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Abstract: Bilberry (Vaccinium myrtillus L.), rich in polyphenols, has been claimed to have lipid-
lowering effects, but its underlying mechanisms remain unclear. The effects of bilberry extract (BE)
with antioxidant properties on hepatic lipid metabolism were investigated by measuring the genes
for cholesterol biosynthesis and flux in HepG2 cells. The mRNA and protein levels of genes involved
in cholesterol biosynthesis such as sterol regulatory element-binding protein 2 and 3-hydroxy-3-
methylglutaryl coenzyme A reductase were decreased in BE-treated cells. BE posttranscriptionally
upregulated low-density lipoprotein receptor in HepG2 cells. There was a marked reduction in genes
for very low-density lipoprotein assembly by BE treatment. Furthermore, the expression of canalicular
transporter for cholesterol and bile acids, such as ABCG8 and ABCB11, was significantly elevated by
BE treatment. Downregulation of lipogenic genes and upregulation of fatty acid oxidation-related
genes were observed in BE-treated HepG2 cells. The expressions of sirtuins were altered by BE
treatment. These results support that the effects of BE on hepatic cholesterol metabolism may be
attributed to the regulation of genes for hepatic cholesterol biosynthesis, transport and efflux.
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1. Introduction

Cardiovascular disease (CVD) is the primary cause of mortality [1]. The Centers for
Disease Control and Prevention (CDC) estimated that 34% of premature deaths (before age
80) from CVD could be prevented. Modifiable risk factors are primarily responsible for this
premature mortality from CVD [2]. Hyperlipidemia, especially hypercholesterolemia, is
one of the most critical and modifiable risk factors for CVD [3]. The plasma cholesterol
concentration is precisely regulated by intracellular cholesterol metabolism [4]. Therefore,
disrupted regulation of cholesterol homeostasis attributed to hypercholesterolemia can
accelerate CVD development. Cholesterol homeostasis is tightly controlled by endogenous
and exogenous pathways in the liver and intestine [5]. The intricate regulatory mechanisms
of cholesterol include de novo biosynthesis, assembly and transport via lipoproteins, uptake
by lipoprotein receptors, storage via esterification and conversion to bile acids for elimi-
nation [6]. Excess cholesterol excretion is critical in cholesterol homeostasis maintenance,
as there are no enzymes for the degradation of cholesterol in humans [7]. High-density
lipoprotein-facilitated reverse cholesterol transport (RCT) and recently reported transintesti-
nal cholesterol excretion (TICE) are the two pathways to remove cholesterol as fecal-neutral
sterols from the body [8]. Under normal conditions, hepatobiliary cholesterol excretion
mediated by RCT accounts for more than 70% of neutral sterol excretion despite the con-
tribution of nonbiliary cholesterol excretion mediated by TICE [9]. Therefore, targeting
the regulation of hepatic cholesterol metabolism can be a promising strategy to lower
hypercholesterolemia [10]. The types of commonly prescribed cardiovascular medications
include statins, bile acid sequestrants, adenosine triphosphate-citrate lyase (ACL) inhibitors,
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PCSK9 inhibitors, cholesterol absorption inhibitors, fibrates and niacin. These effective
cholesterol-lowering drugs available on the market have unwanted and possible side effects
like any other drugs [11–16]. Therefore, natural products and their bioactive components
exerting protective properties on hypercholesterolemia received significant attention.

