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ABSTRACT: Cocoa powder is rich in polyphenols, such as catechins and procyanidins, and has been shown to inhibit low-density
lipoprotein (LDL) oxidation and atherogenesis in a variety ofmodels. Human studies have also shown daily intake of cocoa increases
plasma high-density lipoprotein (HDL) and decreases LDL levels. However, the mechanisms responsible for these effects of cocoa
on cholesterol metabolism have yet to be fully elucidated. The present study investigated the effects of cacao polyphenols on the
production of apolipoproteins A1 and B in human hepatoma HepG2 and intestinal Caco2 cell lines. The cultured HepG2 cells or
Caco2 cells were incubated for 24 h in the presence of cacao polyphenols such as (-)-epicatechin, (þ)-catechin, procyanidin B2,
procyanidin C1, and cinnamtannin A2. The concentration of apolipoproteins in the cell culture media was quantified using an
enzyme-linked immunoassay, and the mRNA expression was quantified by RT-PCR. Cacao polyphenols increased apolipoprotein
A1 protein levels andmRNA expression, even though apolipoprotein B protein and themRNA expression were slightly decreased in
both HepG2 cells and Caco2 cells. In addition, cacao polyphenols increased sterol regulatory element binding proteins (SREBPs)
and activated LDL receptors in HepG2 cells. These results suggest that cacao polyphenols may increase the production of mature
form SREBPs and LDL receptor activity, thereby increasing ApoA1 and decreasing ApoB levels. These results elucidate a novel
mechanism by which HDL cholesterol levels become elevated with daily cocoa intake.
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’ INTRODUCTION

Hypercholesterolemia is a major risk factor for atherosclerosis,
especially when there is a significant increase in low-density lipo-
protein (LDL) cholesterol levels.1 However, prospective studies
have shown there is a negative correlation between plasma high-
density lipoprotein (HDL) cholesterol and cardiovascular disease.2

Such studies suggest that careful monitoring of both LDL and
HDL cholesterol levels is important for preventing atherosclerotic
lesions.

Epidemiological studies have demonstrated a negative corre-
lation between mortality from coronary/ischemic heart disease
and consumption of plant polyphenols.3,4 In the Zutphen Elderly
Study, intake of catechins was shown to associate inversely with
ischemic heart disease, but had no correlation with the incidence
of myocardial infarction.3

Apolipoprotein A1 (ApoA1) is the major protein component
of HDL particles in plasma. These antiatherogenic particles trans-
port cholesterol from extrahepatic tissues to the liver for further
processing and excretion in bile acid. Apolipoprotein B (ApoB) is
synthesized primarily by intestinal and liver cells and then acts as
the core protein of LDL and very low density lipoprotein particles.

Several types of polyphenolic compounds, such as isoflavones,
have been reported to increase ApoA1 levels in the hepatic cell
line, HepG2.5,6 Furthermore, citrus flavonoids and soy isoflavones
have been shown to decrease ApoB levels in HepG2 cells,7-10

whereas red wine polyphenols were found to decrease ApoB
levels in both HepG2 cells and the intestinal cell line Caco2.11,12

Cacao liquor, which is produced by fermentation and roasting
of cacao beans, is one of the main ingredients of cocoa and
chocolate and is rich in polyphenols with antioxidative activity.13

Epicatechin, catechin, and procyanidins (catechin oligomers) are
the main polyphenolic components of cacao liquor. There is
evidence that dark chocolate dietary supplementation increases
plasma HDL cholesterol and inhibits oxidation of LDL choles-
terol in healthy human volunteers.14 In addition, we have shown
that daily consumption of cocoa powder decreases plasma LDL
cholesterol and increases HDL cholesterol levels in healthy
human subjects.15

In the present study, we aimed to elucidate how particular
cacao polyphenols affect cholesterol metabolism. To achieve this
objective, we conducted an in vitro study in which HepG2 or
Caco2 cells were incubated with cacao polyphenols and then
changes in ApoA1 and ApoB protein levels and mRNA expres-
sion were determined. In addition, we examined the effect of
cacao polyphenols on LDL receptors and sterol regulatory
element binding proteins (SREBPs) in HepG2 cells.

