with the MOE software package for docking with the LXRα binding domain (PDB
code: 2ACL, LXRα with compound SB313987). Water molecules in the crystal structure
were removed, missing short loops were added with the MOE software, and the energy
was minimized before molecular docking. The score was based on GBVI/WSA ∆G, a
force-field-based scoring function that estimates the binding free energy of a ligand to a



Biomedicines 2021, 9, 326 5 of 20

receptor. The preferable binding sites for each compound were determined based on the
lowest binding free energy, which was the lowest S value in the scoring function.

2.10. Statistical Analysis

At least three independent experiments were performed, and each experiment was
repeated three times. The data are expressed as the means ± SD. The data were analyzed
using Student’s t-test (for comparisons of data with two groups) and one-way ANOVA
with Tukey’s test for post hoc analysis (for comparisons of data with multiple groups), and
a p-value of <0.05 was considered statistically significant.

3. Results
3.1. Effects of Tanshinone IIA on the Viability of Hepatic Cell Lines

To investigate the cytotoxic effect of tanshinone IIA (Figure 1a) on hepatic cells, HepG2
cells were treated with vehicle (0.1% DMSO) or tanshinone IIA (1, 2, 5, 10, and 20 µM)
for 24 h. Cell cytotoxicity induced by tanshinone IIA was determined using an MTT
assay and validated by an LDH release assay. The data showed that vehicle (0.1% DMSO)
and tanshinone IIA (1–10 µM) induced no cytotoxicity in the HepG2 cells (Figure 1b,c).
However, higher concentration of tanshinone IIA (20 µM) slightly reduced the cell viability
as compared with vehicle-treated group. Similar results for cell viability also were found
in the tanshinone IIA-treated Huh 7 hepatic cell line (Figure S1). Therefore, doses of 5 and
10 µM of tanshinone IIA were used in the subsequent experiments.
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Figure 1. Effects of tanshinone IIA on HepG2 cell viability. (a) The chemical structure of tanshinone IIA. HepG2 cells were
treated with vehicle (0.1% DMSO) or tanshinone IIA (1, 2, 5, 10, and 20 µM) for 24 h. (b) Cell viability was measured
using an MTT assay. (c) Cytotoxicity was measured using LDH release assay. The data represent the mean ± SD of three
independent experiments. ## p < 0.01 indicates significant differences compared to the vehicle-treated cells.

3.2. Effects of Tanshinone IIA on FASN, ACC1, and SCD1 Expression in Hepatic Cell Lines

De novo lipogenesis plays a critical role in regulating the amount of lipid accumula-
tion in hepatic cells. To investigate whether tanshinone IIA can regulate the expression
of endogenous de novo lipogenesis-related genes, we examined the effect of tanshinone
IIA treatment on the mRNA expression of fatty-acid synthase (FASN), acetyl-CoA car-
boxylase 1 (ACC1), and stearoyl-CoA desaturase 1 (SCD1) in HepG2 cells. Tanshinone IIA
(5 and 10 µM) significantly reduced the mRNA expression of FASN, ACC1, and SCD1 by
0.85 ± 0.09- and 0.55 ± 0.18-fold; 0.81 ± 0.08- and 0.67 ± 0.10-fold; and 0.64 ± 0.14- and
0.45 ± 0.13-fold in HepG2 cells, respectively, when compared to the vehicle-treated cells
(1.00 ± 0.05, 1.00 ± 0.08, and 1.01 ± 0.14) (p < 0.05 and p < 0.01, respectively) (Figure 2a–c).
Similar results showed that tanshinone IIA could significantly inhibit the mRNA expression
of FASN, ACC1, and SCD1 genes in Huh 7 cells (Figure S2a–c).
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treated with vehicle (0.1% DMSO) or tanshinone IIA (5 and 10 µM) for 24 h. The mRNA expression of (a) FASN, (b) ACC1,
and (c) SCD1 was measured by RT-qPCR analysis. The data represent the mean ± SD of three independent experiments.
# p < 0.05 and ## p < 0.01 indicate significant differences compared to the vehicle-treated cells.

Furthermore, we examined the levels of the FASN, ACC1, and SCD1 proteins in
tanshinone IIA-treated HepG2 cells. The cells treated with tanshinone IIA (5 and 10 µM)
had significantly decreased levels of FASN, ACC1, and SCD1 protein expression, by
0.80 ± 0.13- and 0.67 ± 0.18-fold; 0.57 ± 0.19- and 0.45 ± 0.17-fold; and 0.66 ± 0.19- and
0.43 ± 0.14-fold in HepG2 cells, respectively, when compared to the vehicle-treated cells
(1.00 ± 0.03, 1.01 ± 0.08, and 1.00 ± 0.08) (p < 0.05 and p < 0.01, respectively) (Figure 3a–f).
These results indicated that tanshinone IIA can significantly inhibit the mRNA and protein
expression of these genes, which are essential for de novo lipogenesis in hepatic cells.
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Figure 3. Effects of tanshinone IIA on FASN, ACC1, and SCD1 protein expression in HepG2 cells. HepG2 cells were treated
with vehicle (0.1% DMSO) or tanshinone IIA (5 and 10 µM) for 24 h. The protein expression of (a) FASN, (b) ACC1, and
(c) SCD1 was measured by Western blot analysis. A representative blot is shown. The normalized intensities of (d) FASN,
(e) ACC1, and (f) SCD1 proteins versus actin are presented as the mean ± SD of three independent experiments. # p < 0.05
and ## p < 0.01 indicate significant differences compared to the vehicle-treated cells.

3.3. Effects of Tanshinone IIA on ACC1 Phosphorylation in HepG2 Cells

The enzyme ACC1 plays a critical role in fatty-acid synthesis and has been identified
to be inactivated by phosphorylation of serine 79, leading to lipogenesis inhibition [45].
Therefore, we investigated the effect of tanshinone IIA on ACC1 phosphorylation in HepG2
cells. Tanshinone IIA (5 and 10 µM) significantly increased the ratio of phosphorylated
ACC1 (p-ACC1)/ACC1 proteins by 1.41 ± 0.01- and 2.11 ± 0.05-fold in HepG2 cells, respec-
tively, when compared to the vehicle-treated group (1.00 ± 0.08) (p < 0.01) (Figure 4a,b).
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Moreover, we examined the effect of tanshinone IIA on ACC1 phosphorylation in HepG2
cells incubated with high-fat medium. The ratio of p-ACC1/ACC1 in the cells treated with
high-fat medium was slightly reduced by 0.80 ± 0.04-fold as compared to cells treated with
normal growth medium (1.00 ± 0.07) (p < 0.01). Tanshinone IIA significantly increased
the p-ACC1/ACC1 ratio by 2.47 ± 0.08-fold, when compared to the vehicle-treated group
(0.80 ± 0.04) (p < 0.01) (Figure 4c,d). This data indicated that tanshinone IIA could promote
phosphorylation of ACC1 protein in hepatic cells.
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Figure 4. Effects of tanshinone IIA on ACC1 phosphorylation in HepG2 cells. (a) HepG2 cells were treated with vehicle
(0.1% DMSO) or tanshinone IIA (5 and 10 µM) in normal growth medium. The protein levels of phosphorylated ACC1
at serine 79 (p-ACC1), ACC1, and actin was measured by Western blot analysis. A representative blot is shown. (b) The
normalized intensity of p-ACC1 protein versus ACC1 is presented as the mean ± SD of three independent experiments.
** p < 0.01 indicates significant differences compared to the vehicle-treated cells. (c) HepG2 cells were treated with vehicle
(0.1% DMSO) or tanshinone IIA (10 µM) in normal growth medium or high-fat medium. The phosphorylated ACC1
(p-ACC1), ACC1, and actin was measured by Western blot analysis. A representative blot is shown. (d) The normalized
intensity of p-ACC1 versus ACC1 is presented as the mean ± SD of three independent experiments. ** p < 0.01 indicates
significant differences compared to the vehicle-treated cells incubated with growth medium. ## p < 0.01 indicates significant
differences compared to the vehicle-treated cells.

