610 DOI 10.1002/mnfr.201100659 Mol. Nutr. Food Res. 2012, 56, 610-621

RESEARCH ARTICLE
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Scope: Although previous studies have shown that consumption of anthocyanin extract from
plant foods reduces hypercholesterolemia and the severity of atherosclerosis in different animal
models, the mechanisms of these actions remained unclear. This study investigated whether
pure anthocyanin inhibit atherosclerosis development and reduce hypercholesterolemia in the
apolipoprotein E (ApoE)-deficient mice through enhancement of fecal bile acid excretion, a
critical pathway for eliminating circulation cholesterol from the body.

Methods and results: Five-week-old male ApoE-deficient mice were fed the AIN-93G diet sup-
plemented with or without cyanidin-3-O-B-glucoside (0.06% w/w) for 12 weeks. Results showed
that cyanidin-3-O-B-glucoside consumption inhibited the formation of aortic sinus plaque
and reduced hypercholesterolemia, along with promoted fecal bile acid excretion and upregu-
lated hepatic cholesterol 7a-hydroxylase expression (CYP7A1). In mouse primary hepatocytes,
cyanidin-3-O-B-glucoside treatment increased bile acid synthesis and CYP7A1 expression in a
liver X receptor alpha (LXRa)-)-dependent manner. Scintillation proximity and time-resolved
fluorescence resonance energy transfer assays revealed that cyanidin-3-O-B-glucoside functions
as an agonist of LXRa.

Conclusion: Our results indicate that the hypocholesterolemic activity of cyanidin-3-O-B-
glucoside was, at least in part, mediated by activating the potential LXRa-CYP7A1-bile acid
excretion pathway, thus contributing to the antiatherogenic effect of cyanidin-3-O-B-glucoside.
Importantly, cyanidin-3-O-B-glucoside could activate LXRa in an agonist-dependent manner. T,
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Atherosclerotic cardiovascular disease (ASCVD) is the lead-
ing cause of death in most developed countries. Hyper-
cholesterolemia is a well-known risk factor for ASCVD.
Plasma cholesterol homeostasis is regulated by dietary choles-
terol intake, cholesterol absorption/excretion, and synthe-
sis [1]. Cholesterol 7a-hydroxylase (CYP7A1) is a liver-
specific cytochrome P450 isozyme of the CYP7A family
that catalyses the rate-limiting step in the classic path-
way of bile acid synthesis [2]. Conversion of cholesterol to
bile acid in the liver is the most important pathway for
elimination of cholesterol from the body. Enhancement of
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cholesterol excretion in the form of bile acid is thus an attrac-
tive target to combat hypercholesterolemia and atherosclero-
sis development [3].

Flavonoids represent a diverse range of polyphenolic
compounds that occur naturally in plant foods. Extensive
epidemiological studies have shown that dietary flavonoids
consumption is inversely associated with the incidence of
atherosclerotic diseases [4]. Experimental animal work has
also shown the antiatherogenic property of flavonoids from
various sources [5]. Furthermore, both in vitro cell cul-
ture studies and experimental animal work have been uti-
lized to explore mechanisms underlying the protective ef-
fect of these natural agents [6]. Among the potential mech-
anisms revealed to date, maintaining plasma cholesterol
homeostasis potential of flavonoids has drawn our attention
intensively [7-10].

Anthocyanin, the flavonoid consumed by human beings
the most [11], is abundant in various colorful fruits, vegeta-
bles, red wine, and grains [12]. Anthocyanin has been shown
to possess various biological activities [5]. Our previous stud-
ies have demonstrated that outer layer fraction of black rice
rich in anthocyanin [13] or anthocyanin extract from black
rice [14] inhibits atherosclerosis development partially via
its hypocholesterolemic property in apolipoprotein E (ApoE)-
deficient mouse model. Other groups also reported that an-
thocyanin extract from black soybean [15] or blueberries [16]
possesses hypocholesterolemic activity. However, the hypoc-
holesterolemic mechanism of anthocyanin is poorly under-
stood.

In the present study, we reported that in the ApoE-
deficient mouse model, individual cyanidin-3-O-B-glucoside
(Cy-3-G) consumption for 12 weeks significantly inhibits for-
mation of early atherosclerosis and decreases plasma to-
tal cholesterol (TC) levels. More importantly, we showed
for the first time that the hypocholesterolemic potential
of Cy-3-G is achieved partially via the increment of fe-
cal bile acid excretion arising from activating the potential
liver X receptor alpha (LXRa)-CYP7A1-bile acid excretion
pathway.