’MATERIALS AND METHODS

Materials. Human transformed hepatic HepG2 and intestinal
Caco2 cells were purchased from Riken Cell Bank (Ibaraki, Japan). Cell
culture medium was purchased from Sigma (St. Louis, MO), and 10 cm
cell culture dishes and 6-well (35 mm) culture plates were from Falcon
(BD Biosciences, San Diego, CA). Cacao polyphenols such as pro-
cyanidin B2 (B2), procyanidin C1 (C1), cinnamtannin A2 (A2), and
cacao liquor procyanidins (CLPr) were prepared from cacao liquor
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according to the method described in our previous paper.16 CLPr was
made from cacao liquor as follows. Briefly, cacao liquor was defatted with
n-hexane and the residue extracted with acetone. The n-butanol soluble
fraction of the extract was applied to a Diaion HP2MG column
(Mitsubishi Kasei Co. Ltd., Tokyo, Japan), and the fraction eluted with
80% ethanol was collected and freeze-dried for use in the experi-
ments. The composition of CLPr was as follows: total polyphenols
(measured by Prussian blue method as epicatechin equivalents), 79.3%;
(þ)-catechin, 2.5%; (-)-epicatechin, 5.9%; procyanidin B2, 4.0%;
procyanidin C1, 2.6%; and cinnamtannin A2, 3.2%. Procyanidin B2,
procyanidin C1, and cinnamtannin A2 were prepared from CLPr using
preparative HPLC. (-)-Epicatechin (EC) was obtained from Sigma and
(þ)-catechin from Extrasynthese (Genay, France).
Cell Cultures. The HepG2 or Caco2 cells were grown to near

confluence in monolayer cultures at 37 �C in an atmosphere of 5% CO2

inDulbecco’s modified Eagle’s medium (DMEM) containing 10% (v/v)
fetal bovine serum (FBS). The cells were then washed in PBS and
incubated for 24 h in 6-well culture plates containing DMEM without
FBS and 0.1-10 μM concentrations of EC, CA, B2, C1, A2, or CLPr in
ethanol. CLPr was calculated as epicatechin equivalents. The final
concentration of ethanol added to the cell cultures was <0.05% (v/v).
Quantification of Apolipoprotein Levels in CultureMedia.

The concentrations of ApoA1 and ApoB in the cell culture media were
quantified using an enzyme-linked immunoassay (ALerCHEK, Portland,
ME), according to themanufacturer’s instructions. Protein concentrations
were determined in 96-well plates using a protein assay kit (Bio-Rad,
Hercules, CA), according to the manufacturer’s instructions.
Quantitative Real Time RT-PCR Assay of mRNA Expres-

sion. Total RNA was extracted with TRI-zol reagent (Invitrogen,
Carlsbad, CA), according to the manufacturer’s instructions. The extract
was then purified using the RNeasy mini kit (Qiagen, Germantown,
MD) and the total RNA reverse-transcribed using the RevertAid First
Strand cDNA synthesis kit (Fermentas, Glen Burnie, MD). The result-
ing cDNAwas used for real time quantitative PCR in an ABI Prism 7000
sequence detection system (Applied Biosystems, Carlsbad, CA). All of
the specific primers and TaqMan probes (assays on demand gene expres-
sion assay) were obtained from Applied Biosystems. The results for each
sample were standardized to expression of GAPDH mRNA.
LDL Receptor Binding Activity. HepG2 cells were grown in 12-