3.4. Effects of Tanshinone IIA on the Fatty-Acid-Induced Lipogenesis and TG Accumulation in
HepG2 Cells

To investigate the effect of tanshinone IIA on the fatty-acid-induced lipogenesis and
TG accumulation, first, we examined whether tanshinone IIA affected cell viability of
HepG2 cells incubated in high-fat medium. The MTT assay data showed that the viability
of cells treated with tanshinone IIA (1, 2, 5, and 10 µM) was 97.7 ± 3.1%, 96.8 ± 5.6%,
94.6 ± 1.8%, and 92.4 ± 4.5% as compared to cells incubated in normal growth medium
(100.4 ± 1.8%), respectively (Figure 5a). This data showed that tanshinone IIA did not
induce significant cytotoxicity in cells incubated with high-fat medium. Next, the effect of
tanshinone IIA on the palmitate/oleate-induced lipogenesis was investigated. The HepG2
cells incubated with high-fat medium showed increased levels of FASN, ACC1, and SCD1
mRNA expression as compared with that cultured in growth medium. Tanshinone IIA
significantly decreased the amounts of FASN, ACC1, and SCD1 mRNA in cells incubated
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with normal growth or high-fat medium, when compared to their effects on vehicle-treated
cells (p < 0.01) (Figure 5b–d). The effect of tanshinone IIA on intracellular triglyceride (TG)
accumulation was examined, and the data showed that TG contents in cells incubated with
high-fat medium were significantly increased as compared with cells treated with normal
growth medium (p < 0.01). The TG contents were significantly reduced by tanshinone
IIA (10 µM) treatment in HepG2 cells cultured in growth medium or high-fat medium
(Figure 5e). These data indicated that tanshinone IIA can significantly ameliorate fatty-
acid-induced lipogenesis and TG accumulation in hepatic cells.
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Figure 5. Effects of tanshinone IIA on the fatty-acid-induced lipogenesis and TG accumulation in HepG2 cells. HepG2
cells were treated with vehicle (0.1% DMSO) or tanshinone IIA (1–10 µM) in growth medium (DMEM with 10% FBS and
1xNEAA), and after 20 h, the medium was replaced with high-fat medium containing the indicated compounds (vehicle
or tanshinone IIA). (a) Cell viability was measured using an MTT assay. The mRNA expression of (b) FASN, (c) ACC1,
and (d) SCD1 was measured by RT-qPCR analysis. The data represent the mean ± SD of three independent experiments.
# p < 0.05 and ## p < 0.01 indicate significant differences compared to the vehicle-treated cells. (e) Intracellular triglyceride
(TG) levels of vehicle- or tanshinone-IIA-treated HepG2 cells were measured from three independent replicates, and the
data represent the mean ± SD. ** p < 0.01 indicates significant differences compared to the vehicle-treated cells incubated
with growth medium. ## p < 0.01 indicate significant differences compared to the tanshinone IIA-untreated cells.
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3.5. Effects of Tanshinone IIA on SREBP1 Expression in HepG2 Cells

SREBP-1c is an important transcriptional regulator of FASN, ACC1, and SCD1 gene
expression in hepatic cells. Therefore, we further investigated the effect of tanshinone
IIA on SREBP-1c expression in HepG2 cells. Tanshinone IIA (5 and 10 µM) significantly
reduced the level of SREBP-1c mRNA by 0.65 ± 0.15- and 0.37 ± 0.10-fold in HepG2 cells,
respectively, when compared to the vehicle-treated group (1.01 ± 0.11) (p < 0.01) (Figure 6a).
Because the SREBP1 antibody used was unable to distinguish between the SREBP-1a and
-1c, we used the SREBP1 to mention in this data.. We found that tanshinone IIA (5 and
10 µM) decreased the amount of nuclear mature SREBP1 protein by 0.73 ± 0.19- and
0.35 ± 0.17-fold, respectively, when compared to the vehicle-treated group (1.01 ± 0.03)
(p < 0.05 and p < 0.01, respectively) (Figure 6b,c).
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Figure 6. Effects of tanshinone IIA on SREBP1 gene expression. HepG2 cells were treated with vehicle (0.1% DMSO) or
tanshinone IIA (5 and 10 µM) for 24 h. (a) The mRNA expression of SREBP-1c was measured by RT-qPCR analysis. The
data represent the mean ± SD of three independent experiments. ## p < 0.01 indicates significant differences compared to
the vehicle-treated cells. (b) Nuclear extracts were prepared from vehicle- or tanshinone-IIA-treated cells, and the level
of nuclear SREBP1 protein was analyzed by Western blot analysis. A representative blot is shown. (c) The normalized
intensity of SREBP1 protein versus HDAC2 is presented as the mean ± SD of three independent experiments. # p < 0.05
and ## p < 0.01 indicate significant differences compared to the vehicle-treated cells. (d) HepG2 cells were treated with
vehicle (0.1% DMSO) or tanshinone IIA (10 µM) in normal growth medium or high-fat medium. The mRNA expression
of SREBP-1c was measured by RT-qPCR analysis. The data represent the mean ± SD of three independent experiments.
** p < 0.01 indicates significant differences compared to the vehicle-treated cells incubated with growth medium. ## p < 0.01
indicates significant differences compared to the vehicle-treated cells.

Furthermore, we investigated the effect of tanshinone IIA on SREBP1c expression in
HepG2 cells incubated with high-fat medium. The cells incubated with high-fat medium
showed an elevated level of SREBP1c mRNA expression by 1.87 ± 0.16-fold as compared
with the cells cultured in growth medium (1.01 ± 0.15) (p < 0.01). Tanshinone IIA signifi-
cantly decreased the amount of SREBP1c mRNA by 0.64 ± 0.13-fold in cells incubated with
high-fat medium, when compared to its effect on vehicle-treated cells (p < 0.01) (Figure 6d).
In addition to SREBP1c, recently, carbohydrate regulatory binding protein (ChREBP) also
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was reported to regulate the FASN and ACC1 gene expression for glucose-induced lipoge-
nesis [2,46]. We further examined the effect of tanshinone IIA on ChREBP expression in
HepG2 cells. We found that tanshinone IIA (5 and 10 µM) could not change the level of
ChREBP mRNA expression (Figure S3). These above results indicated that tanshinone IIA
downregulates SREBP1 gene expression, which may lead to reduce expression of lipogenic
genes in hepatic cells.

3.6. Effects of Tanshinone IIA on LXRα-Mediated Transcriptional Activity in HepG2 Cells

SREBP-1c and some lipogenic enzymes such as FASN are the direct targets for tran-
scriptional activation by LXRα in hepatic cells. To explore the effect of tanshinone IIA
on LXRα-mediated SREBP1 expression, we first examined whether tanshinone IIA could
change LXRα gene expression in HepG2 cells. We found that tanshinone IIA did not
change the mRNA or nuclear protein levels of LXRα in the HepG2 cells (Figure 7a–c).
We further examined the effect of tanshinone IIA on the ligand-induced LXR activity
for SREBP-1c mRNA expression. HepG2 cells were pretreated with vehicle or tanshi-
none IIA (10 µM) for 1 h followed by treatment with LXRα agonists; namely, T0901317
(Figure 7d) and 24(S),25-epoxycholesterol (Figure 7e), for an additional 24 h. As shown in
Figure 7f, the level of SREBP-1c mRNA was significantly increased by T0901317 (1 µM)
and 24(S),25-epoxycholesterol (40 µM) treatment of the HepG2 cells. When cells were
cotreated with tanshinone IIA and agonists, the T0901317- and 24(S),25-epoxycholesterol-
induced SREBP-1c mRNA expression was significantly attenuated by approximately 60%
and 67%, respectively (p < 0.01). Furthermore, we found that T0901317- and 24(S),25-
epoxycholesterol-induced FASN mRNA expression was also significantly decreased by ap-
proximately 56% and 45%, respectively, in tanshinone IIA-treated cells (p < 0.01) (Figure 7g).
Moreover, to validate the regulatory effect of tanshinone IIA on LXRα-mediated transcrip-
tion, mRNA expression of other downstream target genes, such as ACC1 and SCD1 [24,47],
and GLUT1 [48], a negatively regulated gene by LXRα ligands, were also examined.
T0901317-induced ACC1 and SCD1 mRNA expression was significantly decreased by
tanshinone IIA in HepG2 cells (Figure S4a,b). Tanshinone IIA also could reverse the
T0901317-decreased GLUT1 expression to basal level in HepG2 cells (Figure S4c). These
above results verified that tanshinone IIA was involved in the regulation of LXRα-mediated
transcriptional activity in hepatic cells.
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Figure 7. Effects of tanshinone IIA on LXRα expression and ligand-induced LXRα activation in HepG2 cells. HepG2 cells were treated
with vehicle (0.1% DMSO) or tanshinone IIA (5 and 10 µM) for 24 h. (a) The mRNA expression of LXRα was measured by RT-qPCR
analysis. The data are presented as the mean ± SD of three independent experiments. (b) The nuclear protein expression of LXRα and
HDAC2 was measured by Western blot analysis. A represent blot is shown. (c) Normalized intensities of LXRα versus HDAC2 is
presented as the mean ± SD of three independent experiments. The chemical structure of (d) T0901317 and (e) 24(S),25-epoxycholesterol
HepG2 cells were pretreated with vehicle (0.1% DMSO) or tanshinone IIA (10 µM) for 1 h followed by treatment with agonist T0901317
(1 µM) or 24(S),25-epoxycholesterol (40 µM) for 24 h. The mRNA levels of (f) SREBP-1c and (g) FASN were measured by RT-qPCR
analysis. ** p < 0.01 indicates a significant difference compared to compound-untreated group. ## p < 0.01 indicates significant
differences compared to cells treated with the agonist alone.