2 Materials and methods
2.1 Chemicals

Cy-3-G (purity >98%) was kindly provided by Polyphenol
AS (Sandnes, Norway). Antibodies specific for CYP7A1 and
LXRa were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). The B-actin antibody was from Cell Signaling
Technology (Danvers, MA). Trizol reagent, M-MLV reverse
transcriptase, and polymerase chain reaction (PCR) Mast Mix
were purchased from Invitrogen Life Technology (Carlsbad,
CA). All other chemicals, unless otherwise indicated, were
purchased from Sigma-Aldrich (St. Louis, MO).
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2.2 Mice and procedures

ApoE-deficient mice were provided by Jackson Laborato-
ries (Sacramento, CA). Mice were bred and maintained in
our pathogen-free facility. Five-week-old male ApoE-deficient
mice were individually housed in metabolic cages and fed an
AIN-93G phenolic-free diet (control group, n = 13) or an AIN-
93G diet supplemented with Cy-3-G (0.06% w/w) (Cy-3-G
group, n = 13) for 12 weeks. The dose of Cy-3-G (0.06% w/w)
is approximately 100 mg (kg of body weight)~! day~! that
is comparable to estimated concentrations of anthocyanins
(130 mg (kg of body weight) ! day~!) used in the study using
anthocyanin extract from black rice [14]. The compositions
of the experimental diets were given in Supporting Informa-
tion Table 1. Feces were collected for three consecutive days
prior to sacrifice for measurement of bile acid and choles-
terol. At the end of the experiment, mice were fasted for 4 h
and anaesthetized using diethyl ether. Heparinized plasma
samples were collected and kept at —80°C prior to use. The
livers, aortas, and hearts were removed and weighed, frozen
in liquid nitrogen, and then stored at —80°C for further anal-
yses. All the animal procedures were approved by the Animal
Care and User Committee of Sun Yat-Sen University.

2.3 Quantification of atherosclerosis

Method for measurement of atherosclerotic lesions at the aor-
tic sinus has been previously described [17]. Briefly, the upper
sections of the hearts were embedded in OCT compound and
frozen at —20°C. Every other section (10 wm thick) through-
out the aortic sinus (400 wm) was taken for analysis. Cryostat
sections were evaluated for fatty streak lesions after stain-
ing with Oil red O using computer-assisted imaging and the
Optimas Image Analysis software package (Bioscan Inc., Ed-
monds, WA).

2.4 Plasma, liver, and aorta lipid parameters

The concentrations of plasma TC, triglyceride (TG), and high-
density lipoprotein-cholesterol (HDL-C) were measured us-
ing the corresponding commercial enzyme kits (Biosino, Bei-
jing, China) on a Biosystem automatic biochemistry analyzer
(Madrid, Spain). The level of non-HDL-C was calculated as
TCminus HDL-C. Plasma levels of apolipoprotein A-I (ApoA-
I) were quantified by a mouse ApoA-I enzyme-linked im-
munosorbent kit (Cusabio Biotech Co., Ltd, Wuhan, P. R.
China) following the manufacturer’s instructions. Total lipids
were extracted from tissue (liver and aorta) samples according
to the method of Bligh and Dyer [18]. After evaporation to dry-
ness under a stream of nitrogen, the lipid extracts were resus-
pended in a solution of 90% isopropanol, 10% Triton X-100.
TC and TG contents were then quantified using the corre-
sponding commercial enzyme kits (Biosino, Beijing, China)
as described above.
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2.5 Measurement of fecal bile acid and cholesterol

Bile acid and cholesterol were extracted from fecal samples
as described by Batta et al. [19]. The concentrations of fecal
bile acid and cholesterol were determined by a total bile acid
(TBA) assay kit (Sekisui Medical Co., Ltd, Tokyo, Japan) and
a cholesterol quantification kit (BioVision, Mountain View,
CA), respectively. The daily excretion rates of both bile acid
and cholesterol are expressed as micromole/day per 100 g of
body weight [20].

2.6 Isolation and culture of mouse primary
hepatocytes

Primary hepatocytes were isolated from mice using a mod-
ified two-step perfusion method using Liver Perfusion Me-
dia and Liver Digest Buffer (Invitrogen, Carlsbad, CA) [21].
The cells were plated onto 60-mm mouse collagen IV-coated
dishes at a density of 1.2 x 10° viable cells/dish in serum-
free Williams E medium supplemented with thyroxine (1
pmol/L), dexamethasone (0.1 pmol/L), and insulin (0.02
nmol/L). The hepatocytes were used only if they were greater
than 90% viable as assessed Dby trypan blue exclusion. The
purity of hepatocytes was over 99% as nonparenchymal cells
judged by their size (<10 pm diameter) and morphology
(nonpolygonal or stellate) [22] were less than 1%.