Natural products rich in polyphenols and anthocyanins are claimed to have cardio-
protective effects by exerting antioxidant, anti-inflammatory and hypolipidemic proper-
ties [17–19]. Bilberry (Vaccinimu myrtillus L.), one of the most abundant polyphenol sources,
especially anthocyanins, has been administered as herbal medicine in European countries.
Traditionally, it has been used to treat diarrhea, scurvy, dysentery and mouth and throat
irritation [20]. It has been eaten as fresh fruit or used to make jams, juices and bases for
liqueurs. Furthermore, it is widely used as an ingredient for supplementation and nu-
traceuticals to improve oxidative stress, inflammation and night vision [21,22]. Antioxidant,
anti-inflammatory and hypolipidemic properties of BE related to the prevention of CVD
are reported in vitro and in animals [23–27]. The hypocholesterolemic effects of bilberry
are reported in the diet-induced mice model for nonalcoholic fatty liver disease, Zucker
diabetic fatty rats and streptozocin- and alloxan-induced diabetes in rats [28–31]. In clinical
trials, bilberry juice improved plasma inflammatory markers in participants with a higher
risk of CVD, and the intake of anthocyanin purified from bilberry improved cholesterol
profiles and efflux capacity in the subjects with hypercholesterolemia [32,33]. In addition,
we reported the potential hypocholesterolemic effects of bilberry by modulating the genes
related to the stimulation of TICE [34]. However, little is understood about the protective
effects and mechanistic insight of BE on the regulation of hepatic cholesterol metabolism.
In the present study, we investigated whether BE with antioxidant properties can alter the
genes that regulate hepatic cholesterol synthesis, uptake and efflux in HepG2 cells.

2. Materials and Methods
2.1. Raw Material

Bilberry extract (BE), the spray-dried and standardized extract to 25% of anthocyanin
contents, for the experiment was generously provided by Artemis International (Fort
Wayne, IN, USA). The contents of anthocyanin, phenolic and flavonoids of BE were previ-
ously characterized [34].

2.2. Total Antioxidant Capacity

Total antioxidant capacity was measured using 2,2-diphenyl-1-picrylhydrazyl (DPPH),
L-ascorbic acid, 2,2′-Azobis(2-methylpropionamidine) dihydrochloride, 2,4,6-Tris(2-pyridyl)-
s-triazine, Iron(II) sulfate heptahydrate and Iron(III)chloride hexahydrate from Sigma
Aldrich (St. Louis, MO, USA) and 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS) from Roche (Mannheim, Germany)).

DPPH and ABTS radical scavenging activity was determined as previously described [35].
In brief, 2.95 mL of 100 µM DPPH solution was mixed with BE for 30 min. The absorbance
was measured at 510 nm. The ABTS radical solution was generated by mixing 1.0 mM
of AAPH and 2.5 mM ABTS in 100 mL of phosphate buffer solution and incubating for
30 min at 70 ◦C. Then, 245 µL of the prepared ABTS radical solution was mixed with 5 µL
of BE and then incubated for 10 min at 37 ◦C. The absorbance was measured at 734 nm.
The scavenging activity was expressed as mg Vitamin C equivalents/g dry weight. As
previously described, the ferric reducing antioxidant power (FRAP) of BE was evaluated
by reacting 250 µL of FRAP solution with 5 µL of diluted BE. The FRAP solution was a
mixed solution with 10 volumes of 300 mM of acetate buffer (pH 3.6), 1 volume of 10 mM
of 2,4,6-Tris(2-pyridyl)-s-triazine, 1 volume of 20 mM of FeCl3 and 1.2 volume of distilled
water. The absorbance was measured at 593 nm. The reducing power was as mM FeSO4
equivalent/g dry weight [35].



Appl. Sci. 2023, 13, 516 3 of 12

2.3. HepG2 Cell Culture and Cytotoxicity

HepG2 cells (ATCC, Manassas, VA, USA), a human hepatocarcinoma cell line, were
maintained in 100 U/mL of penicillin, 100 µg/mL of streptomycin, 1× vitamins and
10% fetal bovine serum supplemented Dulbecco’s Modified Eagle’s Medium. The cells
were maintained at 37 ◦C in a humidified CO2 incubator. HepG2 cells were used within
10 passages in the present experiments. The concentrations of BE for the treatment were
evaluated using Cell Count kit-8 (Dojindo Molecular Technologies, Rockville, MD, USA).
The cells were treated with indicated concentrations of BE for 24 h, and cells without BE
treatment served as a control for all analyses. Unless indicated, all reagents for the cell
culture experiment were obtained from Hyclone (South Logan, UT, USA).