3.7. Tanshinone IIA Attenuates LXRα-Mediated Lipid-Droplet Accumulation in HepG2 Cells

To investigate the effect of tanshinone IIA on lipid accumulation in HepG2 cells, the
neutral lipid droplets in HepG2 cells were assessed using BODIPY493/503 fluorescent dye
staining and analyzed under a confocal microscope. The cells incubated with high-fat medium
showed an increased level of lipid droplets as compared with the cells cultured in normal
growth medium (Figure 8a,b). Tanshinone IIA could significantly reduce the amount of lipid
droplets in cells incubated with growth medium and high-fat medium by approximately 37%
and 32%, respectively, when compared to its effect on vehicle-treated cells (Figure 8c). We fur-
ther investigated the effect of tanshinone IIA on LXRα-mediated lipid-droplet accumulation
in HepG2 cells. The data from Figure 8a–c showed that lipid accumulation induced by the
T0901317 (1 µM) in cells with growth or high-fat medium was increased by approximately
25% and 33%, respectively, when compared to vehicle-treated groups. When cells were
cotreated with T0901317 and tanshinone IIA (10 µM), the T0901317-induced lipid droplets
were significantly attenuated by approximately 52% and 49% in cells incubated with growth
medium and high-fat medium, respectively. These data indicated that tanshinone IIA can
attenuate LXRα-mediated lipid droplets accumulation in HepG2 cells.
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3.8. Tanshinone IIA Docks to the Ligand-Binding Domain of LXRα

To investigate whether tanshinone IIA can bind to LXRα, the molecular docking
program was performed as described in the Materials and Methods section. The docking
results showed that tanshinone IIA, T0901317, and 24(S),25-epoxycholesterol can dock
to LXRα binding pocket with different docking scores (tanshinone IIA: −7.33; T0901317:
−8.47; and 24(S),25-epoxycholesterol: −10.32) (Figure 9a–c). The superposition result
showed that all these compounds docked into the ligand-binding domain of LXRα at
similar poses (Figure 9d). The ligand-receptor interaction maps showed that the tanshinone
IIA was surrounded by many hydrophobic amino-acid residues such as F255, L258, A259,
M296, and F313 (Figure 9e). These data indicated that the binding pocket of LXRα is
suitable for lipophilic molecule interactions and tanshinone IIA may serve as a ligand
specifically bound to this ligand-binding domain for modulation of LXRα activity.
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4. Discussion

Abnormal accumulation of lipid droplets within hepatic cells is the hallmark of
MAFLD. MAFLD patients may benefit from early treatment to reduce hepatic or cardiovas-
cular complications [49]. Tanshinone IIA, a pharmacologically bioactive phytochemical
extracted from the dried root of Salvia miltiorrhiza, has been demonstrated to have putative
effects on antiatherosclerosis, antihyperlipidemia and antiadipogenesis [50]. Recently,
tanshinone IIA and its derived compound, sodium tanshinone IIA sulfonate, were reported
to ameliorate hepatic steatosis or fatty liver [35,51,52]. However, studies of the molecular
effects of tanshinone IIA on hepatic steatosis and its role in the prevention or treatment of
MAFLD remain limited. In this study, we demonstrated that tanshinone IIA could signifi-
cantly reduce the amounts of lipid-droplet deposition within HepG2 cells. Tanshinone IIA
could increase the phosphorylation of ACC1 proteins, which may lead to inhibit hepatic
lipogenesis. Tanshinone IIA downregulated the expression of lipogenic enzymes, including
FASN, ACC1, and SCD1, through suppression of SREBP1 expression and LXRα-mediated
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transcriptional activation, resulting in reducing lipogenesis and lipid accumulation in the
HepG2 cells. Moreover, we predicted that tanshinone IIA binds to the ligand-binding
domain of LXRα to suppress its transcriptional activity (Figure 10). These findings support
the hypothesis that tanshinone IIA possesses lipid-modulating activity and can potentially
serve as a novel agent for the prevention or treatment of hepatic steatosis or MAFLD.
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in hepatic cells. Tanshinone IIA promotes ACC1 phosphorylation to attenuate fatty-acid synthesis
and lipogenesis. Tanshinone IIA down-regulates FASN, ACC1, and SCD1 expression by inhibiting
the LXRα-mediated transcriptional activation, resulting in a reduction in endogenous and fatty-acid-
induced lipogenesis as well as lipid-droplet accumulation in hepatic cells.

Hepatic steatosis results from an imbalance between lipid supplementation and clear-
ance in the liver. Emerging studies have demonstrated that dysregulation of lipogenesis
contributes to hepatic steatosis and plays an essential role in the pathologic progress
of MAFLD. The increases in hepatic TG content measured in MAFLD patients showed
that approximately 30% of the contribution came from de novo biosynthesis [17]. In this
study, tanshinone IIA downregulated the mRNA and protein expression of lipogenic
enzymes, including FASN, ACC1, and SCD1, in HepG2 cells. Our data also showed
tanshinone IIA markedly reduced TG contents and lipid-droplet accumulation. It has
been reported that modulation of de novo lipogenesis in hepatocytes is important for the
attenuation of hepatic steatosis and treatment of MAFLD. Recent studies using animal
models have shown that knocking out or knocking down the hepatic enzymes involved
in lipogenesis or desaturation of long-chain fatty acids may reduce TG concentration and
attenuate steatosis [16,53,54]. The present study revealed that tanshinone IIA can reduce
the levels of lipogenic enzymes in hepatocytes, which may lead to decreased hepatic TG
contents and lipid accumulation. Saturated-fat diets could increase lipogenic gene expres-
sion and hepatic steatosis in mice [55]. The TG-derived fatty-acid profile showed that
higher saturated fatty-acid content and low levels of polyunsaturated fatty acid increased
the proinflammatory cytokine to enhance inflammation [56]. In this study, inhibition of
palmitate/oleate-induced lipogenesis by tanshinone IIA may be associated with reduction
of TG accumulation. Whether tanshinone IIA could increase the unsaturated fatty-acid
levels and reduce saturated fatty-acid content in cells treated with high-fat medium remains
unclear. Analysis of the profile of TG-derived saturated and mono/polyunsaturated fatty
acid in lipid droplets from tanshinone IIA-treated cells needs to be further investigated.

In this study, tanshinone IIA increased the ratio of p-ACC1/ACC1 in HepG2 cells.
These data indicated that tanshinone IIA could promote ACC1 phosphorylation, which may
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lead to inhibit its enzyme activity for the decrease of de novo lipid biosynthesis. It is known
that AMPK activation directly phosphorylated ACC1 at serine 79 and suppressed its activity,
and reduced FASN expression to attenuate fatty-acid-induced hepatic steatosis. AMPK
activation also decreased fatty-acid biosynthesis through reducing the SREBP1c levels or
nuclear translocation to repress lipogenic gene expression and lipid accumulation [57,58].
Recently, AMPK activator was reported to modulate hepatic saturated/unsaturated fatty-
acid composition, and suppress hepatic macrophage infiltration in the development of
MAFLD [59]. Whether tanshinone IIA can activate AMPK signaling to regulate lipogenic
gene expression and reduce hepatic steatosis remains unclear and needs to be further
investigated.

Transcriptional modulation of the lipogenic enzymes in hepatocytes is an interesting
idea for developing therapeutic strategies for hepatic steatosis. The transcription factor
SREBP1 regulates the transcription rate of genes involved in the fatty-acid synthesis path-
way. SREBP1 is expressed in two isoforms, SREBP-1a and SREBP-1c, can be translated
as a precursor protein bound to the endoplasmic reticulum (ER) membrane, and must
be transported to the Golgi and activated by a cleavage process to release a mature form
to the nucleus [60]. SREBP1 mediates the regulation of hepatic genes involved in carbo-
hydrate and lipid metabolism. SREBP-1c was reported to control the mRNA expression
of FASN, ACC1, and SCD1 in hepatocytes [61,62]. Additionally, hepatic SREBP-1c was
highly expressed in patients with MAFLD [63]. In this study, we found that tanshinone
IIA significantly decreased the levels of SREBP-1c mRNA and the mature form of nuclear
SREBP1 protein. These results revealed that tanshinone IIA can inhibit the transcription of
FASN, ACC1, and SCD1 via the modulation of nuclear SREBP1 levels in hepatic cells.