2.7 Western blotting

Aliquots (40 p.g) of cell lysates were separated by sodium dode-
cyl sulfate (SDS)-polyacrylamide gel electrophoresis. Method
for Western blotting has been previously described [23]. Hep-
atic microsomes from liver tissue samples were isolated as
described by Zanger et al. [24] for the analysis of CYP7A1 pro-
tein levels. Specific antibodies used included CYP7A1, LXRa,
and B-actin. Anti-B-actin was used for equal protein loading.

2.8 AQuantitative real-time RT-PCR

Methods for RNA extraction and quantitative real-time re-
verse transcriptase-PCR (qQRT-PCR) have been previously de-
scribed in our previous publications [25]. The primer se-
quences are listed in Supporting Information Table 2. B-actin
mRNA was used as the internal control.

2.9 Bile acid assay

Hepatocyte culture medium was collected for the analysis of
TBA. TBA in culture medium was partially purified with Sep-
Pak C18 cartridge (Walters, Milford, MA) as described by Li
et al. [26], and then quantified as described above.
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2.10 Construction of the mouse CYP7A1-luciferase
(LUC) reporter plasmids

The 0.9 kb mouse CYP7A1 gene 5¢ flanking region (—835
to +55 bp) was obtained by PCR against C57BL6 mouse tail
DNA with a pair of primers (Supporting Information Table
3). The PCR product was inserted into the TA cloning vec-
tor followed by DNA sequencing verification (NC_000070.5).
This DNA fragment was then subcloned into a promoter-
less p-BLUC LUC plasmid [27] and designated as —835 bp
CYP7A1-LUC. Two deletion constructs, designated as —83
bp CYP7A1-LUC (with the LXR binding site) and —55 bp
CYP7A1-LUC (without the LXR binding site), were obtained
by a further subcloning procedure, utilizing the two new for-
ward primers (Supporting Information Table 3).

2.11 Transient transfection and reporter gene assays

Mouse primary hepatocytes were transfected with 1 pg of
CYP7A1-LUC reporter plasmid and 0.5 pg of B-galactosidase
(B-gal) control vector (Promega, Madison, WI) using lipofec-
tamine 2000 (Invitrogen) following the manufacturer’s in-
structions. Sixteen hours after transfection, cells were treated
with Cy-3-G for 24 h. LUC and B-gal activities were analyzed
in cell lysates.

2.12 Scintillation proximity assay

Scintillation proximity assay (SPA) was performed to iden-
tify ligands of LXRa with the method of Janowski et al.
[28] Briefly, scintillant-filled beads (GE Healthcare, Bucking-
hamshire, UK) precoated with polylysine to permit protein
binding were diluted in SPA buffer to a final concentra-
tion of 5 mg/mL. Binding assays were performed in 384-well
plates in 20 pL containing beads (0.2 mg per well) and His-
LXRa ligand-binding domain (LBD) (120 ng per well, Roche
Diagnostics, Indianapolis, IN). *H-24(S),25-epoxycholeserol
(24(S),25-EC) (PerkinElmer, Boston, MA) was added to wells
at a single concentration of 25 nmol/L. The amount of protein
used did not deplete ligand concentrations. All competition
binding assays for 24(S),25-EC or Cy-3-G were tested at con-
centration ranging from 3 nmol/L to 50 pmol/L. Plates were
shaken at 25°C for 3 h, and radioactivity was then measured
in a Packard Topcount at 1 min per well. All concentrations
were assayed in triplicate. Wells devoid of competitor rep-
resented 100% binding. Nonspecific binding was quantified
by leaving His-LXRa LBD out of the SPA reaction. Compe-
tition curves were generated by nonlinear regression analy-
sis using GraphPad™ Prism® 5.0 (GraphPad Software Inc.,
San Diego, CA) and the apparent equilibrium dissociation
constants (K; values) were determined by using a method
described by DeBlasi and colleagues [29].
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Figure 1. Cy-3-G consumption inhibits atherosclerosis development in ApoE-deficient mice. Mice were fed with the AIN-93G diet supple-
mented with or without 0.06% Cy-3-G (w/w) for 12 wk. (A) Representative cryostat sections of aortic sinus (40x) stained with Oil Red O.
(Top panel) Representative images. (Bottom panel) Quantitative analysis of panel A. (B) Lipids were extracted for the measurement of
aortic cholesterol. For bottom panel A and panel B, results are mean + SEM (n = 13 per group). ***p < 0.001.