2.4. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

As previously described, the gene expression was measured by qRT-PCR analysis in
HepG2 cells treated with BE [34,35]. Briefly, the concentrations of total RNA extracted by
Trizol (Life Technologies, Carlsbad CA, USA) were determined using Cytation 1 (BioTek,
Winooski, VT, USA). MMLV reverse transcriptase (Promega, Madison, WI, USA) was used
to reverse-transcribe the cDNA from the RNA samples. The gene expression analysis was
performed by SYBR Green-based qRT-PCR using a CFX96 real-time PCR detection system
(Bio-Rad, Hercules, CA, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the
endogenous control, was used for the normalization of the target gene expression. The
Beacon Designer software (Premier 20 Biosoft, Palo Alto, CA, USA) was used to design the
RNA primer sequences following the GeneBank database.

2.5. Western Blot Analysis

The changes in the target protein levels in BE-treated HepG2 cells were measured by
conducting a Western blot analysis [34]. Briefly, 50 µg of cellular protein isolated using
cell lysis buffer was separated in 4–16% SDS PAGE gel. The proteins were transferred
to the PVDF membrane from the gel. The blots were incubated with primary antibodies
overnight at 4 ◦C followed by the incubation of secondary antibodies at room temperature
for 1 h. Chemiluminescent substrate (ThermoFisher Scientific, Waltham, MA, USA) was
used to detect the target protein from the blots, and images were captured and analyzed
using the Chemidoc XRS+ system and Image Lab software (Bio-Rad). The antibodies
for ATP-binding cassette transporter A8 (ABCG8), ABCB11, 3-hydroxy-3-methylglutaryl
coenzyme A reductase (HMGR), low-density lipoprotein receptor (LDLR), Niemann-Pick
C1 Like 1 (NPC1L1), proprotein convertase subtilisin/kexin type 9 (PCSK9), scavenger
receptor class B type 1 (SR-B1) and sterol regulatory element-binding protein 2 (SREBP2)
were obtained from Abcam (Cambridge, MA, USA). β-actin (Sigma, St. Louis, MO, USA),
one of the housekeeping proteins, served as a protein loading control.

2.6. Statistical Analysis

The significance was detected by one-way analysis of variance (ANOVA) and Newman–
Keuls post hoc analysis using GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA).
p values < 0.05 were considered statistically significant.

3. Results
3.1. Antioxidant Effects of BE

The antioxidant effects of BE were analyzed by evaluating radical scavenging activity
and reducing power. BE showed 282.6 ± 13.5 mM VCE/g of DPPH and 560.8 ± 62.6 mM
VCE/g of ABTS radical scavenging activity. The reducing power of BE was 4.73 ± 0.33
FeSO4/g of FRAP (Table 1).
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Table 1. Total antioxidant capacity of BE.

Total Antioxidant Capacity

DPPH (mM VCE/g) ABTS (mM VCE/g) FRAP (mM FeSO4/g)

282.6 ± 13.5 560.8 ± 62.6 4.73 ± 0.33
Data represent mean ± SEM. VCE, vitamin C equivalents.

3.2. Cytotoxicity of BE-Treated HepG2 Cells

The cytotoxicity of BE was investigated by measuring the cell viability of HepG2 cells
with increasing concentrations from 0 to 200 µg/mL of BE treatment. Up to 100 µg/mL of
BE treatment was not significantly different in HepG2 cells (Figure 1). Therefore, HepG2
cells were treated with either 50 or 100 µg/mL of BE in the following experiments.

Figure 1. Cell viability of BE-treated HepG2 cells. Cells were treated with increasing concentrations
from 0 to 200 µg/mL of BE for 24 h. Different letters on the data points represent significant differences
(p < 0.05). Values are means ± S.E.M. n = 6.