well culture plates, followed by washing in PBS and incubation for 24 h
in DMEM serum-free media containing 10 μM EC, CA, B2, C1, A2, or
CLPr in ethanol. The cells were then washed in PBS and incubated for a
further 6 h in DMEM serum-free media containing fluorescent-labeled
Dil-LDL (10 mg/L, Biomedical Technologies, Stoughton, MA). The
cells were washed twice withDMEM and treated with trypsin to produce
a suspension of single cells. The fluorescence of the cell suspensions was
measured at 514 nm (excitation) and 550 nm (emission) wavelengths.
Measurement of Sterol Regulated Binding Protein. Fol-

lowing incubation, the cells were washed in PBS and then treated with
lysis buffer. Protein concentrations were determined in 96-well plates
using a protein assay kit (Bio-Rad), according to the manufacturer’s
instructions. The cell protein extracts were loaded (30μg of protein/lane)
onto 2-15% gradient polyacrylamide gels, electorophoresed, and then
transferred onto PVDF membranes (Amersham Biosciences, NSW,
Australia). The membranes were blocked with immunoblock (DS-
Pharma, Osaka, Japan) and incubated overnight at 4 �C in Tris-buffered
saline containing 0.1% Tween-20 and either anti-SREBP-1 (sc-367) or
SREBP-2 (sc-5603) (Santa Cruz Biotechnology, Santa Cruz, CA). The
membranes were then incubated with horseradish peroxidase conju-
gated secondary antibody for 24 h at room temperature and the antibody
complexes visualized using ECLþ detection reagent (Amersham Bio-
sciences), according to the manufacturer’s instructions. Chemilumines-
cence signals were detected using Cemi-Doc XRS (Bio-Rad) and the
relative signals determined using β-actin as a reference.

Statistical Analysis. The data are expressed as means( SD. The
analyses were carried out using SPSS statistical software (SPSS Inc.,
Chicago, IL). When ANOVA revealed p < 0.05, the data were further
analyzed using Scheffe’s multiple-range test. Differences were consid-
ered to be statistically significant at p < 0.05.

’RESULTS

ApoA1 Production and Secretion in HepG2 and Caco2
Cells. In the HepG2 study, all compounds increased ApoA1
expression in a dose-dependent manner (Table 1). Expression of
ApoA1 protein increased significantly in the presence of EC, CA,
C1, and CLPr at a concentration of 10 μM. This was especially
apparent with CLPr, with significant differences from the control
being observed over the concentration range of 0.1-10 μM. All
samples of the HepG2 cultures containing 10 μM levels of the
polyphenols showed a significant increase in ApoA1 mRNA
expression. Therewas a positive correlation betweenApoA1mRNA
expression and protein production, although this relationship
was not statistically significant. Both B2 and A2 at a concentra-
tion of 10 μM caused a significant up-regulation in ApoA1
mRNA expression, although no changes in protein production
were observed in these cultures.
In the Caco2 cell study, a similar tendency of increased ApoA1

production was also observed with the various polyphenols
(Table 1). However, polyphenol-triggered up-regulation of ApoA1
in Caco2 cells appeared to be slightly weaker than in HepG2
cells, with the exception of A2. Significant differences in ApoA1
production were observed for A2 over the concentration range of
1.0-10 μM. In contrast, significant increases in ApoA1 produc-
tion occurred only at the highest concentration of EC and CLPr
(10 μM).
In the Caco2 cells, ApoA1 mRNA expression was un-

changed for most polyphenols with the exception of A2-
treated cells, for which an increase was observed. A similar
result for protein production was observed, with A2 at con-
centrations of 1.0 and 10 μM causing a significant increase in
ApoA1 protein expression.
ApoB Production and Secretion in HepG2 and Caco2