The essential role of SREBP1 in lipogenesis has been demonstrated in gain- and loss-
of-function studies in vitro and in vivo. Overexpressing a mature form of SREBP-1c in
hepatocytes or mice can activate the lipogenic pathway and induce steatosis [64,65]. In con-
trast, mice lacking SREBP-1c fail to express of lipogenic enzymes or undergo TG synthesis
in response to fasting and refeeding [23]. The data we presented here demonstrated that
tanshinone IIA could cause a significant decrease in the level of the mature SREBP1 protein.
These findings indicate that tanshinone-IIA-mediated nuclear SREBP1 reduction leads to
the downregulated expression of lipogenic enzymes and attenuates lipid accumulation in
hepatic cells. SREBP1 protein is also known to play a critical role in hepatic carbohydrate
metabolism [66]. Whether tanshinone-IIA-mediated SREBP1 downregulation modulates
glucose metabolism in hepatic cells needs to be further investigated.

The SREBP-1c gene is upregulated by the nuclear receptor LXRα. LXR is expressed
in two isoforms, LXRα and LXRβ, and LXRs are ligand-dependent nuclear receptors that
regulate cholesterol and lipid metabolism [67,68]. LXRα is mainly expressed in the liver,
kidney, adipose tissue, and intestine, whereas LXRβ is ubiquitously expressed [69]. LXRα
agonist treatment has been reported to induce lipogenesis, because they bind to LXREs
within the promoter region of SREBP-1c, FASN, ACC1, and SCD1 to increase mRNA
transcription in hepatic cells [24,47,70,71]. LXRα and its lipogenic target genes were also
reported to be highly expressed in patients with MAFLD [72]. In this study, we found
that the LXR agonist enhanced lipogenic genes and contributed to lipid accumulation as
expected in HepG2 cells. In tanshinone-IIA-treated cells, LXRα-induced lipid-droplet accu-
mulation can be significantly attenuated. Lipid droplets are dynamic lipid-rich organelles
that have been shown to function in TG and energy storage, and as a protective strategy
for fatty-acid-induced lipotoxicity in the liver. However, an imbalance of lipid-droplet for-
mation and mobilization can lead to excess lipid droplets and TG accumulation in hepatic
cells, which is a pathological condition for MAFLD [73,74]. In this study, tanshinone IIA
significantly ameliorated both fatty-acid- and LXRα-induced lipid-droplet accumulation
in HepG2 cells. This finding suggested that tanshinone IIA may modulate lipid-droplet
formation and homeostasis in the liver.

The LXRα protein is composed of an N-terminal-activating domain, a DNA-binding
domain, a ligand-binding domain (LBD), and a C-terminal activation domain. The LBD
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of LXRα has been reported to form a hydrophobic pocket and may interact with small-
molecule compounds. The binding affinity of LXR to its ligand could be predicted by
molecular-docking analysis [75]. In this study, molecular docking predicted that tanshi-
none IIA specifically binds to the LBD of LXRα. The lipophilic tanshinone IIA seems
preferentially to interact with hydrophobic residues within the LBD pocket of LXRα. Thus,
we suggested that the LXRα-ligand-induced lipid accumulation could be significantly
ameliorated by tanshinone IIA. LXR agonists were reported to increase expression of their
downstream target genes such as ACC1 and SCD1, and decrease GLUT1 expression. In
this study, tanshinone IIA could counteract the effect of the LXRα ligand T0901317 on these
target genes’ expression; however, LXRα mRNA and protein levels were not changed.
These results supported that tanshinone IIA could serve as a novel LXRα ligand to mod-
ulate the LXRα–SREBP1 axis in hepatic cells. The precise mechanisms underlying the
suppression of LXRα activation by tanshinone IIA remain unclear. The determination of
tanshinone IIA as an LXR antagonist, an inhibitor, or a ligand competitor that blocks the
LXR-RXR heterodimer needs further functional studies, with subjects such as GLUT1 or
other downstream targets involved in glucose or lipid metabolism.

LXRα plays essential roles in fatty-acid and cholesterol homeostasis, and in control of
inflammation and immunity [76,77]. LXR activation may control cholesterol efflux from
foam cells, induce cholesterol transporter expression, and inhibit inflammatory mediators
in the artery wall and macrophage, which may lead to reduced vascular inflammation and
atherosclerosis [49]. Therefore, LXR agonists are an option to be used for the treatment
of atherosclerosis, diabetes, and other disorders [78]. However, LXR agonists activated
hepatic lipogenesis and promoted TG accumulation in MAFLD, which limit the value
of clinical application. In this study, tanshinone IIA may have served as a ligand and
counteracted the LXRα–SREBP1 axis to reduce hepatic lipid accumulation. Recently, tan-
shinone IIA treatment was reported to reduced macrophage infiltration and nuclear factor
(NF)-κB activation in macrophages for inhibiting inflammatory responses [79]. Tan et al.
reported that tanshinone IIA increased cholesterol efflux and reduced lipid accumulation in
macrophages, leading to a reduction in the development of aortic atherosclerosis [80]. Wen
et al. reported that tanshinone IIA inhibited oxidized LDL-induced NLRP3 inflammasome
activation in mouse macrophages and ameliorated atherogenesis [81]. These findings
indicated that tanshinone IIA possessed the potential activities for anti-inflammation and
antiatherosclerosis. In this study, we suggested that tanshinone IIA could attenuate ligand-
induced LXRα activation and may be an LXRα antagonist or a ligand competitor for
downregulation of lipogenic gene expression in hepatic cells. Whether tanshinone IIA
affects the anti-inflammatory effect and cholesterol accumulation by LXRα-dependent
pathways in extra-hepatocytes remains to be clarified, and needs to be considered with
caution due to its adverse effect in therapeutic strategy for treatment of MAFLD. Recently,
Griffett et al. reported that a hepato-selective LXR inverse agonist could specifically sup-
press LXR activity in hepatic cells to reduce lipogenesis and prevent MAFLD [82]. Whether
tanshinone IIA could serve as an inverse agonist to reduce lipogenesis without promoting
cholesterol accumulation in extra-hepatic tissue remains to be further investigated. In
this study, we realized our results were found only on the in vitro lipid-lowering effects
of tanshinone IIA on hepatic cancer cell lines. To verify the impact of treatment with
tanshinone IIA in vivo, the primary human hepatocytes and animal models of MAFLD
can be used in further studies of tanshinone IIA on modulation of lipogenesis and lipid
accumulation.

5. Conclusions

In this study, for the first time, we demonstrated that tanshinone IIA exerts a promising
lipid-modulating effect to attenuate lipid-droplet accumulation and downregulate the
expression of genes involved in de novo lipogenesis by regulating the LXRα/SREBP1
pathway in hepatic cells. Our findings revealed that tanshinone IIA may serve as a novel
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supplement or drug to regulate LXRα activity and counter unwanted lipid overproduction
in the liver for the prevention or treatment of MAFLD.
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Huh 7 cell viability, Figure S2: Effects of tanshinone IIA on FASN, ACC1, and SCD1 mRNA expression
in Huh 7 cells, Figure S3: Effects of tanshinone IIA on ChREBP mRNA expression in HepG2 cells,
Figure S4: Effects of tanshinone IIA on LXRα-mediated transcriptional activity in HepG2 cells.

Author Contributions: J.-H.Y. and P.-Y.C. conceived and designed the experiments; W.-Y.G., H.-J.H.,
and C.-Y.L. performed the experiments; W.-Y.G., H.-J.H., P.-Y.C., and J.-H.Y. analyzed the data; M.-
J.W., J.-H.Y., and P.-Y.C. contributed reagents/materials; W.-Y.G., P.-Y.C., and J.-H.Y. wrote the paper.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by grants MOST-105-2320-B-320-004-MY3 (funding approval
date 1 August 2016) and MOST 108-2320-B-320-002-MY3 (to J.-H.Y.) (funding approval date 1 August
2019), and MOST 108-2635-B-303-001 (to P.-Y.C.) (funding approval date 1 August 2019) from the
Ministry of Science and Technology, Taiwan.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful for the support from the Core Research Laboratory, Tzu Chi
University for the assistance in the confocal image analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nguyen, P.; Leray, V.; Diez, M.; Serisier, S.; Le Bloc’H, J.; Siliart, B.; Dumon, H. Liver lipid metabolism. J. Anim. Physiol. Anim.

