JJOURNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

J. Agric. Food Chem. 2005, 53, 2767-2772 2767

Red Wine Polyphenolics Suppress the Secretion of ApoB48
from Human Intestinal CaCo-2 Cells
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Epidemiological studies suggest that the consumption of red wine lowers the risk of cardiovascular
disease. Although the cardioprotective effect of red wine has been attributed to its polyphenolic content,
presently, very little is known about the mechanisms by which these compounds benefit the
cardiovascular system. Therefore, the aim of this study was to elucidate whether red wine
polyphenolics attenuate the synthesis and secretion of proatherogenic chylomicrons from intestinal
cells. Apolipoprotein B48 levels (marker of intestinal chylomicrons), quantitated by western blotting,
were significantly reduced by 30% in cultured CaCo-2 cells and medium when cells were incubated
with either dealcoholized red wine, alcoholized red wine, or atorvastatin compared with controls.
Intracellular cholesterol availability was also attenuated in cells incubated with dealcoholized red wine
(72.5%), alcoholized red wine (81.5%), and atorvastatin (83.5%) compared to control cells. Collectively,
this study suggests that red wine polyphenolics downregulate the production of atherogenic
chylomicrons from intestinal cells, which may explain the reduced CVD mortality rates following its
consumption.
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INTRODUCTION lipoprotein (VLDL) and chylomicrons, respectively. Strategies
Coronary heart disease (CHD) is a main cause of prematureu_sed to decrease _the ris_k of developing cardio_vascular disease
death and disability in most developed countries. In France, @m to reduce circulating levels of these lipoproteins by
however, the mortality of CHD is low despite a high intake of decreasmg their production and increasing their clearance (wa
dietary fat (); this is called the “French paradox”. Epidemio- the hepatic LDL receptor) out of the blood. These strategies
logical studies have shown an association between the FrencHnclude the use of lipid-lowering drugs such as statins, as well
paradox and red wine consumptiah ). It is postulated that ~ as changes to lifestyle and diet.
the polyphenolic components in red wine may be responsible  Apolipoprotein B (apoB) is a principal structural protein
for some of the beneficial effects in reducing risk for CHE).( necessary for the synthesis and secretion of lipoprotein. In
Hertog et al. §) demonstrated that populations consuming humans, apoB100 is associated with LDL and VLDL and is
polyphenolic-rich diets (from fruits, vegetables, and wine) have exclusively synthesized and secreted from the liver. Once in
low risk of developing cardiovascular disease (CVD). Further- circulation, VLDL breaks down into LDL, which can then
more, some animal studies have shown a positive associationdeposit its lipids (triglyceride and cholesterol) in the arterial
between consumption of red wine polyphenolics and CHD wall. Cell culture studies in our laboratory have shown
(6—8). Currently, the mechanisms by which red wine poly- significant reductions in VLDL secretion in liver cells (with
phenolic compounds lower CVD risk are inconclusive. apolipoprotein B100 as a biological marker) and increased
Atherosclerosis is the buildup of plaque in the subendothelial expression of LDL receptors after incubation with red wine (RW
space of the artery wall. Initiation of plaque formation begins OH) and dealcoholized red wine (RWOH) (9). Consistent
when the lipids cholesterol and triglyceride (TG) are deposited yyith these findings, Vinson et al) found dramatic reductions
by circulating lipoproteins into the arterial wall. These athero- i, | DL cholesterol of 46% and 13.3%, following the regular

genic lipoproteins are called low-density lipoprotein (LDL) and  consumption of RWA+ OH and RW— OH, respectively, in
chylomicron remnant$9j and are derived from very low-density dyslipidemic hamsters.
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the intestine. Regulatory mechanisms for chylomicron metabo-
lism in the intestine are thought to be similar to VLDL
metabolism in the liver. We hypothesize that red wine polyphe-
nolics may also inhibit the production and secretion of chylo-
micron from the intestine via the same mechanism as in the
liver. A decrease in chylomicron from the intestine may lead
to a reduction in the risk of CHD.

In the present study, we examined the effects of red wine
polyphenolics on chylomicron synthesis and secretion from
human colonic epithelial CaCo-2 cells compared with a lipid-
lowering drug, atorvastatin, which reduces hepatic production
of lipoproteins by limiting the availability of newly synthesized

cholesterol in liver cells and increases clearance of proathero-

genic lipoproteins by the hepatic LDL receptor. CaCo-2 is an
intestinal cell line derived from a human colorectal carcinoma
and is well investigated as a model for intestinal lipoprotein

Pal et al.

