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Abstract: Hypercholesterolemia is the primary risk factor for cardiovascular disease (CVD). Recent
studies reported that the stimulation of transintestinal cholesterol excretion (TICE), a nonbiliary
cholesterol excretion, can be a strategy for preventing CVD. Black elderberry (Sambucus nigra) has been
reported to reduce the risk of CVD via its antioxidant, anti-inflammatory, and hypocholesterolemic
effects. However, little is known about the role of black elderberry in intestinal cholesterol metabolism
despite its well-known effects on cholesterol homeostasis regulation. To investigate the effects of
polyphenol-rich black elderberry extract (BEE) on intestinal cholesterol metabolism, we measured the
expression of genes involved in cholesterol biosynthesis and flux in Caco-2 cells. BEE significantly
decreased the messenger RNA (mRNA) and protein levels of genes for cholesterol absorption, such
as Niemann–Pick C1 Like 1 and ATP-binding cassette transporter A1 (ABCA1). In contrast, there
was marked induction of low-density lipoprotein receptor, ABCG5/G8, and ABCB1 in BEE-treated
Caco-2 cells. Furthermore, BEE decreased the expression of genes for lipogenesis and altered the
mRNA levels of sirtuins. All of the genes altered by BEE were in the direction of flux cholesterol from
the basolateral to apical side of enterocytes, indicating stimulation of TICE. These results support the
hypocholesterolemic effects of BEE for the prevention of CVD.
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1. Introduction

Cardiovascular disease (CVD) is one of the largest causes of mortality worldwide.
Hypercholesterolemia and hypertriglyceridemia are significant risk factors for CVD [1].
Cholesterol synthesis and absorption are critical factors for plasma cholesterol concen-
tration [2,3]. Common medications used to treat or reduce hypercholesterolemia target
blocking hepatic cholesterol synthesis or intestinal cholesterol absorption [4]. The liver is
known as a primary site for the regulation of cholesterol metabolism. It plays a central role
in de novo cholesterol synthesis, assembly, and uptake of cholesterol-containing lipopro-
tein, with conversion of cholesterol to bile acids for the secretion of biliary cholesterols [3,4].
Therefore, most of the studies about the regulation of cholesterol homeostasis have focused
on the liver [4,5]. The intestine contributes to cholesterol balance by absorbing dietary and
biliary cholesterol, and the role of the intestine in cholesterol net balance regulation has
been underestimated [6–11]. Hepatobiliary excretion through high-density lipoprotein
(HDL)-driven reverse cholesterol transport has been widely accepted as the only way
to remove cholesterol from the body [3,12]. Recent studies have revealed a non-biliary
pathway for cholesterol excretion, i.e., the transintestinal cholesterol excretion (TICE) path-
way [13–15]. In TICE, cholesterol is directly transported into enterocytes from circulation
and subsequently excreted into the intestinal lumen [16–18]. Effective medications for stim-
ulation of hepatobiliary excretion can lower hypercholesterolemia but increase gallstone
formation [19]. Therefore, targeting the intestine for non-biliary cholesterol excretion to
reduce hypercholesterolemia using dietary components or nutrients offers an attractive
strategy for preventing CVD.
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Black elderberry (Sambucus nigra) contains a relatively high amount of polyphenols,
especially anthocyanin [20]. It is commonly used in Europe and North America as a
folk medicine to support immune function and to treat stomach ache, constipation, and
diarrhea [21]. In vitro, animal, and clinical trials reported the health benefits of black elder-
berries for prevention of chronic disease [22–30]. Black elderberry is widely used in the
food and nutraceutical industries as an antioxidant and anti-inflammatory agent [20,21].
Polyphenols have been suggested as a bioactive component to reduce CVD risk by attenu-
ating oxidative stress, inflammation, and hypercholesterolemia [31–36]. Black elderberry
rich in polyphenols exerted protective effects on hyperlipidemia [22,23]. Black elderberry
attenuated inflammation and obesity-related complications in diet-induced obese mice [22].
Furthermore, black elderberry improved HDL function and reduced aortic cholesterol in
apoE knockout mice [23]. However, little is known about the effects of polyphenol-rich
black elderberry (BEE) on intestinal cholesterol metabolism. Polyphenol-abundant natural
products, i.e., black chokeberry and blackcurrant, altered the genes involved in intestinal
cholesterol metabolism in the direction of stimulating the TICE pathway, with the flux of
cholesterol from the basolateral to apical side of enterocytes [37,38]. In the present study,
we investigated whether BEE could exert hypocholesterolemic effects by regulating genes
involved in the intestinal cholesterol flux using Caco-2 cells.