Nutr. 2008, 92, 272–283. [CrossRef]
2. Ipsen, D.H.; Lykkesfeldt, J.; Tveden-Nyborg, P. Molecular mechanisms of hepatic lipid accumulation in non-alcoholic fatty liver

disease. Cell. Mol. Life Sci. 2018, 75, 3313–3327. [CrossRef]
3. Byrne, C.D.; Targher, G. NAFLD: A multisystem disease. J. Hepatol. 2015, 62, S47–S64. [CrossRef] [PubMed]
4. Shiha, G.; Alswat, K.; Al Khatry, M.; I Sharara, A.; Örmeci, N.; Waked, I.; Benazzouz, M.; Al-Ali, F.; Hamed, A.E.; Hamoudi, W.;

et al. Nomenclature and definition of metabolic-associated fatty liver disease: A consensus from the Middle East and north Africa.
Lancet Gastroenterol. Hepatol. 2021, 6, 57–64. [CrossRef]

5. Eslam, M.; Newsome, P.N.; Sarin, S.K.; Anstee, Q.M.; Targher, G.; Romero-Gomez, M.; Zelber-Sagi, S.; Wong, V.W.-S.; Dufour,
J.-F.; Schattenberg, J.M.; et al. A new definition for metabolic dysfunction-associated fatty liver disease: An international expert
consensus statement. J. Hepatol. 2020, 73, 202–209. [CrossRef]

6. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of nonalcoholic fatty liver
disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64, 73–84. [CrossRef]

7. Adams, L.A.; Anstee, Q.M.; Tilg, H.; Targher, G. Non-alcoholic fatty liver disease and its relationship with cardiovascular disease
and other extrahepatic diseases. Gut 2017, 66, 1138–1153. [CrossRef]

8. Fazel, Y.; Koenig, A.B.; Sayiner, M.; Goodman, Z.D.; Younossi, Z.M. Epidemiology and natural history of non-alcoholic fatty liver
disease. Metab. Clin. Exp. 2016, 65, 1017–1025. [CrossRef]

9. Loomba, R.; Chalasani, N. The Hierarchical Model of NAFLD: Prognostic Significance of Histologic Features in NASH. Gastroen-
terology 2015, 149, 278–281. [CrossRef]

10. Sumida, Y.; Yoneda, M. Current and future pharmacological therapies for NAFLD/NASH. J. Gastroenterol. 2018, 53, 362–376.
[CrossRef] [PubMed]

11. Adams, L.A.; Angulo, P. Treatment of non-alcoholic fatty liver disease. Postgrad. Med. J. 2006, 82, 315–322. [CrossRef]
12. Katsurada, A.; Iritani, N.; Fukuda, H.; Matsumura, Y.; Nishimoto, N.; Noguchi, T.; Tanaka, T. Effects of nutrients and hormones

on transcriptional and post-transcriptional regulation of fatty acid synthase in rat liver. JBIC J. Biol. Inorg. Chem. 1990, 190,
427–433. [CrossRef] [PubMed]

13. Katsurada, A.; Iritani, N.; Fukuda, H.; Matsumura, Y.; Nishimoto, N.; Noguchi, T.; Tanaka, T. Effects of nutrients and hormones
on transcriptional and post-transcriptional regulation of acetyl-CoA carboxylase in rat liver. Eur. J. Biochem. 1990, 190, 435–441.
[CrossRef]

14. Jakobsson, A.; Westerberg, R.; Jacobsson, A. Fatty acid elongases in mammals: Their regulation and roles in metabolism. Prog.
Lipid Res. 2006, 45, 237–249. [CrossRef] [PubMed]

https://www.mdpi.com/2227-9059/9/3/326/s1
https://www.mdpi.com/2227-9059/9/3/326/s1
http://doi.org/10.1111/j.1439-0396.2007.00752.x
http://doi.org/10.1007/s00018-018-2860-6
http://doi.org/10.1016/j.jhep.2014.12.012
http://www.ncbi.nlm.nih.gov/pubmed/25920090
http://doi.org/10.1016/S2468-1253(20)30213-2
http://doi.org/10.1016/j.jhep.2020.03.039
http://doi.org/10.1002/hep.28431
http://doi.org/10.1136/gutjnl-2017-313884
http://doi.org/10.1016/j.metabol.2016.01.012
http://doi.org/10.1053/j.gastro.2015.06.016
http://doi.org/10.1007/s00535-017-1415-1
http://www.ncbi.nlm.nih.gov/pubmed/29247356
http://doi.org/10.1136/pgmj.2005.042200
http://doi.org/10.1111/j.1432-1033.1990.tb15592.x
http://www.ncbi.nlm.nih.gov/pubmed/2194804
http://doi.org/10.1111/j.1432-1033.1990.tb15593.x
http://doi.org/10.1016/j.plipres.2006.01.004
http://www.ncbi.nlm.nih.gov/pubmed/16564093


Biomedicines 2021, 9, 326 18 of 20

15. Ntambi, J.M. Dietary regulation of stearoyl-CoA desaturase 1 gene expression in mouse liver. J. Biol. Chem. 1992, 267, 10925–10930.
[CrossRef]

16. Postic, C.; Girard, J. Contribution of de novo fatty acid synthesis to hepatic steatosis and insulin resistance: Lessons from
genetically engineered mice. J. Clin. Investig. 2008, 118, 829–838. [CrossRef] [PubMed]

17. Donnelly, K.L.; Smith, C.I.; Schwarzenberg, S.J.; Jessurun, J.; Boldt, M.D.; Parks, E.J. Sources of fatty acids stored in liver and
secreted via lipoproteins in patients with nonalcoholic fatty liver disease. J. Clin. Investig. 2005, 115, 1343–1351. [CrossRef]

18. Eberlé, D.; Hegarty, B.; Bossard, P.; Ferré, P.; Foufelle, F. SREBP transcription factors: Master regulators of lipid homeostasis.
Biochimie 2004, 86, 839–848. [CrossRef]

19. Higuchi, N.; Kato, M.; Shundo, Y.; Tajiri, H.; Tanaka, M.; Yamashita, N.; Kohjima, M.; Kotoh, K.; Nakamuta, M.; Takayanagi,
R.; et al. Liver X receptor in cooperation with SREBP-1c is a major lipid synthesis regulator in nonalcoholic fatty liver disease.
Hepatol. Res. 2008, 38, 1122–1129. [CrossRef]

20. Edwards, P.A.; Kennedy, M.A.; Mak, P.A. LXRs; oxysterol-activated nuclear receptors that regulate genes controlling lipid
homeostasis. Vasc. Pharm. 2002, 38, 249–256. [CrossRef]

21. Perissi, V.; Aggarwal, A.; Glass, C.K.; Rose, D.W.; Rosenfeld, M.G. A Corepressor/Coactivator Exchange Complex Required for
Transcriptional Activation by Nuclear Receptors and Other Regulated Transcription Factors. Cell 2004, 116, 511–526. [CrossRef]

22. Schultz, J.R.; Tu, H.; Luk, A.; Repa, J.J.; Medina, J.C.; Li, L.; Schwendner, S.; Wang, S.; Thoolen, M.; Mangelsdorf, D.J.; et al. Role of
LXRs in control of lipogenesis. Genes Dev. 2000, 14, 2831–2838. [CrossRef]

23. Liang, G.; Yang, J.; Horton, J.D.; Hammer, R.E.; Goldstein, J.L.; Brown, M.S. Diminished Hepatic Response to Fasting/Refeeding
and Liver X Receptor Agonists in Mice with Selective Deficiency of Sterol Regulatory Element-binding Protein-1c. J. Biol. Chem.
2002, 277, 9520–9528. [CrossRef] [PubMed]

24. Chu, K.; Miyazaki, M.; Man, W.C.; Ntambi, J.M. Stearoyl-Coenzyme A Desaturase 1 Deficiency Protects against Hypertriglyc-
eridemia and Increases Plasma High-Density Lipoprotein Cholesterol Induced by Liver X Receptor Activation. Mol. Cell. Biol.
2006, 26, 6786–6798. [CrossRef] [PubMed]

25. Wagner, M.; Zollner, G.; Trauner, M. Nuclear receptors in liver disease. Hepatology 2011, 53, 1023–1034. [CrossRef] [PubMed]
26. Chen, Z.; Xu, H. Anti-Inflammatory and Immunomodulatory Mechanism of Tanshinone IIA for Atherosclerosis. Evid. Based

Complement. Altern. Med. 2014, 2014, 1–6. [CrossRef] [PubMed]
27. Shang, Q.; Xu, H.; Huang, L. Tanshinone IIA: A Promising Natural Cardioprotective Agent. Evid. Based Complement. Altern. Med.