2.13 Time-resolved fluorescence resonance energy
transfer (TR-FRET) assay

The TR-FRET LXRa coactivator assay kit (Invitrogen)
was used to identify agonists of LXRa. In these cell-free
assays, agonists are identified by their ability to bind LXRa
LBD and induce a conformational change that results in
recruitment of a fluorescein-labeled coactivator peptide.
Briefly, glutathione S-transferase (GST)-LXRa LBD was
labeled with terbium (Tb)-anti-GST antibody, and coactivator
TRAP220/DRIP-2 peptides were labeled with fluorescein.
Cy-3-G or 24(S),25-EC ranging from 3 nmol/L to 100 pmol/L
was incubated in the assay buffer with 5 nmol/L GST-LXRa
LBD, 10 nmol/L Tb-anti-GST antibody, and 250 nmol/L
of fluorescein-TRAP220/DRIP-2 peptide for 2 h at room
temperature. At the end of the incubation period, the 520/495
TR-FRET ratio was measured with a PerkinElmer Envision
fluorescent plate reader with time-resolved fluorescence
(TRF) laser excitation using the following filter set: excitation
340 nm, emission 495 nm, and emission 520 nm. A 100-pus
delay followed by a 200-ps integration time was used to
collect the time-resolved signal. Dose responses curves of
Cy-3-G or 24(S),25-EC were generated using a sigmoidal dose
response (variable slope) equation in GraphPad™ Prism®
5.0 allowing calculation of ECs, values.

2.14 LXRa« protein knockdown

LXRa protein expression was knocked down by transfection
of mouse LXRa small interfering RNA (siRNA) duplex with
mouse primary hepatocytes. A nonrelated, scrambled siRNA
was used as a control. All siRNA oligos were designed and
synthesized by Santa Cruz (Santa Cruz Biotechnology). The
transfection assay was performed as described in our previous
publications [30]. At selected time points after transfection,

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cells were lysed and subjected to Western blotting analysis to
evaluate intracellular LXRa protein levels.

2.15 Statistical analysis

Results are presented as the mean + standard error of the
mean (SEM). Data were statistically analyzed with either Stu-
dent’s t-test (two tailed) or one-way ANOVA coupled with
the Student-Newman—Keuls multiple comparison test. Dif-
ferences were considered significant if p < 0.05.

3 Results

3.1 Cy-3-G consumption inhibits atherosclerotic
plaque formation in ApoE-deficient mice

Previously, we demonstrated that anthocyanin extract from
black rice remarkably inhibits atherosclerosis development
in the ApoE-deficient mouse model [14]. Since Cy-3-G is the
major form of anthocyanin in anthocyanin extract from black
rice [14], ApoE-deficient mice were fed the AIN-93G diet with
or without Cy-3-G (0.06% w/w) for 12 weeks. Compared with
the control group, mice in the Cy-3-G group showed not only
a 66% reduction of the aortic sinus plaque area (Fig. 1A), but
also a 61% reduction of the aortic cholesterol accumulation
(Fig. 1B), the latter being an alternate index for the severity
of atherosclerosis [31].

3.2 Cy-3-G consumption improves lipid profile

in plasma and liver in ApoE-deficient mice
Cy-3-G consumption for 12 weeks significantly decreased
plasma TC, TG, and non-HDL-Clevels, and increased plasma

HDL-C and ApoA-I concentrations (Table 1). Moreover, total
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Table 1. Effect of Cy-3-G consumption on plasma and liver lipid
concentrations, and plasma ApoA-l levels in ApoE-
deficient mice

Parameters Control Cy-3-G

Plasma lipids and ApoA-I

TC (mmol/L) 14.24 + 1.36  10.27 + 1.152
TG (mmol/L) 1.91 4+ 0.10 1.26 + 0.082
HDL-C (mmol/L) 0.55 + 0.08 0.90 £ 0.112
non-HDL-C (mmol/L) 13.68 + 1.51 9.36 + 1.36%
ApoA-l (mg/dL) 21.44 +£ 178  30.31 + 2.60?
Liver lipids (mg/g liver)

Total cholesterol 63.5 + 4.3 49.2 + 3.72
Total triglyceride 7.2 £ 0.9 6.5 + 0.8

Data are mean + SEM (n = 13 per group).
a) Means in a row with different letters differ significantly
(p < 0.05).

cholesterol in the liver decreased significantly in the Cy-3-G
group compared with the control group (Table 1). No signifi-
cant differences in hepatic total TG levels were seen between
the Cy-3-G and control group (Table 1).