2. Materials and Methods
2.1. Cell Culture and Sample Treatment

The human colorectal adenocarcinoma Caco-2 cells (ATCC, Manassas, VA, USA)
were cultured in Dulbecco’s modified Eagle’s medium containing 100 U/mL penicillin,
100 µg/mL streptomycin, 1× vitamins, 1× nonessential amino acids, and 10% fetal bovine
serum. The cells were maintained in a humidified incubator at 37 ◦C with 5% CO2.
Polyphenol-rich black elderberry extract (BEE) was kindly provided by Artemis Interna-
tional (Fort Wayne, IN, USA). The cells were treated with desired concentrations of BEE for
24 h. Cells without BEE treatment were considered as a control. All reagents, unless stated,
were purchased from Hyclone (South Logan, UT, USA).

2.2. Cytotoxicity of BEE

Cytotoxicity of BEE was examined by Cell Counting Kit-8 (Dojindo Molecular Tech-
nologies, Rockville, MD, USA) following the manufacturer’s instructions. Increasing
concentrations of BEE from 0 to 200 µg/mL were applied to Caco-2 cells for 24 h. The
positive control, sodium dodecyl sulfate (0.5 mmol/L), confirmed the validity of the assay
as showing near-zero cytotoxicity. The cytotoxicity of BEE was indicated as the cell viability
(%) of controls that were not treated with BEE.

2.3. Quantitative Real-Time PCR

The gene expression was measured by quantitative real-time PCR analysis as previ-
ously described [37,38]. Briefly, total RNA was extracted using Trizol reagent (Life Tech-
nologies, Carlsbad, CA, USA), and the concentration was determined using Cytation1
(BioTek, Winooski, VT, USA). The RNA samples were reverse-transcribed to complementary
DNA (cDNA) by Moloney murine leukemia virus (MMLV) reverse transcriptase (Promega,
Madison, WI, USA). The quantitative real-time PCR was analyzed using the SYBR Green
procedure and CFX96 real-time PCR (Bio-Rad, Hercules, CA, USA). The threshold cycle (Ct)
value was used to calculate the expression of messenger RNA (mRNA) values. The relative
expression of the target mRNA was measured by using the 2−∆∆Ct method. According to
GenBank, the primer sequences were designed by the Beacon Designer (Premier Biosoft,
Palo Alto, CA, USA). The primer sequences are provided in Table 1.
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Table 1. The primer sequences for qRT-PCR analysis.