2012, 2012, 1–7. [CrossRef]
28. Xu, S.; Liu, Z.; Huang, Y.; Le, K.; Tang, F.; Huang, H.; Ogura, S.; Little, P.J.; Shen, X.; Liu, P. Tanshinone II-A inhibits oxidized LDL-

induced LOX-1 expression in macrophages by reducing intracellular superoxide radical generation and NF-kappaB activation.
Transl. Res. 2012, 160, 114–124. [CrossRef]

29. Liu, Z.; Wang, J.; Huang, E.; Gao, S.; Li, H.; Lu, J.; Tian, K.; Little, P.J.; Shen, X.; Xu, S.; et al. Tanshinone IIA suppresses cholesterol
accumulation in human macrophages: Role of heme oxygenase-1. J. Lipid Res. 2014, 55, 201–213. [CrossRef]

30. Chen, H.-C.; Chen, P.-Y.; Wu, M.-J.; Tai, M.-H.; Yen, J.-H. Tanshinone IIA Modulates Low Density Lipoprotein Uptake via
Down-Regulation of PCSK9 Gene Expression in HepG2 Cells. PLoS ONE 2016, 11, e0162414. [CrossRef]

31. Chen, W.; Tang, F.; Xie, B.; Chen, S.; Huang, H.; Liu, P. Amelioration of atherosclerosis by tanshinone IIA in hyperlipidemic
rabbits through attenuation of oxidative stress. Eur. J. Pharmacol. 2012, 674, 359–364. [CrossRef] [PubMed]

32. Tang, F.; Wu, X.; Wang, T.; Wang, P.; Li, R.; Zhang, H.; Gao, J.; Chen, S.; Bao, L.; Huang, H.; et al. Tanshinone II A attenuates
atherosclerotic calcification in rat model by inhibition of oxidative stress. Vasc. Pharmacol. 2007, 46, 427–438. [CrossRef] [PubMed]

33. Jia, L.; Song, N.; Yang, G.; Ma, Y.; Li, X.; Lu, R.; Cao, H.; Zhang, N.; Zhu, M.; Wang, J.; et al. Effects of Tanshinone IIA on the
modulation of miR-33a and the SREBP-2/Pcsk9 signaling pathway in hyperlipidemic rats. Mol. Med. Rep. 2016, 13, 4627–4635.
[CrossRef] [PubMed]

34. Jia, L.-Q.; Zhang, N.; Xu, Y.; Chen, W.-N.; Zhu, M.-L.; Song, N.; Ren, L.; Cao, H.-M.; Wang, J.-Y.; Yang, G.-L. Tanshinone IIA affects
the HDL subfractions distribution not serum lipid levels: Involving in intake and efflux of cholesterol. Arch. Biochem. Biophys.
2016, 592, 50–59. [CrossRef] [PubMed]

35. Huang, L.; Ding, W.; Wang, M.-Q.; Wang, Z.-G.; Chen, H.-H.; Chen, W.; Yang, Q.; Lu, T.-N.; He, J.-M. Tanshinone IIA ameliorates
non-alcoholic fatty liver disease through targeting peroxisome proliferator-activated receptor gamma and toll-like receptor 4. J.
Int. Med. Res. 2019, 47, 5239–5255. [CrossRef]

36. Luo, W.-J.; Cheng, T.-Y.; Wong, K.-I.; Fang, W.-H.; Liao, K.-M.; Hsieh, Y.-T.; Su, K.-Y. Novel therapeutic drug identification and
gene correlation for fatty liver disease using high-content screening: Proof of concept. Eur. J. Pharm. Sci. 2018, 121, 106–117.
[CrossRef]

37. Oliveira, A.F.M.; Da Cunha, D.A.; Ladriere, L.; Igoillo-Esteve, M.; Bugliani, M.; Marchetti, P.; Cnop, M. In vitro use of free fatty
acids bound to albumin: A comparison of protocols. BioTechniques 2015, 58, 228–233. [CrossRef]

38. Yen, J.-H.; Lin, C.-Y.; Chuang, C.-H.; Chin, H.-K.; Wu, M.-J.; Chen, P.-Y. Nobiletin Promotes Megakaryocytic Differentiation
through the MAPK/ERK-Dependent EGR1 Expression and Exerts Anti-Leukemic Effects in Human Chronic Myeloid Leukemia
(CML) K562 Cells. Cells 2020, 9, 877. [CrossRef]

39. McKenzie, B.A.; Mamik, M.K.; Saito, L.B.; Boghozian, R.; Monaco, M.C.; Major, E.O.; Lu, J.-Q.; Branton, W.G.; Power, C. Caspase-1
inhibition prevents glial inflammasome activation and pyroptosis in models of multiple sclerosis. Proc. Natl. Acad. Sci. USA 2018,
115, E6065–E6074. [CrossRef] [PubMed]

http://doi.org/10.1016/S0021-9258(19)50107-7
http://doi.org/10.1172/JCI34275
http://www.ncbi.nlm.nih.gov/pubmed/18317565
http://doi.org/10.1172/JCI23621
http://doi.org/10.1016/j.biochi.2004.09.018
http://doi.org/10.1111/j.1872-034X.2008.00382.x
http://doi.org/10.1016/S1537-1891(02)00175-1
http://doi.org/10.1016/S0092-8674(04)00133-3
http://doi.org/10.1101/gad.850400
http://doi.org/10.1074/jbc.M111421200
http://www.ncbi.nlm.nih.gov/pubmed/11782483
http://doi.org/10.1128/MCB.00077-06
http://www.ncbi.nlm.nih.gov/pubmed/16943421
http://doi.org/10.1002/hep.24148
http://www.ncbi.nlm.nih.gov/pubmed/21319202
http://doi.org/10.1155/2014/267976
http://www.ncbi.nlm.nih.gov/pubmed/25525444
http://doi.org/10.1155/2012/716459
http://doi.org/10.1016/j.trsl.2012.01.008
http://doi.org/10.1194/jlr.M040394
http://doi.org/10.1371/journal.pone.0162414
http://doi.org/10.1016/j.ejphar.2011.10.040
http://www.ncbi.nlm.nih.gov/pubmed/22088276
http://doi.org/10.1016/j.vph.2007.01.001
http://www.ncbi.nlm.nih.gov/pubmed/17337361
http://doi.org/10.3892/mmr.2016.5133
http://www.ncbi.nlm.nih.gov/pubmed/27082100
http://doi.org/10.1016/j.abb.2016.01.001
http://www.ncbi.nlm.nih.gov/pubmed/26820219
http://doi.org/10.1177/0300060519859750
http://doi.org/10.1016/j.ejps.2018.05.018
http://doi.org/10.2144/000114285
http://doi.org/10.3390/cells9040877
http://doi.org/10.1073/pnas.1722041115
http://www.ncbi.nlm.nih.gov/pubmed/29895691


Biomedicines 2021, 9, 326 19 of 20

40. Chang, H.-Y.; Wu, J.-R.; Gao, W.-Y.; Lin, H.-R.; Chen, P.-Y.; Chen, C.-I.; Wu, M.-J.; Yen, J.-H. The Cholesterol-Modulating Effect of
Methanol Extract of Pigeon Pea (Cajanus cajan (L.) Millsp.) Leaves on Regulating LDLR and PCSK9 Expression in HepG2 Cells.
Molecules 2019, 24, 493. [CrossRef] [PubMed]

41. Chen, S.-F.; Chen, P.-Y.; Hsu, H.-J.; Wu, M.-J.; Yen, J.-H. Xanthohumol Suppresses Mylip/Idol Gene Expression and Modulates
LDLR Abundance and Activity in HepG2 Cells. J. Agric. Food Chem. 2017, 65, 7908–7918. [CrossRef]

42. Spangenburg, E.E.; Pratt, S.J.P.; Wohlers, L.M.; Lovering, R.M. Use of BODIPY (493/503) to visualize intramuscular lipid droplets
in skeletal muscle. J. Biomed. Biotechnol. 2011, 2011, 598358. [CrossRef]

43. Durandt, C.; van Vollenstee, F.A.; Dessels, C.; Kallmeyer, K.; de Villiers, D.; Murdoch, C.; Potgieter, M.; Pepper, M.S. Novel flow
cytometric approach for the detection of adipocyte subpopulations during adipogenesis. J. Lipid Res. 2016, 57, 729–742. [CrossRef]
[PubMed]

44. Zhu, X.; Bian, H.; Wang, L.; Sun, X.; Xu, X.; Yan, H.; Xia, M.; Chang, X.; Lu, Y.; Li, Y.; et al. Berberine attenuates nonalcoholic
hepatic steatosis through the AMPK-SREBP-1c-SCD1 pathway. Free Radic. Biol. Med. 2019, 141, 192–204. [CrossRef] [PubMed]

45. Hardie, D.G. AMPK: A key regulator of energy balance in the single cell and the whole organism. Int. J. Obes. 2008, 32, S7–S12.
[CrossRef] [PubMed]

46. Iizuka, K.; Horikawa, Y. ChREBP: A Glucose-activated Transcription Factor Involved in the Development of Metabolic Syndrome.
Endocr. J. 2008, 55, 617–624. [CrossRef] [PubMed]