3.3 Cy-3-G consumption promotes fecal bile acid
output and upregulates hepatic CYP7A1
expression in ApoE-deficient mice

To test the possibility whether the hypocholesterolemic ac-
tivity of Cy-3-G is associated with enhancement of bile acid
excretion, we determined the levels of fecal bile acid and
cholesterol in the experimental and control animals. As
shown in Figure 2A, fecal bile acid but not cholesterol output
significantly increased in the Cy-3-G group mice than the con-
trol group animals. Increased excretion of bile acid in feces
upon Cy-3-G consumption indicated that hepatic bile salt syn-
thesis might be increased. The rate-limiting enzyme for the
classic pathway of bile acid synthesis in the liver is CYP7A1
[2]. The qRT-PCR and Western blot analyses demonstrated
that Cy-3-G consumption significantly increased mRNA and
protein expression of hepatic CYP7A1 in the ApoE-deficient
mice (Fig. 2B and C).

3.4 Cy-3-G increases bile acid synthesis and
upregulates CYP7A1 expression at the
transcriptional level in mouse primary
hepatocytes

To verify the effect of Cy-3-G on hepatic CYP7A1 expression
in vitro, we isolated primary hepatocytes from ApoE-deficient
mice (male, aged 6-8 weeks) as the cell model. Incubation of
mouse primary hepatocytes with Cy-3-G (1.0-50 uM) for 24 h
significantly promoted bile acid synthesis (Fig. 3A). This pro-
motion was associated with the increase of CYP7A1 protein
(Fig. 3B) and mRNA (Fig. 3C) expression.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Cy-3-G consumption increases fecal bile acid excretion
and upregulates hepatic CYP7A1 expression in ApoE-deficient
mice. Mice were fed with the AIN-93G diet supplemented with or
without 0.06% Cy-3-G (w/w) for 12 weeks. (A) Fecal bile acid and
cholesterol output. Results are mean + SEM (n = 13 per group).
**p < 0.01. (B) Detection hepatic CYP7A1 protein expression lev-
els by Western blotting. (Top panel) Representative blot of six
independent experiments. (Bottom panel) Quantitative analysis
of panel B. (C) Detection of hepatic CYP7A1 mRNA expression
levels by gRT-PCR. For bottom panel B and panel C, results are
mean + SEM (n = 6 per group). ***p < 0.001, **p < 0.01.

To determine whether the elevation of CYP7A1 mRNA
level by Cy-3-G treatment was mediated by the CYP7A1 pro-
moter, we constructed a mouse CYP7A1 promoter LUC fu-
sion gene construct (—835 bp CYP7A1-LUC), and found that
Cy-3-G (1.0-50 wM) significantly increased the expression
of —835 bp CYP7A1-LUC in mouse primary hepatocytes
(Fig. 3D). These data imply that Cy-3-G induces CYP7A1
gene expression at the transcriptional level, thus leading to
enhancement of bile acid synthesis.
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Figure 3. Cy-3-G promotes bile acid synthesis and CYP7A1 expression at transcriptional level in mouse primary hepatocytes. Hepatocytes
were treated with indicated concentrations of Cy-3-G for 24 h. (A) Cell culture medium was obtained for the measurement of bile acid
levels. Results are mean &+ SEM (n = 6 per group). ***p < 0.001, **p < 0.01. (B and C) The effect of Cy-3-G on CYP7A1 expression was
assessed by Western blotting (B) and qRT-PCR (C). Top panel B is a representative image of three independent experiments. (Bottom
panel B) Quantitative analysis of panel B. Results are mean & SEM (n = 3 per group). ***p < 0.001, **p < 0.01. (D) Cy-3-G increased
the expression of -835 bp CYP7a1-LUC. Hepatocytes cotransfected with the -835 bp CYP7A1-LUC reporter plasmids and B-galactosidase
plasmids were treated with Cy-3-G at the indicated concentrations for 24 h. Luciferase activity was then measured and normalized using
the B-galactosidase activity. Results are mean + SEM relative to the untreated control cells (assigned a value of 1.0) (n = 6). **p < 0.01,
*p < 0.05.

3.5 The stimulatory effects of Cy-3-G on bile acid Fig. 1), and this silencing effect could last for 72 h. Hepato-
synthesis and CYP7A1 expression are dependent cytes transfected with LXRa siRNA were then treated with
on LXRa in mouse primary hepatocytes the indicated concentration of Cy-3-G for 24 hours. The re-

sults showed that the stimulatory effects of Cy-3-G on the

It is known that CYP7A1 is transcriptionally regulated bile acid synthesis (Fig. 5A), CYP7AL1 protein (Fig. 5B), and

by LXRa [32]. We then asked whether LXRa is required mRNA expression (Fig. 5C) were markedly reduced. Given

for the increment of CYP7A1 promoter activity by Cy- that LXRa is a ligand-dependent transcriptional factor, we

3-G. To test this, we have first of all, made two ad- further utilized a known antagonist of LXRa, geranylgeranyl

ditional CYP7A1-LUC reporter gene constructs, namely, pyrophosphate (GGPP) [33]. The coincubation of mouse pri-

—83 bp CYP7A1-LUC, with the LXRa binding site; and mary hepatocytes with GGPP significantly reduced the stim-

—55 bp CYP7A1-LUC, without the LXRa binding site ulatory effects of Cy-3-G on the bile acid synthesis (Fig. 5D),

(Fig. 4A). We found that Cy-3-G stimulated the expression of CYP7A1 protein (Fig. 5E), and mRNA (Fig. 5F) expression.