Genes Forward Reverse

HMGR 5′–CCCAGTTGTGCGTCTTCCA–3′ 5′–TTCGAGCCAGGCTTTCACTT–3′

SREBP2 5′–TCCGCCTGTTCCGATGTAC–3′ 5′–TGCACATTCAGCCAGGTTCA–3′

NPC1L1 5′–CACTGGATCACTCGAGGTGTTG–3′ 5′–CCAGTCCCACGCTGATGTG–3′

SR-B1 5′–AGAATAAGCCCATGACCCTGAA–3′ 5′–CGCCGAGGGTGGTGAA–3′

ABCA1 5′–TTTCTCAGACAACACTTGACCAAGTA–3′ 5′–GGTTTTTGTGTAATGAGAGGTCTTTTAA–3′

MTTP 5′–TCCCCGTTCGGCATCTAC–3′ 5′–CTTAGAATGCCAGAACCCGAGTA–3′

ACAT2 5′–TGGGCCACCCTCTTGGA–3′ 5′–CCAGTGTGTGTAACAGGGTCACA–3′

LDLR 5–ACTGGGTTGACTCCAAACTTCAC–3′ 5–GGTTGCCCCCGTTGACA–3′

PCSK9 5′–TTCCTGGTGAAGATGAGT–3′ 5′–TTCCTGGTGAAGATGAGT–3′

ABCG5 5′–GCGTAGGTCTCCTTTACCAGTTTG–3′ 5′–GGAAACAGATTCACAGCGTTCA–3′

ABCG8 5′–GCCGCCCTCTTGTTCATG–3′ 5′–TAACATTTGGAGATGACATCCAGAA–3′

ABCB1 5′–CTATAATGCGACAGGAGA–3′ 5′–TTAATCTTGGAGACATCATC–3′

FAS 5′–CGCTCGGCATGGCTATCT–3′ 5′–CTCGTTGAAGAACGCATCCA–3′

SCD-1 5′–CCGACGTGGCTTTTTCTTCT–3′ 5′–TGGGTGTTTGCGCACAAG–3′

SREBP1c 5′–TCAGCGAGGCGGCTTTGGAGCAG–3′ 5′–CATGTCTTCGATGTCGGTCAG–3′

CPT1 5′–TTATCGCCAAGGATGGCTCTA–3′ 5′–CCACACCATCACCCCAAGA–3′

ACOX 5′–CTTGCTTCACCAGGCAACTG–3′ 5′–TTCCAGGCGGGCATGA–3′

SIRT1 5′–TAGTTCTTGTGGCAGTAA–3′ 5′–CATCAGGCTCATCTTCTA–3′

SIRT2 5′–AACCATCTGTCACTACTT–3′ 5′–TATCTATGTTCTGCGTGTA–3′

SIRT3 5′–GCTCCCAGTTTCTTCTTT–3′ 5′–CCACTTCCAACAACACTT–3′

SIRT4 5′–CTTCATCACCCTTTCCAA–3′ 5′–ACCTGTAGTCTGGTATCC–3′

SIRT5 5′–AAGCACATAGTCATCATCT–3′ 5′–TTCTCCAATAACCTCCAG–3′

SIRT6 5′–AGGGACAAACTGGCAGAG–3′ 5′–TGTGTCTCGGACGTACTG–3′

SIRT7 5′–AATACTTGGTCGTCTACAC–3′ 5′–TGTCCACACTCCATTAGG–3′

GAPDH 5′–GGTGGTCTCCTCTGACTTCAACA–3′ 5′–GTTGCTGTAGCCAAATTCGTTGT–3′

2.4. Western Blot

The protein levels in BEE-treated Caco-2 cells were measured by Western blot analysis
as previously described [37]. Chemidoc XRS+ (Bio-Rad) and Image Lab software (Bio-Rad)
were used for the analysis. The antibodies for ATP-binding cassette transporter A1 (ABCA1),
ABCB1, ABCG5, 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR), low-density
lipoprotein (LDL) receptor (LDLR), Niemann–Pick C1 Like 1 (NPC1L1), proprotein conver-
tase subtilisin/kexin type 9 (PCSK9), scavenger receptor class B type 1 (SR-B1), and sterol
regulatory element-binding protein 2 (SREBP-2) were purchased from Abcam (Cambridge,
MA, USA). β-Actin (Sigma, St. Louis, MO, USA) was used as a loading control.

2.5. Statistical Analysis

One-way analysis of variance (ANOVA) and Newman–Keuls post hoc analysis were
performed to detect significance.

3. Results
3.1. Cytotoxicity of BEE in Caco-2 Cells

The cytotoxicity of BEE was assessed by measuring the cell viability of Caco-2 cells
treated with increasing concentrations of BEE for 24 h. There was no significant reduction in
the viability of the cells treated with up to 50 µg/mL BEE. The cells treated with 100 µg/mL
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BEE exerted a significant reduction in cell viability. However, the cell viability was above
90% until 100 µg/mL BEE. Therefore, 50 or 100 µg/mL BEE was used in the subsequent
experiments (Figure 1).
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Figure 1. Cytotoxicity of polyphenol-rich black elderberry extract (BEE)-treated Caco-2 cells. Cells
were treated with increasing concentrations (0–200 µg/mL) of BEE for 24 h. The viability (%) is
presented relative to controls without BEE treatment. Data with different letters are significantly
different (p < 0.05). Values are means ± SEM; n = 6.