47. Talukdar, S.; Hillgartner, F.B. The mechanism mediating the activation of acetyl-coenzyme A carboxylase-α gene transcription by
the liver X receptor agonist T0-901317. J. Lipid Res. 2006, 47, 2451–2461. [CrossRef] [PubMed]

48. Xiong, T.; Li, Z.; Huang, X.; Lu, K.; Xie, W.; Zhou, Z.; Tu, J. TO901317 inhibits the development of hepatocellular carcinoma by
LXRα/Glut1 decreasing glycometabolism. Am. J. Physiol. Liver Physiol. 2019, 316, G598–G607. [CrossRef]

49. Ducheix, S.; Montagner, A.; Theodorou, V.; Ferrier, L.; Guillou, H. The liver X receptor: A master regulator of the gut–liver axis
and a target for non alcoholic fatty liver disease. Biochem. Pharmacol. 2013, 86, 96–105. [CrossRef]

50. Ren, J.; Fu, L.; Nile, S.H.; Zhang, J.; Kai, G. Salvia miltiorrhiza in Treating Cardiovascular Diseases: A Review on Its Pharmacolog-
ical and Clinical Applications. Front. Pharmacol. 2019, 10, 753. [CrossRef]

51. Li, X.-X.; Lu, X.-Y.; Zhang, S.-J.; Chiu, A.P.; Lo, L.H.; Largaespada, D.A.; Chen, Q.-B.; Keng, V.W. Sodium tanshinone IIA sulfonate
ameliorates hepatic steatosis by inhibiting lipogenesis and inflammation. Biomed. Pharmacother. 2019, 111, 68–75. [CrossRef]

52. Yang, G.; Jia, L.; Wu, J.; Ma, Y.; Cao, H.; Song, N.; Zhang, N. Effect of tanshinone IIA on oxidative stress and apoptosis in a rat
model of fatty liver. Exp. Ther. Med. 2017, 14, 4639–4646. [CrossRef]

53. Mao, J.; DeMayo, F.J.; Li, H.; Abu-Elheiga, L.; Gu, Z.; Shaikenov, T.E.; Kordari, P.; Chirala, S.S.; Heird, W.C.; Wakil, S.J. Liver-
specific deletion of acetyl-CoA carboxylase 1 reduces hepatic triglyceride accumulation without affecting glucose homeostasis.
Proc. Natl. Acad. Sci. USA 2006, 103, 8552–8557. [CrossRef] [PubMed]

54. Miyazaki, M.; Flowers, M.T.; Sampath, H.; Chu, K.; Otzelberger, C.; Liu, X.; Ntambi, J.M. Hepatic stearoyl-CoA desaturase-1
deficiency protects mice from carbohydrate-induced adiposity and hepatic steatosis. Cell Metab. 2007, 6, 484–496. [CrossRef]
[PubMed]

55. Lin, J.; Yang, R.; Tarr, P.T.; Wu, P.H.; Handschin, C.; Li, S.; Yang, W.; Pei, L.; Uldry, M.; Tontonoz, P.; et al. Hyperlipidemic effects of
dietary saturated fats mediated through PGC-1beta coactivation of SREBP. Cell 2005, 120, 261–273. [CrossRef]

56. Yamada, K.; Mizukoshi, E.; Sunagozaka, H.; Arai, K.; Yamashita, T.; Takeshita, Y.; Misu, H.; Takamura, T.; Kitamura, S.; Zen,
Y.; et al. Response to Importance of confounding factors in assessing fatty acid compositions in patients with non-alcoholic
steatohepatitis. Liver Int. 2014, 35, 1773. [CrossRef]

57. Ahmed, M.H.; Byrne, C.D. Modulation of sterol regulatory element binding proteins (SREBPs) as potential treatments for
non-alcoholic fatty liver disease (NAFLD). Drug Discov. Today 2007, 12, 740–747. [CrossRef]

58. Li, Y.; Xu, S.; Mihaylova, M.M.; Zheng, B.; Hou, X.; Jiang, B.; Park, O.; Luo, Z.; Lefai, E.; Shyy, J.Y.-J.; et al. AMPK Phosphorylates
and Inhibits SREBP Activity to Attenuate Hepatic Steatosis and Atherosclerosis in Diet-Induced Insulin-Resistant Mice. Cell
Metab. 2011, 13, 376–388. [CrossRef] [PubMed]

59. Peng, X.; Li, J.; Wang, M.; Qu, K.; Zhu, H. A novel AMPK activator improves hepatic lipid metabolism and leukocyte trafficking
in experimental hepatic steatosis. J. Pharmacol. Sci. 2019, 140, 153–161. [CrossRef]

60. Shimano, H.; Yahagi, N.; Amemiya-Kudo, M.; Hasty, A.H.; Osuga, J.-I.; Tamura, Y.; Shionoiri, F.; Iizuka, Y.; Ohashi, K.; Harada, K.;
et al. Sterol Regulatory Element-binding Protein-1 as a Key Transcription Factor for Nutritional Induction of Lipogenic Enzyme
Genes. J. Biol. Chem. 1999, 274, 35832–35839. [CrossRef]

61. Horton, J.D.; Shah, N.A.; Warrington, J.A.; Anderson, N.N.; Park, S.W.; Brown, M.S.; Goldstein, J.L. Combined analysis of
oligonucleotide microarray data from transgenic and knockout mice identifies direct SREBP target genes. Proc. Natl. Acad. Sci.
USA 2003, 100, 12027–12032. [CrossRef]

62. Ferré, P.; Foufelle, F. Hepatic steatosis: A role for de novo lipogenesis and the transcription factor SREBP-1c. Diabetes Obes. Metab.
2010, 12, 83–92. [CrossRef] [PubMed]

63. Kohjima, M.; Enjoji, M.; Higuchi, N.; Kato, M.; Kotoh, K.; Yoshimoto, T.; Fujino, T.; Yada, M.; Yada, R.; Harada, N.; et al.
Re-evaluation of fatty acid metabolism-related gene expression in nonalcoholic fatty liver disease. Int. J. Mol. Med. 2007, 20,
351–358. [CrossRef]

64. Foretz, M.; Guichard, C.; Ferré, P.; Foufelle, F. Sterol regulatory element binding protein-1c is a major mediator of insulin action on
the hepatic expression of glucokinase and lipogenesis-related genes. Proc. Natl. Acad. Sci. USA 1999, 96, 12737–12742. [CrossRef]

http://doi.org/10.3390/molecules24030493
http://www.ncbi.nlm.nih.gov/pubmed/30704067
http://doi.org/10.1021/acs.jafc.7b02282
http://doi.org/10.1155/2011/598358
http://doi.org/10.1194/jlr.D065664
http://www.ncbi.nlm.nih.gov/pubmed/26830859
http://doi.org/10.1016/j.freeradbiomed.2019.06.019
http://www.ncbi.nlm.nih.gov/pubmed/31226399
http://doi.org/10.1038/ijo.2008.116
http://www.ncbi.nlm.nih.gov/pubmed/18719601
http://doi.org/10.1507/endocrj.K07E-110
http://www.ncbi.nlm.nih.gov/pubmed/18490833
http://doi.org/10.1194/jlr.M600276-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/16931873
http://doi.org/10.1152/ajpgi.00061.2018
http://doi.org/10.1016/j.bcp.2013.03.016
http://doi.org/10.3389/fphar.2019.00753
http://doi.org/10.1016/j.biopha.2018.12.019
http://doi.org/10.3892/etm.2017.5162
http://doi.org/10.1073/pnas.0603115103
http://www.ncbi.nlm.nih.gov/pubmed/16717184
http://doi.org/10.1016/j.cmet.2007.10.014
http://www.ncbi.nlm.nih.gov/pubmed/18054317
http://doi.org/10.1016/j.cell.2004.11.043
http://doi.org/10.1111/liv.12755
http://doi.org/10.1016/j.drudis.2007.07.009
http://doi.org/10.1016/j.cmet.2011.03.009
http://www.ncbi.nlm.nih.gov/pubmed/21459323
http://doi.org/10.1016/j.jphs.2019.05.008
http://doi.org/10.1074/jbc.274.50.35832
http://doi.org/10.1073/pnas.1534923100
http://doi.org/10.1111/j.1463-1326.2010.01275.x
http://www.ncbi.nlm.nih.gov/pubmed/21029304
http://doi.org/10.3892/ijmm.20.3.351
http://doi.org/10.1073/pnas.96.22.12737


Biomedicines 2021, 9, 326 20 of 20

65. Bécard, D.; Hainault, I.; Azzout-Marniche, D.; Bertry-Coussot, L.; Ferré, P.; Foufelle, F. Adenovirus-mediated overexpression
of sterol regulatory element binding protein-1c mimics insulin effects on hepatic gene expression and glucose homeostasis in
diabetic mice. Diabetes 2001, 50, 2425–2430. [CrossRef] [PubMed]