Table 1. Total Polyphenol Content of Red Wine?

polyphenol amount (mg/L)
total polyphenols 2000
caffeic acid 11.0
gallic acid 9.5

@Values of specific phenolic acids are the mean of duplicate determinations
that were <5% different from each other.

serum-free medium. The concentratiored@ has been used previously

in a number of cell culture experiments examining the effect of statins
on cholesterol metabolism in HepG2 cell§0¢12), and 10uM
supplemented to cells is thought to be representative of the physiological
dose in humans after taking 2@0 mg of atorvastatinl@3). Atorvastatin
solution was made by dissolving 2.928 mg of atorvastatin in 5 mL of
dimethyl sulfoxide and stored at 4C until subsequent use. The

synthesis and secretion. CaCo-2 cells show morphological andbasolateral wells contained 1 mL of serum-free medium each.

biochemical properties consistent with spontaneously differenti-

ated small intestinal enterocytes under standard culture condi-
tions. Therefore, CaCo-2 cells are a suitable model to study

the formation of chylomicrons in the intestine. The intracellular

Measurement of Total Polyphenols in WineThe total polyphenol
in red wine (Cabernet Shiraz 1994, 1.3 mg/mL alcohol; Hardy’s Nottage
Hill, McLaren, South Australia) was 2.0 mg/mL and was quantified
by a colorimetric assay with Folin-Denis reagent according to the
method published by the Association of Official Analytical Chemists

production and secretion of apoB48 was measured as a marke[14). This method estimates polyphenols at 760 nm in relation to a

of chylomicron metabolism by use of western blotting and the
enhanced chemiluminescence (ECL) detection system.

MATERIALS AND METHODS

Human transformed colonic epithelial CaCo-2 cells were purchased
from ATCC (American Type Culture Collection, Rockville, MD). Cell

standard curve for tannic acid. Table 1 shows the phenolic composition
of the red wine.

Dealcoholization of Red Wine.Red wine was dealcoholized by
vacuum distillation with gentle heating to 5C.

Cell Isolation, The volume of medium in the basolateral well was
measured and transferred into microfuge tubes and store@@fC
following incubation with media containing the different treatments

culture media, reagents, and fetal bovine serum (FBS) (certified grade) (alcoholized red wine, dealcoholized red wine, ethanol, or atorvastatin)

were obtained from Gibco BRL Life Technologies (Gaithersburg, MD).
Costar transwell, polycarbonate microporous cell culture inserts and

in apical wells. The medium in the apical well was discarded, as apoB48
is not secreted into this compartment of the transwell. The cells were

tissue culture flasks were obtained from TPP Techno Plastic Productswashed, harvested, and resuspended in phosphate-buffered saline and

AG (Trasadingen, Switzerland). Bicinchoninic acid protein assay
reagents were obtained from Pierce (Rockford, ILg-Gholestane,
Triton X-100, oleic acid, essentially fatty acid-free bovine serum
albumin (BSA), sodium pyruvate, and other common laboratory
reagents were from Sigma Chemical Co. (St. Louis, MO). Poly-
(vinylidene fluoride) (PVDF) membrane was from Millipore Corp.
(Bedford, MA). Enhanced chemiluminescence detection reagents,
hyperfilm ECL, and anti-goat 1gG linked to horseradish peroxidase were
purchased from Amersham International, England. Rabbit anti-human
apo B antibody was from DAKO A/S, Denmark. Atorvastatin was
kindly donated by Parke-Davis, ANN Arbor, MI.