Cells. Polyphenol treatment resulted in a dose-dependent
decrease in ApoB protein levels in both HepG2 and Caco2 cells,
with the exception of CA (Table 2). In the HepG2 cells, EC and
A2 at a concentration of 10 μM and B2 at a concentration of
0.1 or 10 μM caused a significant decrease in ApoB protein
production. In the Caco2 study, treatment with C1 at 1.0 and
10 μM concentrations and B2 and A2 at 10 μM concentrations
also caused a significant decrease in ApoB protein levels.
In the HepG2 cells, all of the polyphenols decreased ApoB

mRNA expression in a dose-dependent manner. A significant
decrease in ApoB mRNA expression was caused by 10 μM A2
and CLPr, 1.0 and 10 μM EC and B2, and 0.1 μM CA.
In the Caco2 samples, treatment with different concentrations

of polyphenols decreased ApoB mRNA expression, with the
exception of C1 and A2 at concentrations of 1.0 and 10 μM,
which tended to increase ApoB mRNA expression. No such
changes were observed in protein secretion.
Expression of mRNA in HepG2 Cells. We examined mRNA

expression in HepG2 cells following treatment with different
concentrations of the polyphenolic compounds (Table 3). The
expression of LDL receptor (LDLR) mRNA increased in the
presence of polyphenols compared with control cultures. In the
presence of CLPr this change occurred in a dose-dependent
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manner and at a concentration of 10 μM was significantly
different from controls. Treatment with CA or CLPr resulted
in a significant increase in mRNA expression for scavenger receptor
BI (SR-BI), ATP binding cassette transporter A1 (ABCA1),
sterol regulatory element binding family 1 (SREBF1), and
SREBP cleavage activating protein (SCAP) compared with
control cells. SR-BI expression was up-regulated following
the addition of CA and CLPr in a dose-dependent manner,
although this change did not occur with the other compounds.
The mRNA expression for ABCA1 and SREBF1 increased in
the presence of the polyphenols in a dose-dependent manner,
whereas expression of SCAP mRNA increased for CA, C1, A2,
and CLPr, but not for EC or B2.
LDL Receptor Binding Assay. LDL receptor binding activity

was determined by calculating the mean value of two indepen-
dent experiments. LDL receptor binding activity in HepG2 cells
was enhanced by treatment with cacao polyphenols (Figure1). In
particular, 10 μM CLPr increased this activity 1.61-fold compared
with controls. Comparison of the results fromdifferent compounds
showed LDL receptor binding activity in HepG2 cells correlated
with the degree of polymerization of the procyanidins.

Expression of SREBPs. The level of SREBP expression was
calculated as the mean of two independent experiments.
Pretreatment with 10 μM levels of the cacao polyphenols
resulted in a marked increase in mature SREBP1 and SREBP2
levels compared with controls (Figure 2). The increase in
SREBP1 up-regulation relative to control values caused by a
10 μM concentration of the different polyphenols occurred in
the following order: EC (6.56-fold) > CLPr (5.77-fold) > B2
(5.09-fold) > A2 (4.91-fold) > C1 (2.66-fold) > CA (2.41-fold).
Comparison of the results from different compounds showed
SREBP1 expression in HepG2 cells decreased with the degree of
polymerization of procyanidin. However, the expression with the
exception of CA was the lowest of the polyphenol samples. B2,
C1, and A2 are polymers of EC. The configuration of the
hydroxyl group on the C ring is different between CA and EC.
The increase in SREBP2 expression relative to control values
caused by a 10 μM concentration was C1 (27.42-fold) > B2
(20.19-fold) > A2 (13.81-fold) > EC (8.61-fold) > CA (7.81-
fold) > CLPr (2.61-fold). SREBP2 expression in HepG2 cells
increased with the degree of polymerization of the procyanidin to
the trimer.