3.2. Effects of BEE on the Genes Involved in Cholesterol Synthesis and Absorption

To investigate the effects of BEE on intestinal cholesterol metabolism, we first measured
the mRNA expressions of genes involved in the synthesis and absorption of cholesterol in
BEE-treated Caco-2 cells. BEE significantly and dose-dependently decreased the expression
of HMGR and SREBP2, i.e., the rate-controlling enzyme in cholesterol biosynthesis and
its transcription factor, respectively (Figure 2). The expression of genes for cholesterol
absorption, such as NPC1L1 and SR-B1, was dose-dependently and significantly decreased
by BEE. Furthermore, the mRNA abundance of ABCA1, the basolateral transporter of
cholesterol, was significantly decreased in BEE-treated cells. For the genes involved in
chylomicron assembly, the mRNA abundance of microsomal triglyceride transfer protein
(MTTP) and acetyl-CoA Acetyltransferase 2 (ACAT2) was significantly decreased in BEE-
treated Caco-2 cells (Figure 2). Consistent with the mRNA results, the protein levels of
HMGR and SREBP2 were decreased by BEE treatment. Furthermore, the protein levels of
transporters for cholesterol absorption, i.e., NPC1L1, SR-B1, and ABCA1, were noticeably
lowered in BEE-treated Caco-2 cells (Figure 3).
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Figure 2. The effects of BEE on the genes involved in the synthesis and absorption of cholesterol in
Caco-2 cells. Cells were treated with 50 or 100 µg/mL BEE for 24 h. The messenger RNA (mRNA)
abundance was measured by qRT-PCR analysis. Data are expressed as relative expressions to control.
Bars with different letters are significantly different (p < 0.05). Values are means ± SEM; n = 6.
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Figure 3. The effects of BEE on the proteins involved in cholesterol biosynthesis and absorption
in Caco-2 cells. The cells were treated with 50 or 100 µg/mL BEE for 24 h. The Western blot was
conducted twice, and the representative image is shown. β-Actin was used as a loading control.
Densitometry analysis was performed to measure the relative intensity, and the values are shown
under each protein band.

3.3. Alteration of the Genes Involved in TICE by BEE

As BEE repressed the genes for intestinal cholesterol biosynthesis and absorption, we
further examined whether BEE could alter the genes involved in the TICE pathway. The
expression of LDLR, the receptor that mediates the endocytosis of LDL-derived cholesterol,
was significantly and dose-dependently increased in BEE-treated Caco-2 cells. The mRNA
abundance of PCSK9, the protease that promotes LDLR degradation, was not altered
by BEE treatment. Furthermore, BEE significantly and dose-dependently increased the
mRNA abundance of ABCAG5 and ABCG8, the apical heterodimeric transporters that flux
cholesterol back to the intestine. A significant increase in the expression of ABCB1, the
multidrug transporter present in the apical membrane of enterocytes, was observed by BEE
treatment (Figure 4a). The protein levels of LDLR, ABCG5, and ABCB1 were markedly
increased by BEE treatment, confirming the effects of BEE on the stimulation of TICE in
Caco-2 cells (Figure 4b).
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Figure 4. The effect of BEE on the genes involved in the transintestinal cholesterol excretion (TICE) pathway in Caco-2 cells.
The cells were treated with 50 or 100 µg/mL BEE for 24 h. (a) The mRNA abundance was measured by qRT-PCR analysis.
Data are expressed as relative expressions to control. Bars with different letters are significantly different (p < 0.05). Values
are means ± SEM; n = 6. (b) The Western blot was conducted twice, and the representative image is shown. β-Actin was
used as a loading control. The densitometry analysis was performed to measure the relative intensity, and the values are
shown under each protein band.
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3.4. Effects of BEE on the Genes Involved in Fatty-Acid Metabolism

To investigate the effects of BEE on fatty-acid metabolism, we first measured the
genes involved in de novo lipogenesis. The mRNA abundance of fatty acid synthase (FAS)
and stearoyl-CoA desaturase-1 (SCD-1) was significantly decreased by 100 µg/mL BEE
with a concomitant decrease in SREBP1c, the transcription factor for lipogenesis. Next,
the expression of genes for fatty-acid oxidation was measured. The mRNA expression
of acyl-coenzyme A oxidase (ACOX), the gene for peroxisomal fatty acid oxidation, was
significantly and dose-dependently decreased by BEE treatment (Figure 5).
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Figure 5. The effect of BEE on fatty-acid metabolism in Caco-2 cells. Cells were treated with 50 or
100 µg/mL BEE for 24 h. The expression of genes involved in fatty-acid metabolism was measured
by qRT-PCR. Data are expressed as relative expressions of control. Bars with different letters are
significantly different (p < 0.05). Values are means ± SEM; n = 6.