Cell Culture Conditions. The CaCo-2 cells were cultured in

pelleted at 250aat 4 °C for 5 min. The supernatant was carefully
removed. The pelleted cells were resuspended 96 solubilization
buffer (500:1 3% Triton X-100:protease inhibitor cocktail solution) for
apoB quantification and in 400L of SDS (sodium dodecyl sulfate)
buffer for cholesterol analysis by gas chromatography (GC). Solubilized
cell protein was separated from cell debris by centrifuging at high speed
for more than 5 min, after shaking on a low-speed wheel spinner at 4
°C for 2 h. The supernatant was collected and stored&il °C.
Cholesterol Analysis.Lipid was extracted from solubilized CaCo-2
cells to measure free cholesterol by a modified method of Folch et al.
(15). Briefly, 1 mL of chloroform (CHG) was added in 20@L of
cells along with 10QuL of internal standard @-cholestane) and 25

Dulbecco’s modified Eagle medium (DMEM), supplemented with 20% uL of saturated salt solution to prevent the formation of a fatty acid

(v/v) fetal bovine serum (FBS), 2% penicilkirstreptomycin, and 1%
nonessential amino acid (NEAA) at 3T under 5% carbon dioxide.
The cells were seeded at a density ok 1LCP in 75 cnf tissue culture

emulsion. Samples were mixed to extract lipid and centrifuged atf2060
for 10 min. The top aqueous layer was aspirated and discarded and the
lower chloroform layer was evaporated under a stream of nitrogen.

flasks, and the medium was changed every 2 or 3 days or when theSamples were stored at20 °C and reconstituted in 56L of toluene

color of the medium changed from red/pink to yellow until the cells
were 80—90% confluent.

Subculturing Cells for Treatment. The cells were subcultured on
polycarbonate microporous membranes (@ pore size, inserts of
24.5 mm diameter) by plating at a density of & 3L0%apical well (13
days postsubculturing). Each basolateral well contained 2 mL of DMEM
medium. The medium in both apical and basolateral wells was then
replaced with 2 mL of serum-free medium and incubated for 24 h.
Serum-free medium was made by supplementing DMEM with 0.08%
fatty acid-free BSA, 5QuM oleic acid, 22.2 mM glucose, 45.5 mM
sodium bicarbonate, 1 mM sodium pyruvate, 2% penicillin—strepto-
mycin, and 1% NEAA.

Treatment of Cells. The subcultured cells were incubated with 5
uM dealcoholized red wine (RW OH) or 5u4M alcoholized red wine
(RW + OH) in 2 mL of serum-free medium for 24 h. The concentration

before GC analysis.

To measure total cholesterol in solubilized cells, 2 nfill & KOH
in methanol (CHOH) was added to 20QL of cells. Samples were
then incubated at 4%C for 1 h after being flushed with nitrogen. After
hydrolysis was complete, 2 mL of water and 100of internal standard
were added, and lipid was extracted in 2 mL of chloroform. Samples
were then centrifuged at 5@%or 5 min and the top layer was carefully
removed. The lower layer was transferred to microfuge tube and
evaporated under a stream of nitrogen. Samples were store@(at
°C and reconstituted in 50L of toluene before GC analysis.

Both free and total cholesterol were determined by comparison of
peak area with a five-point external calibration curve, and an internal
standard was used to correct for injection volume variability. Calibration
was performed daily. A Perkin-Elmer Autosystem XL gas chromato-
graph fitted with a ZB-1 dimethyl polysiloxane column (3031530

of wine used was based on tannic acid equivalence and was selectegim, 1.5um film thickness, Phenomenex: Phenomenex, Torrance, CA)
as it has been used in a previous study examining the effects of redand splitless injector was used with helium as the carrier gas at a flow

wine polyphenols on apoB100 in HepG2 cel®.(Cells were also
treated with 13% absolute ethanol or AM atorvastatin in 2 mL of

rate of 6.0 mL/min. An estimate of esterified cholesterol was derived
as the difference between total and free cholesterol.
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apoB48 production (A) and secretion (B) from CaCo-2 cells. ApoB48
concentrations are expressed as a percentage of control, mean + SEM
(different letters above bar graphs indicate significant difference at p <
0.05, n = 4 by one-way ANOVA).