Table 1. Effect of Each Cacao Polyphenol on ApoA1 Protein Levels and mRNA Expression in HepG2 and Caco2 Cellsa

ApoA1 protein (μg/mg of protein) ApoAl mRNA (relative expression)

treatment (μM) HepG2 Caco2 HepG2 Caco2

EC

0 361 ( 22.4 116( 3.0 1.00( 0.00 1.00( 0.00

0.1 390( 15.8 147( 11.1 1.23( 0.17 0.98( 0.31

1.0 417( 18.5 157( 12.9 1.53( 0.16** 1.17( 0.28

10 467( 30.5* 161( 13.1* 1.95( 0.29** 0.88( 0.25

CA

0 305( 14.3 189( 20.1 1.00( 0.00 1.00( 0.00

0.1 329( 9.8 167( 11.9 1.09( 0.14 1.28 ( 0.15

1.0 346( 11.7 225( 31.6 1.52( 0.15** 1.12( 0.20

10 400( 17.6** 216( 18.6 2.12( 0.39* 1.03( 0.07

B2

0 379( 19.5 112( 2.8 1.00( 0.00 1.00( 0.00

0.1 387( 18.3 113( 3.8 1.19( 0.12 0.92( 0.20

1.0 403( 28.9 111( 4.6 1.26( 0.12 0.87( 0.10

10 444( 27.7 130( 5.8 1.44( 0.15* 0.70 ( 0.04

C1

0 329( 8.4 159( 5.4 1.00( 0.00 1.00 ( 0.00

0.1 339( 10.7 182( 12.1 1.19( 0.10 1.77( 0.56

1.0 410( 46.8 172( 2.9 1.53( 0.24 1.30( 0.38

10 480( 32.5** 198( 10.5 2.16( 0.28** 1.93( 0.58

A2

0 321( 28.5 149( 32.5 1.00( 0.00 1.00( 0.00

0.1 341( 17.2 142( 18.1 1.22( 0.14 0.98( 0.09

1.0 356( 15.1 244( 32.6** 1.55( 0.28 2.59( 0.39**

10 372( 20.2 272( 29 3** 1.51( 0.20* 2.89 ( 0.65*

CLPr

0 291( 11.9 150( 9.8 1.00( 0.00 1.00 ( 0.00

0.1 335( 13.8* 161( 16.7 1.40( 0.16* 1.33( 0.22

1.0 359( 23.2* 173( 9.3 1.60( 0.12** 0.99( 0.19

10 360( 16.7** 173( 7.5* 2.43( 0.35** 1.16( 0.20
aThe data are expressed as means( SEM (n = 6). Asterisks (*) denote a significant difference compared to control cultures (concentration 0): *, p <
0.05; **, p < 0.01.
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’DISCUSSION

The aim of the present study was to determine whether the
major polyphenolic components of cacao affected ApoA1 and
ApoB production in the hepatic cell line HepG2 and in the
intestinal cell line Caco2. The cacao polyphenols used in this
study increased ApoA1 protein and mRNA levels and decreased
ApoB protein and mRNA levels in both HepG2 and Caco2 cells.
These results were demonstrated by changes in protein levels in
the media and mRNA levels in the cells. In addition, preincuba-
tion of HepG2 cells with each of the polyphenolic compounds
enhanced LDL receptor binding activity and LDL receptor
mRNA expression compared to control cultures.

Our previous study showed that daily intake of cocoa increases
plasma HDL cholesterol in humans.15 Consumption of two cups
of high-polyphenol cocoa (26 g per day, 282 mg of polyphenols
per day) for 12 weeks increased plasma HDL levels significantly
in healthy volunteers. Furthermore, 4 weeks of ingestion of diffe-
rent levels of cocoa powder caused a reduction in LDL choles-
terol and an elevation in HDL cholesterol levels in normocho-
lesterolemic subjects and mildly hypercholesterolemic human
volunteers.17 Mursu et al. also reported that supplementation

with high-polyphenol chocolate for 3 weeks was associated with a
significant increase in serum HDL cholesterol.14 These human
studies therefore provided evidence that intake of cacao products
improves cholesterol metabolism. Other studies in both rats and
humans also reported that intake of polyphenols extracted from
grape, tea, and soy suppressed LDL cholesterol concentrations
and increased HDL cholesterol concentrations.18-20 These
results indicate that polyphenols in cocoa are responsible, at
least in part, for increasing plasma HDL cholesterol concentra-
tion. Here, we elucidate part of the mechanism of the clinical
antihypercholesterolemic action of cacao polyphenols.