3.3. BE Altered the Expression of Genes for Biosynthesis and Flux of Cholesterol

To examine the effects of BE on hepatic cholesterol metabolism, we first assessed
the mRNA abundance of genes for cholesterol biosynthesis and uptake in HepG2 cells
treated with BE. In response to intracellular cholesterol deprivation, SREBP2 upregulates
the transcription of HMGR and LDLR. Conversion of HMG-CoA to mevalonic acid by
HMGR is the rate-limiting reaction in cholesterol de novo synthesis. The expression of
SRBP2, the transcription factor for cholesterol metabolism, was significantly decreased
in BE-treated HepG2 cells. There was a dose-dependent and significant reduction in
HMGR expression by BE treatment. Hepatic lipoprotein receptors, i.e., LDLR, LDL-related
protein 1 (LRP1) and SR-B1, play prominent roles in cellular cholesterol homeostasis by
removing lipoprotein-derived cholesterol in the circulation. There were no changes in the
mRNA abundance of LDLR, the receptor for LDL, in BE-treated cells. The mRNA levels
of PCSK9, an enzyme responsible for LDLR degradation, were significantly decreased by
BE treatment. The mRNA abundance of LRP1 was significantly upregulated, whereas the
expression of SR-B1 was downregulated in 100 µg/mL of BE-treated cells. Hepatic very low-
density lipoprotein (VLDL) assembly and secretion are essential for maintaining plasma
cholesterol and TG levels. The expression of microsomal triglyceride transfer protein
(MTTP), essential for the hepatic assembly of VLDL particles, was dose-dependently and
significantly decreased by BE treatment. There was a significant reduction in ACAT2, a
significant cholesterol esterification enzyme, by 100 µg/mL of BE treatment (Figure 2). The
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protein expressions of mature SREBP2 and HMGR were noticeably reduced in BE-treated
HepG2 cells. BE markedly increased the protein levels of LDLR without alteration of
mRNA levels. Moreover, PCSK9 protein levels were noticeably reduced by BE treatment.
There was no induction of SR-B1 protein level in BE-treated HepG2 cells (Figure 3).

Figure 2. The effects of BE on the mRNA expression of genes involved in cholesterol de novo
synthesis and uptake in HepG2 cells. Cells were treated with either 50 or 100 µg/mL of BE for
24 h. The mRNA abundance was determined by qRT-PCR analysis. Bars with different letters are
significantly different (p < 0.05). Values are means ± S.E.M. n = 6.

Figure 3. The effects of BE on the protein levels for cholesterol de novo synthesis and uptake in
HepG2 cells. Cells were treated with either 50 or 100 µg/mL of BE for 24 h. The representative images
of Western blot are shown. β-actin served as a loading control.

3.4. Regulation of Genes for Biliary Cholesterol Efflux by BE

The genes involved in the canalicular cholesterol efflux were measured in HepG2 cells
to examine the effects of BE on biliary cholesterol flux. The transporters present in the
canalicular membrane, i.e., NPC1L1 and ABCG5/G8, are involved in biliary cholesterol
efflux in hepatocytes. NPC1L1 facilitates cholesterol absorption from bile, while the het-
erodimer ABCG5/G8 flux cholesterol mediates free cholesterol secretion into bile. There
was a significant reduction in NPC1L1 expression in BE-treated HepG2 cells. A significant
upregulation of ABCG8 was observed in treatment with 100 µg/mL of BE. Bile acid synthe-
sis and secretion play essential roles in maintaining cholesterol homeostasis. There was a
significant and dose-dependent increase in mRNA expression of CYP7A1, the rate-limiting
enzyme for converting cholesterol to bile in BE-treated cells. Furthermore, 100 µg/mL of
BE treatment significantly increased the expression of ABCB11, the canalicular transporter
for bile acid secretion. A significant upregulation of ABCB4, a transporter for biliary phos-
pholipid secretion, was observed in 100 µg/mL of BE-treated cells (Figure 4a). Consistent
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with mRNA data, the protein expressions of canalicular transporters for biliary cholesterol
efflux were altered by BE treatment. There was a noticeable reduction in NPC1L1 protein
abundance in BE-treated HepG2 cells. The protein levels of transporters involved in biliary
cholesterol secretion, i.e., ABCG8 and ABCB11, were markedly induced by BE (Figure 4b).