—83 bp CYP7A1-LUC (Fig. 4B) but not —55 bp CYP7A1-LUC These data demonstrated that the stimulatory effects of Cy-3-

(Fig. 4C) in mouse primary hepatocytes. This observation G on bile acid synthesis and CYP7A1 expression depend on

suggests that the LXRa binding motif on CYP7A1 promoter the LXRa.

is required for Cy-3-G in stimulating its transcription.
To further verify the role of LXRa in inducing bile acid

synthesis and expression of CYP7A1 by Cy-3-G treatment, 3.6 Cy-3-G activates LXRa in a ligand-dependent

we employed an siRNA knockdown approach. As expected, manner

LXRa siRNA transfection significantly reduced LXRa expres-

sion level without affecting the control protein expression Previously, we demonstrated that Cy-3-G increases LXRa
in the mouse primary hepatocytes (Supporting Information expression in murine- and human-derived macrophages

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com
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Figure 4. Cy-3-G increased the expression of —83 bp but not
—55 bp CYP7A1-LUC in mouse primary hepatocytes. (A) The
diagram shows three different CYP7A1-LUC reporter plasmids.
Hepatocytes cotransfected with the —83 bp (B) or —55 bp (C)
CYP7A1-LUC reporter plasmids and B-galactosidase plasmids
were treated with Cy-3-G at the indicated concentration for
24 h. Luciferase activity was then measured and normalized us-
ing the B-galactosidase activity. Results are mean + SEM relative
to the untreated control cells (assigned a value of 1.0) (n = 6).
**p < 0.01, *p < 0.05.

[34, 35]. Herein, we found that Cy-3-G treatment (1-50 pM)
for 24 h or Cy-3-G consumption (0.06% w/w) for 12 wk signif-
icantly increased LXRa protein mass in mouse primary hepa-
tocytes and the liver of ApoE-deficient mice (Fig. 6A and 6B),
respectively. Given that LXRa is a ligand-activated transcrip-
tion factor, we further asked whether Cy-3-G could function
as a ligand for LXRa. For this purpose, we performed a SPA
assay using *H-24(S),25-EC as the radioligand. As shown in
Figure 6C, the endogenous LXRa ligand 24(S),25-EC expect-
edly displaced *H-24(S),25-EC from LXRa LBD (K; = 265 =+
9nmol/L). When Cy-3-G was added into the system, it directly
displaced *H-24(S),25-EC from LXRa LBD and possessed a
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high affinity to LXRa LBD (K; = 138 £ 3 nmol/L). To fur-
ther characterize the function of binding of Cy-3-G to LXRa
LBD, a TR-FRET assay was performed, which evaluates the
ability of test compounds to recruit a TRAP220/DRIP-2 coac-
tivator peptide to LXRa LBD. We found that both Cy-3-G and
24(S),25-EC elicited recruitment of coactivator to LXRa LBD
in this system (Fig. 6D). The ECs, of Cy-3-G and 24(S),25-EC
were 3.74 and 2.73 pmol/L, respectively.

4 Discussion

Our results demonstrated the following for the first time: (i)
consumption of pure Cy-3-G compound inhibited formation
of early atherosclerosis and attenuated hypercholesterolemia
in the ApoE-deficient mice; (ii) Cy-3-G consumption pro-
moted hepatic CYP7A1 expression and fecal bile acid output;
(iii) Cy-3-G treatment enhanced bile acid synthesis arising
from upregulation of CYP7A1 expression through activating
LXRa partially in an agonist-dependent manner in mouse
primary hepatocytes.