In HepG2 cells, we observed that EC, CA, C1, A2, and CLPr
increased ApoA1 protein and EC, B2, and A2 decreased Apo B
protein. In Caco2 cells, we observed that EC, A2, and CLPr
increased ApoA1 protein and B2, C1, and A2 decreased Apo B
protein. Previous in vitro studies showed that polyphenolic
substances from soy, such as genistein and daidzein, increase
ApoA16,21 and decrease ApoB.7 Similarly, dealcoholized red
wine and the citrus flavonoids naringenin and hesperetin have
been shown to decrease ApoB in these cells.22,23 Cacao poly-
phenols caused a dose-dependent increase in the levels of ApoA1

Table 2. Effects of Each Cacao Polyphenol on ApoB Protein Levels and mRNA Expression in HepG2 and Caco2 Cellsa

ApoB protein (μg/mg of protein) ApoB mRNA (relative expression)

treatment (μM) HepG2 Caco2 HepG2 Caco2

EC

0 344 ( 19.7 108( 8.91 1.00( 0.00 1.00( 0.00

0.1 307( 14.6 93( 6.62 0.90( 0.12 0.94( 0.28

1.0 298( 19.0 87( 3.90 0.65( 0.04** 1.04( 0.35

10 286( 14.0* 62( 3.43 0.66( 0.07** 0.81( 0.34

CA

0 384( 49.5 115( 11.7 1.00( 0.00 1.00( 0.00

0.1 334( 18.1 92( 6.10 0.78( 0.08* 1.18( 0.11

1.0 307( 16.6 113( 9.75 0.89( 0.15 1.00( 0.13

10 307( 23.4 104( 6.96 0.82( 0.10 0.96 ( 0.05

B2

0 490( 34.6 99( 14.6 1.00( 0.00 1.00 ( 0.00

0.1 380( 16.2* 87( 15.31 0.84( 0.08 0.99( 0.22

1.0 376( 17.2 59( 10.37 0.71( 0.06** 0.95( 0.18

10 332( 13.7* 50( 5.48* 0.55( 0.07** 0.84( 0.14

C1

0 454( 35.9 102( 4.86 1.00( 0.00 1.00( 0.00

0.1 383( 22.5 90( 5.97 0.88( 0.17 1.85( 0.66

1.0 354( 15.3 80( 3.53** 0.71( 0.15 1.87( 0.95

10 349( 14.5 85( 4.06* 0.72( 0.15 2.31 ( 1.15

A2

0 441( 48.1 83( 12.6 1.00( 0.00 1.00 ( 0.00

0.1 365( 19.0 78( 9.43 0.92( 0.27 0.86( 0.07

1.0 340( 20.2 62( 9.54 0.70( 0.18 2.49( 0.30**

10 328( 12.7* 48( 2.53* 0.54( 0.08** 2.89( 0.65*

CLPr

0 400( 39.5 81( 5.95 1.00( 0.00 1.00( 0.00

0.1 381( 20.3 67( 2.09 0.86( 0.08 1.12( 0.27

1.0 370( 38.3 55( 1.85 0.90( 0.13 0.82( 0.14

10 304( 15.5 48( 2.68 0.66( 0.06** 0.70 ( 0.15
aThe data are expressed as means( SEM (n = 6). Asterisks (*) denote a significant difference compared to control cultures (concentration 0): *, p <
0.05; **, p < 0.01.
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production and a decrease in the levels of ApoB protein in both
Caco2 and HepG2. Caco2 ApoA1 protein levels increased and
mRNA expression levels decreased with the exception of CA and
B2. Furthermore, ApoB protein levels increased and mRNA
expression levels decreased with the exception of C1 and A2 in
the Caco2 cells. In these cases, the increase and decrease of
ApoA1/B protein levels were large. Therefore, a reversal of
mRNA expression may be regulated by negative feedback.