Figure 1. Effect of dealcoholized red wine (RW — OH) on apoB48
production (A) and secretion (B) from CaCo-2 cells. Concentrations of
apoB48 are expressed as a percentage of control, mean + SEM (*p <
0.05, n = 4 by independent t-test).

decreased by 30% (Figure 1B) when cells were incubated with

dealcoholized red wine compared to control cells, respectively.
Effect of Alcoholized Red Wine and Ethanol on ApoB48

Production and Secretion from CaCo-2 Cells.Cells were

ApoB48 Quantitation. Solubilized cell protein (152g) and purified
apoB48 standards were separated by SBAGE on NUPAGE 3-8%
gradient gels with a Novex Mini-Cell (Novex Instruments, CA) at 150
V for 1 h. Separated samples were electrotransferred onto /45

poly(vinylidene fluoride) (PVDF) membrane at 30 V for 1.5 h. The
membrane was blocked in skim milk solution (10% skim milk powder
in Tris-buffered saline with Tween-20, TBST: 18/ Tris-HCI buffer,

150 mM NaCl, and 0.1% Tween-20 at pH 7.4). The membrane was

incubated with %M alcoholized red wine and 13% (v/v) ethanol

for 24 h, and apoB48 content in cells and in culture medium
was determined. There was no significant change in apoB48
production and secretion in cells incubated with ethanol

then incubated in 5.2g/mL rabbit anti-human apoB in TBST for 1 h
and incubated in 0.5ug/mL anti-goat IgG linked to horseradish
peroxidase in TBST for another 1 h. The membrane was exposed onto
hyperfilm ECL (enhanced chemiluminescence) following incubation

compared to control cells. The apoB48 production in the cells
incubated with alcoholized wine was significantly decreased by
23% compared to control cells and cells incubated with ethanol
in ECL detection reagent for 60 s. Films were scanned with UMAX ('_:Igl_"_re 2A). The apoB48 secretion in the _medlum was
Vista S6E flatbed scanner and the intensities of the apoB48 protein S'gn'f'c‘?‘mly decr‘:{ased by 23% when cells were incubated with
bands were quantitated by use of the computer program Scion Image@lcoholized red wine compared to control. However, there was
(Scion Inc.). no significant difference in apoB48 secretion between cells
Statistical Analysis. Statistical analysis was carried out by using incubated with alcoholized red wine and those incubated with
SPSS for Windows Student Edition Release 10.0.7 (SPSS Inc.). Meansethanol (Figure 2B).
were compared by one-way analysis of variance (ANOVA) followed  Effect of Atorvastatin on ApoB48 Production and Secre-
by Tukey's post-hoc test and independertest. All means were tion from CaCo-2 Cells. Cells were incubated with 1M
por_npared_ to_e_ach ot_her; means with different letters above bargraphsatorvastatin, and apoB48 content in the cells and in culture
indicate significant differences gt < 0.05. medium was determined. The apoB48 secretion into medium
was significantly decreased by 18% when cells were incubated
with atorvastatin compared to control cells (Figure 3).
Effect of Dealcoholized Red Wine on ApoB48 Production Effect of Red Wine on Intracellular Cholesterol Levels.
and Secretion from CaCo-2 CellsCells were incubated with  The effect of red wine on cholesterol content was determined
5 uM dealcoholized red wine for 24 h, and apoB48 content in by GC (Table 2). Total and free cholesterol in the cells were
the cells and in culture medium was determined. The apoB48 significantly decreased when incubated with dealcoholized and
production in the cells was significantly decreased by 17% alcoholized red wine compared to control. Total and free
(Figure 1A) and secretion into medium was significantly cholesterol and cholesterol ester in the cells was significantly

RESULTS



2770 J. Agric. Food Chem., Vol. 53, No. 7, 2005

1004

754

50+

Apo B48
(% of control)

254

0
Control Statin

Figure 3. Effect of atorvastatin on apoB48 production in CaCo-2 cells.
ApoB48 concentrations are expressed as a percentage of control, mean
+ SEM (*p < 0.05, n = 4).

Table 2. Effect of Dealcoholized and Alcoholized Red Wine, Ethanol,
and Atorvastatin on Intracellular Total, Free, and Esterified Cholesterol

Pal et al.

degradation during translocation across the endoplasmic reticu-
lum (17). It is the availability of lipid that seems to influence
the proportion of newly synthesized apoB that is degrad&y (