Figure 4. The effect of BE on the genes regulating biliary cholesterol efflux in HepG2 cells. The cells
were treated with either 50 or 100 µg/mL of BE for 24 h. (a) The mRNA abundance was determined
by qRT-PCR analysis. Bars with different letters are significantly different (p < 0.05). Values are
means ± S.E.M. n = 6. (b) The representative image of the Western blot is shown. β-actin served as a
loading control.

3.5. BE on Genes for Fatty Acid Metabolism

The mRNA levels of genes for hepatic lipogenesis and fatty acid oxidation were
measured to examine whether BE can alter fatty acid metabolism in HepG2 cells. The
lipogenic transcription SREBP1c can activate genes for de novo fatty acid biosynthesis such
as acyl-CoA carboxylase (ACC), fatty acid synthase (FAS) and stearoyl-CoA desaturase-
1 (SCD-1). In 100 µg/mL of BE-treated HepG2 cells, the expression of SREBP1c was
significantly attenuated, with concomitant decreases in the mRNA level of ACC and FAS.
There was no significant alteration of SCD-1 by BE treatment. The expression of CPT1,
the key regulatory enzyme for mitochondrial fatty acid oxidation, was significantly and
dose-dependently increased in BE-treated HepG2 cells. Furthermore, BE significantly
increased the mRNA abundance of ACOX, the essential enzyme for peroxisomal fatty acid
oxidation (Figure 5).

Figure 5. The expression of genes involved in fatty acid synthesis and oxidation in BE-treated HepG2
cells. Cells were treated with either 50 or 100 µg/mL of BE for 24 h. The mRNA abundance was
determined by qRT-PCR analysis. Bars with different letters are significantly different (p < 0.05).
Values are means ± S.E.M. n = 6.
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3.6. Alteration of Sirtuins by BE Treatment

The mRNA expression of seven isoforms of sirtuins (SIRTs) was evaluated to investi-
gate the effects of BE on the regulation of SIRTs. The expression of SIRT1 was significantly
decreased in 50 µg/mL of BE-treated HepG2 cells. There were significant reductions in the
SIRT2, SIRT5, SIRT6 and SIRT7 by BE treatment. In contrast, there was significant induction
of SIRT3 and SIRT4 expression in 100 µg/mL of BE-treated cells (Figure 6).

Figure 6. Modulation of SIRTs in BE-treated HepG2 cells. The cells were treated with either 50 or
100 µg/mL of BE for 24 h. The mRNA expression of SIRT isoforms was measured by qRT-PCR. Bars
with different letters are significantly different (p < 0.05). Values are means ± S.E.M. n = 6.

4. Discussion

Hypercholesterolemia is a major modifiable risk factor for the prevention of CVD [36].
Plasma cholesterol level is tightly associated with the regulation of cellular cholesterol
metabolism [37]. Natural products and their bioactive components have preventative effects
on CVD by exerting antioxidant, anti-inflammatory and hypocholesterolemic properties.
Among natural products, polyphenol intake improved metabolic syndrome, a cluster of
conditions associated with CVD risk factors, in animal and human clinical trials [38–41].
With high contents of polyphenols and anthocyanins, bilberry is known for its antioxidant
and anti-inflammatory effects [42–44]. Previously, we reported the hypocholesterolemic
effects of BE by altering the genes for the stimulation of TICE in Caco-2 cells [34]. The
stimulation of TICE is an attractive strategy for the prevention of CVD [8]. However, the
primary pathway for cholesterol removal from the body is mediated by hepatobiliary
cholesterol driven by RCT [9,10]. Furthermore, the liver is the principal site of cholesterol
metabolism, accounting for 70% of fecal sterol excretion under normal conditions [45].
Therefore, we investigated whether the hypocholesterolemic effects of BE are attributed to
the regulation of hepatic genes involved in cholesterol biosynthesis, uptake and efflux in
HepG2 cells.