As mentioned above, hypercholesterolemia has been iden-
tified as a major risk factor for ASCVD, and several therapeu-
tic approaches have been utilized to reduce the rate of mor-
bidity and mortality associated with hypercholesterolemia
and atherosclerosis. For example, inhibitors of cholesterol
synthesis (statins) [36] and absorption (ezetimibe) [37] have
shown several beneficial effects related to their cholesterol-
lowering activity. However, other approaches in lowering the
plasma cholesterol are needed in subjects who are resistant
to statins treatment or highly sensitive to statins side ef-
fects. Previous studies have shown that anthocyanin extract
rich in Cy-3-G reduces plasma cholesterol levels in differ-
ent animal models [13], implicating that Cy-3-G possesses
the hypocholesterolemic potential. In the present study, we
clearly showed that Cy-3-G consumption for 12 weeks signifi-
cantly attenuated hypercholesterolemia in the ApoE-deficient
mouse model, which was associated with a reduction of for-
mation of early atherosclerosis. These data suggested that the
hypocholesterolemic potential of Cy-3-G may contribute in
part to its antiatherogenic effect in the ApoE-deficient mouse
model. Abundant data showed that anthocyanin extracts from
various sources including black rice [14], bilberry [38], and
purple sweet potato [39] have been consistently shown to at-
tenuate inflammation response in the same ApoE-deficient
mouse model. Taken together, the potential atheroprotec-
tive mechanisms of Cy-3-G observed here may be related
to its cholesterol-lowering property and anti-inflammatory
activity.

It is known that fecal bile acid excretion is an important
mechanism for maintaining plasma cholesterol homeostasis.
One important component of the process of fecal bile acid
excretion is hepatic CYP7A1. Transgenic overexpression of
CYP7A1 in C57BL/6] mice enhances fecal bile acid excretion
and reduced cholesterol accumulation in the liver and plasma
[40]. Spady et al. [41] reported that adenovirus-mediated
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Figure 5. The stimulatory effect of Cy-3-G on bile acid synthesis and CYP7A1 expression requires LXRa in mouse primary hepatocytes.
(A-C) LXRa siRNA or control scrambled siRNA-transfected hepatocytes were treated with Cy-3-G (2.5 wM) for 24 h. Cell culture medium
was obtained for the measurement of bile acid levels (A). Results are mean + SEM (n = 6 per group). ***p < 0.001. CYP7A1 expression
was assessed by Western blotting (B) and gRT-PCR (C). Top panel B is a representative image of three independent experiments. (Bottom
panel B) Quantitative analysis of panel B. For bottom panel B and panel C, results are mean + SEM (n = 3 per group). ***p < 0.001. (E
and F) Hepatocytes were treated with Cy-3-G (2.5 wM) for 24 h in the presence or absence of GGPP (10 wM). Bile acid levels in cell culture
medium (D), CYP7A1 protein (E) and mRNA (F) expression levels were determined as above. Top panel E is a representative image of three
independent experiments. (Bottom panel E) Quantitative analysis of panel E. For bottom panel E and panels D and C, results are mean +

SEM (n = 3 per group). ***p < 0.001.

overexpression of CYP7Al1 in low-density lipoprotein-
receptor knockout mice lowers hypercholesterolemia. In con-
trast, CYP7A1 gene knockout mouse had decreased fecal
bile acid excretion and hypercholesterolemia [42]. In the cur-
rent work, we demonstrated that Cy-3-G consumption for 12
weeks increased fecal bile acid excretion and hepatic CYP7A1
mass, as well as reduced hepatic cholesterol levels in the
ApoE-deficient mice. Similarly, Mauray et al. reported that
anthocyanin extract from bilberry consumption for 2 weeks
induced CYP7A1 gene expression and reduced cholesterol
accumulation in the liver of ApoE-deficient mice [43]. Fur-
thermore, we demonstrated that Cy-3-G treatment increased
bile acid synthesis and CYP7A1 expression in mouse primary
hepatocytes. Hence, potential mechanism for the hypocholes-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

terolemic effect of Cy-3-G was related to the enhancement of
fecal bile acid excretion, at least in part, mediated by the in-
crement of hepatic CYP7A1 mass.

CYP7AL1 is transcriptionally regulated by multiple tran-
scription factors including LXRa [32]. On the basis of our pre-
vious work that Cy-3-G activates LXRa via increasing its pro-
tein expression in murine- and human-derived macrophages
[34, 35], we hypothesized that the stimulatory effects of Cy-3-
G on CYP7A1 gene expression and bile acid synthesis in-
volved in the activation of LXRa in mouse primary hep-
atocytes. Indeed, reporter gene analyses have shown that
the increased activity of CYP7A1 gene promoter by Cy-3-G
treatment requires the LXR binding site. Furthermore, us-
ing siRNA-mediated protein knockdown methodology and
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Figure 6. Cy-3-G activates LXRa via increasing its expression and functioning as its agonist. (A) Mouse primary hepatocytes were treated
with indicated concentrations of Cy-3-G for 24 h. Whole cell lysates were prepared for Western blotting of LXRa. (Top panel A) Representative
blot image of three independent experiments. (Bottom panel A) Quantitative analysis of panel A. For bottom panel A, results are mean
+ SEM (n = 3 per group). *p < 0.05. ApoE-deficient mice were fed with the AIN-93G diet supplemented with or without 0.06% Cy-3-G
(w/w) for 12 weeks. Hepatic microsomal protein was then prepared for detecting CYP7A1 expression levels by Western blotting (B). (Top
panel B) Representative blot of six independent experiments. (Bottom panel B) Quantitative analysis of panel B. Results are mean +
SEM (n = 6 per group). *p < 0.05. (C) Cy-3-G directly bound to LXRa LBD. A scintillation proximity assay was performed as described
in section Materials and methods. (D) Binding of Cy-3-G to LXRa LBD resulted in TRAP220/DRIP-2 coactivator recruitment. A scintillation
proximity assay was performed as described in section Materials and methods. For panels C and D, results are mean + SEM (n = 3 per
group).