In the endoplasmic reticulum, microsomal triglyceride transfer
protein (MTP) catalyzes the transfer of the lipids cholesterol
ester and triglyceridel@) to the apoB molecule20). If this

step does not occur, the apoB molecule is degraded by proteases
and a lipoprotein molecule is not produced. However it is
unclear whether the regulation exclusively involves triglyceride,
cholesterol, cholesterol ester, phospholipids, or a combination
of these. Many in vitro Z1, 22) and in vivo 23, 24) studies
have reported the importance of cholesterol and cholesterol ester
in the control of apoB secretion. Cell cultures studies have
shown that if cholesterol availability is limited by introducing
atorvastatin, an HMG-CoA reductase inhibitor (HMG-CoA
reductase is the rate-limiting enzyme in cholesterol synthesis),
then apoB secretion will also be attenuat&0) (Previous studies

in our laboratory have demonstrated that red wine polyphenolics
suppress the secretion of proatherogenic lipoproteins (very low
density lipoproteins) from human hepatic HepG2 cedlf lfy

Concentrations in CaCo-2 Cells? limiting cholesterol availability. Previous studies have also
suggested that flavonoids decrease apoB100 secretion due to

increased degradation of apoB100 in the cell. Collectively, these

treatment free cholesterol cholesterol ester total cholesterol

(I;?/r\}trOIOH 1?2 ;2 )5 igg ;2 .5 1g(7’ ;2 - studies suggest that apoB in cells is degraded due to the limited
RW + OH 815+ 185* 1035+ 355 93.0+3.0° availability of cholesterol (25-27). _ _
ethanol 99.0 £ 4.0 99.0 £ 9.0 915 +45 The effect of polyphenolics on the synthesis and secretion

atorvastatin 83.5+0.5% 86.5 + 8.5 89.0 +4.0*

of apoB48 has not previously been investigated in intestinal
CaCo-2 cells. However, the effect of other phenolic compounds
on apoB100 synthesis and secretion has been investigated in
HepG2 liver cells (2627). Previous studies have shown that
citrus and soy flavonoids decrease apoB100 secretion from liver
decreased with atorvastatin compared to control. There werecells due to increased degradation of apoB100. In these studies,
no significant differences in the cells incubated with ethanol increased degradation of apoB100 secretion in the presence of
compared to control cells. these phenols was also associated with reduced cholesterol mass
in the cells. Similarly, our findings in intestinal cells suggest
DISCUSSION that dealcoholized and alcoholized red wine and atorvastatin

Human apolipoproteins B100 and B48 are the major structural all significantly suppressed intracellular total and free cholesterol
components of VLDL and LDL and of chylomicrons, respec- levels (_Table 2)- We suggest th_at polyphenolics deqrease a_poB_48
tively, which are considerable risk factors for cardiovascular '€VeIS in the medium due to increased degradation, which in
disease. A previous study in our laboratory has demonstratedt””_‘ is due to limited .avallabmty Qf lipids. Therefore, dealco-
that red wine polyphenolics suppress the secretion of apog10ohclizeéd and alcoholized red wine possibly attenuates the
in human HepG?2 liver cells (9). The results herein show that S€cretion of apoB48 from intestinal cells by limiting the

red wine polyphenolics suppressed the production and secretiorfvailability of intracellular cholesterol. Atorvastatin inhibits
of apoB48 in human intestinal CaCo-2 cells by regulating cholesterol synthesis, and hence the availability of cholesterol

cholesterol production within the cell. The decrease in secretion Within the cell, by competitively inhibiting HMG-CoA reductase

of atherogenic chylomicrons from intestinal cells incubated with (rate-limiting enzyme in the cholesterol synthesis pathway). The

red wine polyphenolics may explain the reduction in CVD decrease in cellular c_holesterol in the presence of statins thereby

mortality rates following its consumption. reduces apoB secretion from the ca]. We believe the same
Our results suggest that decreased cholesterol availability in Mechanism may be occurring in our cells in the presence of

the presence of dealcoholized red wine, alcoholized red wine, POlyphenols, on the basis of our previous studies. Data from

and atorvastatin may decrease the secretion of apoB48 fromHepG2 cells suggest that polyphenolics were similar to statins

intestinal cells. ApoB48 is mainly synthesized and secreted by in decreasing cholesterol availability in the cells, which resulted
intestinal cells as chylomicrons before it is converted to N @ suppression of apoB100 secretion and an enhancement of

chylomicron remnants in circulation. The formation of intestinal LDL receptor and HMG-CoA reductase mRNA leve$§. (This
apoB48-containing lipoprotein particles is a complex process effect of the polyphenolic compounds is just as powerful as
that requires the coordinated synthesis and assembly of apoB4gthe lipid-lowering drug atorvastatin.