3.5. Effects of BEE on the Regulation of SIRT

The potential effects of BEE on the regulation of sirtuins (SIRTs) were investigated
by measuring the expression of seven different SIRT isoforms in 100 µg/mL BEE-treated
Caco-2 cells. Significant increases in the gene expression of SIRT1, SIRT3, and SIRT6 were
observed in BEE-treated cells. In contrast, the mRNA abundance of SIRT2 was significantly
reduced by BEE. There was no significant alteration of SIRT4, SIRT5, and SIRT7 by BEE
treatment (Figure 6).
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4. Discussion

Hypercholesterolemia is one of the primary risk factors for the prevalence of CVD [39].
Cholesterol homeostasis is tightly regulated by the interplay of the liver and in the intes-
tine [4,6]. Therefore, the hypolipidemic effects of drugs or dietary components target either
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blocking cholesterol synthesis in the liver or inhibiting intestinal cholesterol absorption.
Classically, hepatobiliary cholesterol excretion mediated by reverse cholesterol transport
has been considered the only way to remove cholesterol from the body [12]. Recently,
several publications reported the direct contribution of TICE to fecal neutral sterol in mice
models and humans [40–46]. In this non-biliary cholesterol excretion pathway, the plasma
lipoprotein-derived cholesterol is transported from the basolateral to the apical side of
enterocytes for direct excretion [47]. The underlying mechanisms regulating TICE are still
unclear, but the significant contribution of TICE to cholesterol excretion gives an attractive
strategy for preventing CVD.

The protective effects of polyphenols against hypercholesterolemia are well known.
Black elderberry (Sambucus nigra) is well known for its cardioprotective effects by exerting
hypolipidemia and improving lipid profiles, oxidative stress, and inflammation [22–24].
Black elderberry alleviated oxidative stress, insulin resistance, and inflammation in 3T3-L1
cells [29]. In particular, black elderberry improved cholesterol profiles and HDL functions
in animal studies [23]. High contents of polyphenol in the black elderberry are claimed to
be responsible for these effects. Natural products high in polyphenols altered the genes
involved in the TICE pathway [37,38].

In the present study, to gain insight into the mechanism of BEE on intestinal cholesterol
metabolism, we investigated if BEE could alter the genes involved in the biosynthesis and
flux of cholesterol in Caco-2 cells. The genes for intestinal cholesterol metabolism were
markedly induced by BEE treatment. HMGR is a rate-limiting enzyme for cholesterol biosyn-
thesis, and its inhibitor, statin, is widely prescribed to lower plasma cholesterol [48,49].
SREBP2, a master of regulation for cholesterol metabolism, is primarily responsible for the
transcription of HMRG and LDLR [50]. There was a significant reduction in both mRNA
and protein levels of HMGR and SREBP2 by BEE. Intestinal free cholesterol absorption is
mediated by several transporters and enzymes such as NPC1L1, SR-B1, ABCA1, ACAT2,
and MTTP [10,51]. We observed that BEE significantly decreased mRNA and protein
levels of NPClL1 in Caco-2 cells. NPC1L1, a sterol transporter, present in the apical mem-
brane of enterocytes, mediates cholesterol absorption in the intestine [52,53]. Ezetimibe,
an NPC1L1 inhibitor, has been used for lowering cholesterol by inhibiting cholesterol
absorption [54,55]. Therefore, the reduction in NPC1L1 by BEE treatment also supports
the hypocholesterolemic effects of black elderberry. ABCA1 is responsible for basolateral
cholesterol efflux [56]. We observed significant decreases in both mRNA and protein levels
of ABCA1 in Caco-2 cells. Cholesterol absorption in the intestine is closely involved with
chylomicron assembly and secretion. ACAT2 esterifies cholesterol for absorption [57],
and MTTP assembles and secretes chylomicron from enterocytes to the basolateral lumen,
facilitating intestinal cholesterol absorption [10]. The expression of ACAT2 and MTTP
was significantly decreased in BEE-treated Caco-2 cells. Consistent with our results, apple
polyphenols decreased lipoprotein secretion, contributing to its hypolipidemic effects in
Caco-2/TC7 enterocytes [58]. All of the genes involved in the flux of cholesterol from the
apical to basolateral side of enterocytes were decreased by BEE treatment.