66. Wong, R.H.F.; Sul, H.S. Insulin signaling in fatty acid and fat synthesis: A transcriptional perspective. Curr. Opin. Pharmacol. 2010,
10, 684–691. [CrossRef]

67. Zhao, C.; Dahlman-Wright, K. Liver X receptor in cholesterol metabolism. J. Endocrinol. 2009, 204, 233–240. [CrossRef]
68. Bełtowski, J. Liver X Receptors (LXR) as Therapeutic Targets in Dyslipidemia. Cardiovasc. Ther. 2008, 26, 297–316. [CrossRef]
69. Auboeuf, D.; Rieusset, J.; Fajas, L.; Vallier, P.; Frering, V.; Riou, J.P.; Staels, B.; Auwerx, J.; Laville, M.; Vidal, H. Tissue Distribution

and Quantification of the Expression of mRNAs of Peroxisome Proliferator-Activated Receptors and Liver X Receptor- in Humans:
No Alteration in Adipose Tissue of Obese and NIDDM Patients. Diabetes 1997, 46, 1319–1327. [CrossRef]

70. Repa, J.J.; Liang, G.; Ou, J.; Bashmakov, Y.; Lobaccaro, J.-M.A.; Shimomura, I.; Shan, B.; Brown, M.S.; Goldstein, J.L.; Mangelsdorf,
D.J. Regulation of mouse sterol regulatory element-binding protein-1c gene (SREBP-1c) by oxysterol receptors, LXRalpha and
LXRbeta. Genes Dev. 2000, 14, 2819–2830. [CrossRef] [PubMed]

71. Joseph, S.B.; Laffitte, B.A.; Patel, P.H.; Watson, M.A.; Matsukuma, K.E.; Walczak, R.; Collins, J.L.; Osborne, T.F.; Tontonoz, P. Direct
and Indirect Mechanisms for Regulation of Fatty Acid Synthase Gene Expression by Liver X Receptors. J. Biol. Chem. 2002, 277,
11019–11025. [CrossRef] [PubMed]

72. Lima-Cabello, E.; García-Mediavilla, M.V.; Miquilena-Colina, M.E.; Vargas-Castrillón, J.; Lozano-Rodríguez, T.; Fernández-
Bermejo, M.; Olcoz, J.L.; González-Gallego, J.; García-Monzón, C.; Sánchez-Campos, S. Enhanced expression of pro-inflammatory
mediators and liver X-receptor-regulated lipogenic genes in non-alcoholic fatty liver disease and hepatitis C. Clin. Sci. 2010, 120,
239–250. [CrossRef]

73. Seebacher, F.; Zeigerer, A.; Kory, N.; Krahmer, N. Hepatic lipid droplet homeostasis and fatty liver disease. Semin. Cell Dev. Biol.
2020, 108, 72–81. [CrossRef]

74. Gluchowski, N.L.; Becuwe, M.; Walther, T.C.; Farese, R.V., Jr. Lipid droplets and liver disease: From basic biology to clinical
implications. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 343–355. [CrossRef] [PubMed]

75. Wang, M.; Thomas, J.; Burris, T.P.; Schkeryantz, J.; Michael, L.F. Molecular determinants of LXRalpha agonism. J. Mol. Graph.
Model. 2003, 22, 173–181. [CrossRef]

76. Lee, S.D.; Tontonoz, P. Liver X receptors at the intersection of lipid metabolism and atherogenesis. Atheroscler. 2015, 242, 29–36.
[CrossRef] [PubMed]

77. Pascual-García, M.; Valledor, A.F. Biological Roles of Liver X Receptors in Immune Cells. Arch. Immunol. Ther. Exp. 2012, 60,
235–249. [CrossRef] [PubMed]

78. Viennois, E.; Mouzat, K.; Dufour, J.; Morel, L.; Lobaccaro, J.-M.; Baron, S. Selective liver X receptor modulators (SLiMs): What use
in human health? Mol. Cell. Endocrinol. 2012, 351, 129–141. [CrossRef] [PubMed]

79. Ma, J.; Hou, D.; Wei, Z.; Zhu, J.; Lu, H.; Li, Z.; Wang, X.; Li, Y.; Qiao, G.; Liu, N. Tanshinone IIA attenuates cerebral aneurysm
formation by inhibiting the NFkappaBmediated inflammatory response. Mol. Med. Rep. 2019, 20, 1621–1628. [PubMed]

80. Tan, Y.L.; Ou, H.X.; Zhang, M.; Gong, D.; Zhao, Z.W.; Chen, L.Y.; Xia, X.D.; Mo, Z.C.; Tang, C.K. Tanshinone IIA Promotes
Macrophage Cholesterol Efflux and Attenuates Atherosclerosis of apoE-/- Mice by Omentin-1/ABCA1 Pathway. Curr. Pharm.
Biotechnol. 2019, 20, 422–432. [CrossRef]

81. Wen, J.; Chang, Y.; Huo, S.; Li, W.; Huang, H.; Gao, Y.; Lin, H.; Zhang, J.; Zhang, Y.; Zuo, Y.; et al. Tanshinone IIA attenuates
atherosclerosis via inhibiting NLRP3 inflammasome activation. Aging 2020, 13, 910–932. [CrossRef] [PubMed]

82. Griffett, K.; Solt, L.A.; El-Gendy, B.E.-D.M.; Kamenecka, T.M.; Burris, T.P. A Liver-Selective LXR Inverse Agonist That Suppresses
Hepatic Steatosis. ACS Chem. Biol. 2012, 8, 559–567. [CrossRef] [PubMed]

http://doi.org/10.2337/diabetes.50.11.2425
http://www.ncbi.nlm.nih.gov/pubmed/11679417
http://doi.org/10.1016/j.coph.2010.08.004
http://doi.org/10.1677/JOE-09-0271
http://doi.org/10.1111/j.1755-5922.2008.00062.x
http://doi.org/10.2337/diab.46.8.1319
http://doi.org/10.1101/gad.844900
http://www.ncbi.nlm.nih.gov/pubmed/11090130
http://doi.org/10.1074/jbc.M111041200
http://www.ncbi.nlm.nih.gov/pubmed/11790787
http://doi.org/10.1042/CS20100387
http://doi.org/10.1016/j.semcdb.2020.04.011
http://doi.org/10.1038/nrgastro.2017.32
http://www.ncbi.nlm.nih.gov/pubmed/28428634
http://doi.org/10.1016/S1093-3263(03)00159-1
http://doi.org/10.1016/j.atherosclerosis.2015.06.042
http://www.ncbi.nlm.nih.gov/pubmed/26164157
http://doi.org/10.1007/s00005-012-0179-9
http://www.ncbi.nlm.nih.gov/pubmed/22696047
http://doi.org/10.1016/j.mce.2011.08.036
http://www.ncbi.nlm.nih.gov/pubmed/21907760
http://www.ncbi.nlm.nih.gov/pubmed/31257487
http://doi.org/10.2174/1389201020666190404125213
http://doi.org/10.18632/aging.202202
http://www.ncbi.nlm.nih.gov/pubmed/33290264
http://doi.org/10.1021/cb300541g
http://www.ncbi.nlm.nih.gov/pubmed/23237488

	Introduction 
	Materials and Methods 
	Chemicals 
	Cell Culture and Compound Treatment 
	Analysis of Cell Viability by MTT Assay 
	Analysis of Cell Cytotoxicity by LDH Release Assay 
	Reverse-Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) Analysis 
	Western Blot Analysis 
	Staining of Neutral Lipid Droplets 
	Analysis of Hepatic Triglyceride (TG) 
	Molecular Docking of Compounds to Binding Domain of LXR Protein 
	Statistical Analysis 

	Results 
	Effects of Tanshinone IIA on the Viability of Hepatic Cell Lines 
	Effects of Tanshinone IIA on FASN, ACC1, and SCD1 Expression in Hepatic Cell Lines 
	Effects of Tanshinone IIA on ACC1 Phosphorylation in HepG2 Cells 
	Effects of Tanshinone IIA on the Fatty-Acid-Induced Lipogenesis and TG Accumulation in HepG2 Cells 
	Effects of Tanshinone IIA on SREBP1 Expression in HepG2 Cells 
	Effects of Tanshinone IIA on LXR-Mediated Transcriptional Activity in HepG2 Cells 
	Tanshinone IIA Attenuates LXR-Mediated Lipid-Droplet Accumulation in HepG2 Cells 
	Tanshinone IIA Docks to the Ligand-Binding Domain of LXR 

	Discussion 
	Conclusions 
	References