The previous study confirmed that BE, the standardized bilberry extract to anthocyanin
contents of 25%, contains 237.9 ± 17.1 mg cyanidin-3-glucoside equivalents/g of total
anthocyanin [34]. Consistent with other studies, BE with high anthocyanin contents exerted
antioxidant effects by scavenging DPPH and ABTS radicals and reducing power. The
ethanolic extract of bilberry exhibited antioxidant effects by exerting significant DPPH and
ABTS radical scavenging activity and suppressing nitric oxide in LPS-induced Raw 264.7
macrophages [46]. These data support that bilberry with high contents of anthocyanin can
be used as a natural antioxidant.

Regulation of cholesterol biosynthesis is one of the regulatory mechanisms of main-
taining cholesterol homeostasis. SREBPs are the transcription factor that regulates lipid
metabolism [47]. SREBP2, the master regulator for cholesterol metabolism, is primarily
responsible for the transcription of HMGR and LDLR [48]. HMGR, the key rate-limiting
enzyme for de novo cholesterol synthesis, converts HMGCoA to mevalonate, the key
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intermediate in cholesterol biosynthesis [49]. The most commonly prescribed drug to lower
cholesterol is statins, the HMGR inhibitors. Decreasing hepatic cholesterol biosynthesis
by statins will lead to the upregulation of LDLR responsible for the clearance of LDL from
plasma [11]. In the present study, the maturation of SREBP2 was significantly decreased
with concomitant decreases in HMGR mRNA and protein levels by BE treatment. Con-
sistent with these findings, natural products rich in polyphenols, including flavone and
anthocyanin, modulated expressions of HMGR and SREBP2. Bergamot rich in flavones
decreased HMGR levels and flavone luteolin decreased HMGR transcription by suppress-
ing the nuclear translocation of SREBP2 in HepG2 cells [50,51]. Mulberry extract rich in
anthocyanin ameliorated mRNA and protein abundance of HMGR in HepG2 cells [52].
Anthocyanin-rich red raspberry supplementation lowered HMGR expression, leading to de-
creased total cholesterol concentrations in high-fat-diet-induced hyperlipidemic mice [53].
Supplementation of Solanum nigrum polyphenols ameliorated the hepatic HMGR and
SREBP2 protein levels in high-fat-diet-induced obese mice [54]. These results support
that the reduction of HMGR and SREBP2 by BE may be attributed to its high polyphenol
contents.

Hepatic LDLR regulates the uptake of apoB- and apoE-containing lipoproteins [55].
There was a marked induction of LDLR protein levels without changes in mRNA abundance
in BE-treated HepG2 cells. Furthermore, LDLR induction by BE was not dependent on
SREBP2 transcriptional regulation. These results indicate that BE increased LDLR by post-
transcriptional regulation mechanisms. PCSK9, the negative post-transcriptional regulator
of LDLR, binds and regulates the lysosomal degradation of LDLR [56,57]. Therefore, we
examined the mRNA and protein expressions of PCSK9 to address underlying mechanisms
of noticeable upregulation of LDLR protein by BE. Both PCSK9 mRNA and protein levels
were significantly abolished in BE-treated HepG2 cells. A black raspberry extract containing
flavonoids and phenolic acids exerted upregulation of LDLR and downregulation of PCSK9
in HepG2 cells [58]. LRP1 and SR-B1, the central regulators of plasma lipid concentration,
play critical roles in the uptake of chylomicron remnant and HDL, respectively. BE treatment
upregulated the expression of LRP1, whereas the expression of SR-B1 was downregulated.
Polyphenol-rich compounds such as red wine concentrate, propolis and quercetin altered
the hepatic SR-B1 expression in HepG2 cells and mice [59–61].

MTTP and ACAT2 play an essential role in the formation and secretion of the hepatic
apoB-containing VLDL [62]. Hepatic MTTP, a lipid transfer protein, transfers TG and
cholesterol esters for VLDL assembly and secretion [63]. ACAT2 catalyzes the esterification
reaction that converts intracellular free cholesterol to cholesterol ester assembled into VLDL
particles for secretion in the liver [64]. Dietary factors that suppress the secretion of VLDLs
can be candidates for the prevention of dyslipidemia. The expression of both MTTP and
ACAT2 was significantly decreased by BE. Consistent with our results, polyphenol-rich
foods decreased apoB secretion attributed to the reduction in MTTP in HepG2 cells. Ellagic
acid, a natural polyphenolic compound, suppressed apoB secretion in HepG2 cells [65].
White tea extract rich in EGCG downregulated apoB and MTTP expression, followed by a
reduction in VLDL production [66].