The results of the LDL receptor binding assays and RT-PCR
in the present study suggest that treatment of HepG2 cells with
cacao polyphenols increases LDL receptor activity, a change that
results in enhanced protein production. Treatment with either
green tea polyphenols or naringenin, a citrus flavonoid, has been
reported to activate LDL receptors in HepG2 cells, with these
effects being mediated by SREBPs.9,24 Cholesterol is known to
regulate hepatic LDL receptor expression by activation and
deactivation of transcription factors for SREBPs. The activated
SREBPs then migrate to the nucleus of the cell and bind to the
LDL receptor gene, resulting in increased production of protein
and more cholesterol entering the cells. In the present study,
treatment with cacao polyphenols increased active SREBP1 pro-
tein levels in the nuclei of the HepG2 cells. Treatment with cacao
polyphenols caused similar changes in SREBP2 protein levels.

Table 3. Effect of Each Cacao Polyphenol on mRNA Expression in HepG2 Cellsa

treatment (μM) LDLR SR-BI ABCA1 SREBF1 SCAP

EC

0 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00

0.1 1.14 ( 0.04** 1.05 ( 0.09 1.03 ( 0.05** 1.15 ( 0.07 1.04 ( 0.07

1.0 1.09 ( 0.10 0.97 ( 0.06 1.27 ( 0.07** 1.32 ( 0.06 0.91 ( 0.05

10 1.41 ( 0.21 1.18 ( 0.11 1.47 ( 0.13** 1.40 ( 0.14* 1.15 ( 0.16

CA

0 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00

0.1 1.29 ( 0.07** 1.18 ( 0.09 1.21 ( 0.05** 1.16 ( 0.05** 1.00 ( 0.10

1.0 1.22 ( 0.11 1.17 ( 0.12 1.29 ( 0.14 1.31 ( 0.04** 1.08 ( 0.12

10 1.44 ( 0.14* 1.45 ( 0.14** 1.59 ( 0.38 1.60 ( 0.21* 1.32 ( 0.09**

B2

0 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00

0.1 1.04 ( 0.09 0.98 ( 0.06 1.33 ( 0.16 1.25 ( 0.15 1.06 ( 0.07

1.0 1.23 ( 0.09* 0.92 ( 0.04 1.42 ( 0.22 1.23( 0.16 1.02 ( 0.11

10 1.39 ( 0.24 0.94 ( 0.13 2.16 ( 0.26** 1.50 ( 0.27 1.10 ( 0.18

C1

0 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00

0.1 1.06 ( 0.08 1.20 ( 0.14 0.84 ( 0.13 1.12 ( 0.08 1.01 ( 0.09

1.0 1.12 ( 0.11 0.1 ( 0.09 1.16 ( 0.11 1.23 ( 0.09* 1.21 ( 0.08*

10 1.49 ( 0.24 1.09 ( 0.14 1.39 ( 0.15* 1.43 ( 0.09** 1.37 ( 0.12*

A2

0 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00

0.1 1.51 ( 0.17* 1.17 ( 0.12 1.14 ( 0.06* 1.10( 0.07 1.13 ( 0.06

1.0 1.31 ( 0.36 1.00 ( 0.13 1.29 ( 0.12* 1.06 ( 0.01** 1.19 ( 0.07*

10 1.36 ( 0.15* 0.93 ( 0.09 1.55 ( 0.25* 1.35 ( 0.12* 1.36 ( 0.12*

CLPr

0 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00 1.00 ( 0.00

0.1 1.07 ( 0.13 1.13 ( 0.08 1.03 ( 0.12 1.01 ( 0.07 1.11 ( 0.05

1.0 1.19 ( 0.14 1.15 ( 0.06* 1.27 ( 0.15 1.17 ( 0.08** 1.36 ( 0.08**

10 1.52 ( 0.14** 1.47 ( 0.11** 1.79 ( 0.34* 1.52 ( 0.18* 1.59 ( 0.17**
aThe data are expressed as means( SEM (n = 6). Asterisks (*) denote a significant difference compared to control cultures (concentration 0): *, p <
0.05; **, p < 0.01.