Intestine-specific stimulation of TICE can be an alternative pathway for cholesterol
excretion. The underlying mechanisms of TICE are still unknown, but intestinal SR-B1 and
HDL are not involved in the process of TICE [41]. In contrast, LDL-derived cholesterol and
LDLR have been reported to be involved in the alteration of TICE. Notably, we observed
significant increases in both mRNA and protein levels of LDLR in BEE-treated Caco-2
cells. To investigate the underlying mechanisms of LDLR alteration by BEE, we measured
whether BEE could induce PCSK9. PCSK9, responsible for LDLR protein degradation,
was not altered by BEE. The heterodimer ABCG5/G8 is a well-known transporter for
cholesterol flux to the intestinal lumen. Furthermore, LDL-derived cholesterol taken up
by LDLR can be effluxed to the intestinal lumen via ABCG5/G8, stimulating TICE. In the
process of TICE, the cholesterols can be transported from the basolateral to the apical side
of the enterocyte for subsequent excretion from the body. BEE increased both mRNA and
protein levels of ABCG5, which may decrease intestinal cholesterol absorption. ABCG5/G8
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transporters mediate the flux of free cholesterol to the intestinal lumen [59]. ABCB1, the
apical transporter, acts as a cholesterol floppase and plays an essential role in TICE [60].
BEE markedly increased the mRNA and protein levels of ABCB1. These results indicate
that BEE may stimulate the transporters involved in cholesterol flux from the basolateral to
apical side of enterocytes.

The availability of triglycerides regulates the assembly of lipoproteins [9,10]. Therefore,
we measured the genes involved in fatty-acid metabolism in BEE-treated Caco-2 cells. BEE
decreased the expression of lipogenic transcription factor SREBP1c and its downstream
genes such as FAS and SCD-1. According to our results, there was a marked alteration of
genes involved in intestinal cholesterol and lipid metabolism. Mammalian sirtuins (SIRTs),
nicotinamide adenine dinucleotide-dependent deacetylases, are known as epigenetic and
physiological regulators of biological metabolism [61,62]. Mounting evidence supports
that SIRTs can regulate cholesterol and lipid metabolism [63,64]. Resveratrol, a well-known
polyphenol present in wine, is known to modulate SIRT [65,66]. Therefore, we investigated
whether BEE could alter SIRT expression. We observed an induction of SIRT1, SIRT3,
and SIRT6 and a reduction in SIRT2 expression by BEE in Caco-2 cells. Further study is
warranted to understand the mechanisms of SIRT alteration by BEE.

All of the gene changes, which occurred in a direction to flux cholesterol from the
basolateral to the apical side of the enterocyte, by BEE indicate that black elderberry
may lower plasma cholesterol by increasing the uptake of LDLR-mediated cholesterol
circulation in the enterocyte. Furthermore, BEE altered the expression of SIRTs. These
results indicate that black elderberry might have hypocholesterolemic effects via alteration
of the TICE pathway.

5. Conclusions

In conclusion, the expression of genes involved in intestinal cholesterol biosynthesis
and absorption, chylomicron assembly, and TICE was altered in BEE-treated Caco-2 cells.
These results indicate that the stimulation of the intestine-specific TICE pathway by BEE
can explain the hypocholesterolemic effects of BEE. Further study is warranted to evaluate
which components of BEE are responsible for the effects of BEE on TICE stimulation. The
present study supports the beneficial effects of black elderberry for the prevention of
hypercholesterolemia.
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