Hepatic biliary cholesterol efflux is governed by canalicular cholesterol transporters,
such as NPC1L1 and the heterodimer ABCG5/G8 [67]. Highly expressed in the intestine
and liver, NPC1L1 functions as a cholesterol absorption transporter in humans [68]. One of
the commonly prescribed medicine to lower plasma cholesterol is ezetimibe, the NPClL1
inhibitor that blocks intestinal cholesterol absorption [69,70]. Furthermore, NPC1L1 in
hepatocyte counterbalances biliary cholesterol secretion mediated by ABCG5/G8 [71]. The
hepatic ABCG5/G8 facilitates the direct export of free cholesterol from the liver to bile.
The mRNA and protein levels of NPC1L1 were reduced, whereas ABCG8 was markedly
elevated in BE-treated HepG2 cells. The NPC1L1 expression was directly and indirectly
inhibited by luteolin and phenolic-compound-rich Opuntia ficus indica [72,73]. Similar to this
study, persimmon tannin and coffee arabica pulp increased the expression of ABCG5/G8
in HepG2 cells [74,75]. Bile acid conversion from cholesterol is an essential pathway for
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cholesterol elimination. CYP7A1 and ABCB11 are required for biliary cholesterol excretion.
In the liver, CYP7A1 initiates cholesterol degradation by converting cholesterol to bile
acids [76]. The bile salt export pump (BSEP), ABCB11, facilitates canalicular bile acid
secretion [77]. There was a marked upregulation of genes for rate-limiting control of bile
acid biosynthesis and secretion in BE-treated HepG2 cells. Polyphenols, i.e., resveratrol and
quercetins, induced CYP7A1 expression in HepG2 cells [78]. All of the genes for cholesterol
transport were changed in the direction of canalicular biliary cholesterol secretion in BE-
treated HepG2 cells. The results from the present study support that the protective effects
of BE on hypercholesterolemia can be attributed to the stimulation of genes for biliary
cholesterol excretion in the liver.

Increased hepatic de novo lipogenesis is known to contribute to hyperlipidemia. The
transcription factor SREBP1c regulates ACC, FAS and SCD-1, the enzymes for fatty acid
biosynthesis [47]. The expressions of hepatic SREBP1c and its downstream lipogenic
genes ACC and FAS were significantly decreased by BE treatment. CPT-1 and ACOX
are the key enzymes responsible for mitochondrial and peroxisomal fatty acid oxidation,
respectively [79,80]. BE significantly upregulated both CPT-1 and ACOX expression in
HepG2 cells. Consistent with these results, polyphenols increased CPT-1 in HepG2 cells.

Epigenetic modulation of cholesterol metabolism-related genes such as HMGR, LDLR
and NPC1L1 are reported. BE significantly altered genes involved in cholesterol metabolism,
i.e., biosynthesis, transport, bile acid conversion and secretion in the liver. Therefore, we
investigated whether BE can alter sirtuin expression in HepG2 cells. The expression of
SIRT1, SRIT2, SIRT5, SIRT6 and SIRT7 was downregulated, whereas SIRT3 and SIRT4
expressions were upregulated by BE treatment. Further study is needed to investigate the
mechanistic insight of BE on the alteration of SIRTs.

5. Conclusions

In HepG2 cells, BE altered the expression of genes that regulate hepatic cholesterol
synthesis, uptake and efflux of cholesterol and bile acids. All of the gene alterations induced
by BE were in the direction of hepatobiliary cholesterol excretion. Further study is needed
to evaluate whether polyphenols, especially anthocyanins in BE, are responsible for altering
genes for hepatic cholesterol metabolism. These results indicate that the bilberry with
antioxidant and hypolipidemic effects may be beneficial for the prevention of CVD.
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