pharmacological approaches, we elucidated that the positive T0901317 [46], have been shown to remarkably inhibit
effects of Cy-3-G on bile acid synthesis and CYP7A1 ex- atherosclerosis. Unfortunately, the concomitant induction of
pression are completely dependent on LXRa activation in TG synthesis leads to hypertriglyceridemia and liver steato-
mouse primary hepatocytes. Next, we investigated how Cy- sis [45, 46], which hampers the implication of those LXRa
3-G activates LXRa. By using two cell-free SPA and TR- agonists in humans. Notably, we identified that a new LXRa
FRET assays, we provided evidence for the first time that agonist Cy-3-G could not induce fatty liver and hypertriglyc-
Cy-3-G serves as an agonist of LXRa with comparable ef- eridemia in the ApoE-deficient mice. It has been recognized
ficiency to an LXRa ligand 24(S),25-EC. Additionally, we that anthocyanins have multiple functions such as antiox-
have also shown that Cy-3-G treatment or consumption in- idation, inhibition of inflammation, and improvement of
creased the expression of LXRa in mouse primary hepato- lipid metabolism [13, 47]. Very recently, we demonstrated
cytes and ApoE-deficient mouse liver, respectively. Taken to- that Cy-3-G consumption promotes TG catabolism via ac-
gether, these data firmly demonstrated that the stimulatory tivating lipoprotein lipase in the KK-Ay mice [48]. Thus, Cy-
effects of Cy-3-G on CYP7A1 expression and bile acid syn- 3-G-induced TG catabolism may overcome its stimulatory
thesis depended on LXRa, and Cy-3-G activated LXRa via effect on TG synthesis. Furthermore, there are several re-
functioning as an agonist of LXRa and increasing its receptor ports that treatments of anthocyanin-rich extract from dif-
expression. ferent sources decreased TG accumulation in the plasma
It is known that LXRa plays a critical role in a variety or liver of mice [15, 16, 43], which are consistent with our
of physiological processes including cholesterol metabolism, findings.
glucose metabolism, TG synthesis, and inflammation [44]. It has been well known that the bioavailability of antho-
Activation of LXRa is an effective target to combat metabolic cyanins in humans and animal models is accompanied by
diseases including atherosclerosis [44]. The widely used extensive conjugation and metabolism in the intestine and
two synthetic nonsteroidal LXR ligands, GW3965 [45] and liver [49], indicating that either parent anthocyanins or their
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metabolites or both are contributed to these in vivo biological
effects. Anthocyanins have been shown to be transformed
into three main types of metabolites: glucuronidation, sulfa-
tion, and methylation in vivo [50]. However, several studies
have indicated that the above metabolites are less active than
these parent anthocyanins in biological effects [51]. Thus,
our current data suggested that intact Cy-3-G is the major
contributor for the stimulatory effect on hepatic CYP7A1 ex-
pression in the ApoE-deficient mouse model. The present
in vitro cell culture studies also revealed that Cy-3-G at low
dose of 1 M that is comparable to the physiological concen-
trations of anthocyanins in plasma of mice [25] and human
[52], upregulated CYP7A1 expression. Recently, some studies
have shown that protocatechuic acid, a potential gut micro-
biota metabolite of Cy-3-G, possesses similar biological effects
with its parent Cy-3-G such as the insulin-like [53] and anti-
monocyte/macrophage infiltration activities [25]. Thus, there
is a possibility that the positive effect of Cy-3-G on hepatic
CYP7A1 expression in vivo could be partially ascribed to pro-
tocatechuic acid. This interesting hypothesis deserves future
studies.

In summary, the present study has clearly shown that Cy-
3-G possesses the antiatherogenic and hypocholesterolemic
effects in the ApoE-deficient mouse model. Mechanistically,
the hypocholesterolemic effect of Cy-3-G may be through ac-
tivating the potential LXRa-CYP7A1-bile acid excretion path-
way in vivo. More importantly, we demonstrated for the first
time that Cy-3-G could activate LXRa in an agonist-dependent
manner.
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