Figure 1. Effects of cacao polyphenols on LDL receptor activity in
HepG2 cells. The HepG2 cells were incubated for 48 h with each
cacao polyphenol at a concentration of 10 μM, followed by incuba-
tion for 5 h in Dil-labeled LDL. The level of LDL receptor activity
was measured by fluorescence, with the excitation and emission
wavelengths being set at 514 and 550 nm, respectively. The results
were standardized to the level of fluorescence of the control
cultures. Each bar represents the mean of two independent experi-
ments.
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These effects were especially apparent for B2, C1, and A2, with
SREBP2 protein levels being greater than those seen with SREBP1
protein. This variability in efficacymay be attributable to differences
in the chemical structure of the polyphenols. SREBP is primarily
responsible for the regulation of genes involved in cholesterol bio-
synthesis and metabolism.25 Therefore, these results suggest that
cacao polyphenols participate in cholesterol metabolism.

In this study we also found that SR-BI mRNA expression in
HepG2 cells was increased significantly byCA andCLPr (Table 3).
SR-BI is a cell surface receptor that mediates selective HDL
uptake26-29 and is expressed most abundantly in liver and stero-
idogenic organs, where it has an important role in in vivo HDL
metabolism.29 It has been reported that treatment with testoster-
one up-regulates the expression of SR-BI.28Our results also showed
that ABCA1mRNA expression was up-regulated by all cacao poly-
phenols compared with control cultures. ABCA1 has a role in cho-
lesterol efflux, with the ABCA1-apolipoprotein reaction being an
important pathway in the release of cholesterol from cells and
conversion to bile acid in the liver.30 Treatmentwith red grape juice
was shown to cause repression of ABCA1 mRNA expression in
HepG2 cells,31 whereas another study demonstrated that treatment
with a flavonederivative compound activated theABCA1promoter
in vitro and that hyperlipidemic rats treated with the same com-
pound had significant increases in HDL cholesterol levels.32

Treatment of macrophages with anthocyanins also resulted in
activation of liver X receptors and increased ABCA1 mRNA
expression. These findings suggest that anthocyanins may first
activate nuclear receptors such as peroxisome proliferator activated
receptor γ and liver X receptor and then, in turn, enhance ABCA1
gene expression through the transcriptional pathway.33 In this
study we did not investigate the effect of cacao polyphenol
treatment on liver X receptor expression and activation, but we
consider it likely that the cacao polyphenols may have a similar role
in these receptors. It is therefore possible that cacao polyphenols
influence ABCA1 mRNA expression by the same mechanisms as
other polyphenols. Our results suggest that cacao polyphenols
affect the expression of HDL cholesterol regulatory genes.

In conclusion, we investigated the effects of cacao polyphenols
on ApoA1 and ApoB production in the human hepatoma cell line
HepG2 and the human intestinal cell line Caco2. Treatment
with cacao polyphenols increased ApoA1 and decreased ApoB

production in both cell lines. These effects were the result of
up-regulation ofmature formSREBPs and increased LDL receptor
activity induced by the cacao polyphenols. We have therefore
identified the mechanism responsible for the elevation in HDL
cholesterol associated with daily cocoa intake. As cholesterol
metabolism is known to be regulated by several different mecha-
nisms, it is possible that cacao polyphenols may act on multiple
pathways as a regulatory receptor agonist or ligand, similar to
other plant polyphenols.
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