triglyceride (TG), cholesterol esters, phospholipids, and other In a 10-week trial, Vinson et al.6] showed significant
components (16). Regulatory mechanisms for chylomicron reductions in total and LDL cholesterol levels after chronic
metabolism in the intestine are thought to be similar to VLDL consumption of red wine and dealcoholized wine in hamsters.
metabolism in the liver. We believe it is lipid synthesis and not Given the marked improvement shown in these potentially
protein synthesis that is affected. Previous studies have dem-atherogenic lipids over an extended period of time, similar
onstrated that apoB secretion is primarily regulated posttrans-reductions in other lipid and lipoprotein parameters, specifically
lationally as apoB production rates are directly correlated with chylomicrons, may occur. Acute alcoholic red wine consumption
the fraction of newly synthesized apoB that escapes intracellularhas been shown to decrease the number of apoB48 particles

@Results are expressed as a percentage of control, mean = SEM (*p < 0.05,
n = 3 by independent ttest).
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present in plasma after a meal, therefore demonstrating that red secretion of apolipoprotein B in HepG2 cellarterioscler.
wine helps to regulate lipid and lipoprotein metabolis29)( Thromb. Vasc. Biol1998,18, 783—793.
This is consistent with our findings in CaCo-2 cells where (11) Bergstrom, J. D.; Bostedor, R. G.; Rew, D. J.; Geissler, W. M.;
particle number was also decreased as assessed by apoB levels. ~ Wright, S. D.; Chao, Y. S. Hepatic responses to inhibition of
Further investigation of the effect of long-term consumption of 3-hydroxy-3-methylglutaryl-CoA reductase: a comparison of
red wine polyphenols on chylomicron metabolism, specifically atorvastatin and simvastatiiochim. Biophys. Acta998 1389
in humans, is required. 213-221. _ _ _

. . . (12) Scharnagl, H.; Schinker, R.; Gierens, H.; Nauck, N.; Wieland,

In conclusion we have shown that red wine polyphenolics

f di tecti ffects b dulati t dial W.; Marz, W. Effect of atorvastatin, simvastatin, and lovastatin
may confer cardioprotective efects by modulating postprandia on the metabolism of cholesterol and triacylglycerides in HepG2

lipoproteins. Our studies suggest that CVD benefits may be cells. Biochem. PharmacoR001.62. 1545—1555.
observed with chronic consumption of red wine polyphenols (13) posvar, E. L.: Radulovic, L. L.: Cilla, D. D. J.; Whitfield, L. R.;
by reducing basal secretion of intestinal lipoproteins. Sedman, A. J. Tolerance and pharmacokinetics of single-dose

atorvastatin, a potent inhibitor of HMG-CoA reductase, in healthy
subjectsJ. Clin. Pharmacol1996,36, 728—731.

ABBREVIATIONS (14) Singleton, V. L.; Joseph, A.; Rossi, J. R. Colorimetry of total

. . . . phenolics with phosphomolybdic-phosphotungstic acid reagents.

Apo, apolipoprotein; BSA, bovine serum albumin; CHD, Am. J. Enol. Vitic1965, 16, 144—158.

coronary heart disease; CVD, cardiovascular disease; ECL, (15) Folch, J.: Lees, M.; Sloane, S. G. M. A simple method for the
enhanced chemiluminescence; FBS, fetal bovine serum; HMG- isolation and purification of total lipids from animal tissuds.
CoA, 3-hydroxy-3-methylglutaryl coenzyme A; NEAA, non- Biol. Chem.1957,226, 497—509.
essential amino acid; PVDF, poly(vinylidene difluoride); RW  (16) Boren, J.; Rustaeus, S.; Olofsson, S.-O. Studies on the assembly
+ OH, red wine; RW— OH, dealcoholized red wine; SDS, of apolipoprotein B-100 and B-48 containing very low density
sodium dodecyl sulfate; TBST, Tris-buffered saline with Tween- lipoprotein in McArdle RH-7777 cellsl. Biol. Chem1994,269,
20; TG, triglyceride. 25879—25888.

(17) Pullinger, C. R.; North, B. B.; Teng, V. A.; Rifici, A.; Scott, J.
The apoprotein B gene is constituently expressed in HepG2
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