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Apple polyphenols inhibit plasma CETP activity and
reduce the ratio of non-HDL to HDL cholesterol
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Previous reports demonstrated that hypocholesterolemic activity of apple was associated with its pec-
tin and fiber. This report was to investigate the effect of apple polyphenols (AP) on blood cholesterol
level and gene expression of cholesterol-regulating enzymes in Golden Syrian hamsters maintained
on a 0.1% cholesterol diet. It was found that dietary supplementation of 0.3 or 0.6% of AP did not
affect plasma total cholesterol (TC), but it increased HDL cholesterol (HDL-C) and decreased non-
HDL-C, thus leading to a lower ratio of non-HDL-C to HDL-C. Plasma total triacylglycerol (TG)
level was also significantly reduced when hamsters were fed a diet supplemented with 0.6% AP. West-
ern blot analysis did not find any effect of AP on sterol regulatory element-binding protein 2
(SREBP-2), LDL receptor (LDLR), 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR),
and cholesterol-70-hydroxylase (CYP7A). Most interesting was that supplementation of AP had no
effect on protein abundance of plasma cholesteryl ester transport protein (CETP), but it suppressed
plasma CETP activity. A series of in vitro assays confirmed that AP inhibited CETP in a dose depend-
ent manner. It was concluded that AP favorably improved distribution of cholesterol in lipoproteins,

most likely, by its inhibition on CETP activity.
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1 Introduction

Apple is the fruit of the Malus genus belonging to the rose
family Rosaceae. Most commonly consumed is Malus
domestica among over 7500 known individual species. Ori-
ginated in Europe and mid-Asia, it is now cultivated exten-
sively around the world. In China, both production and con-
sumption of apples have increased substantially over the
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last decade. Annual production of apples accounts for 24
million tones, while its annual consumption is about 19 mil-
lion tones (FAO, U.N. FAOSTATS, Retrieved March 5, 2007,
from http://faostat.fao.org/site/340/default.aspx).

Traditionally, apples have been regarded as a healthy fruit
in many cultures, as seen from the popular proverb “one
apple a day keeps the doctor away.” In recent years, associa-
tion between apple consumption and several health benefits
has been established. Epidemiological studies showed an
inverse relationship between apple consumption and vari-
ous cancers, including lung [1, 2], alimentary canal [3],
breast, and ovary tumors [4]. Consumption of apple has
also been associated inversely with cardiovascular diseases
[5], diabetes [6], and hypercholesterolemia [7]. Apples are
rich in phytochemicals, particularly carotenoids, flavo-
noids, isoflavonoids, and phenolic acids [8]. The major pol-
yphenol compounds in apples are quercetin glycosides, pro-
cyanidin, chlorogenic acid, epicatechin, and phloretin gly-
cosides [9, 10].
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Apple possesses a hypocholesteolemic activity. However,
most studies only investigated the effect of whole lyophi-
lized apples [11, 12], apple pectin [12, 13], or apple fiber
[7] on cholesterol level. There is no report to date on the
hypocholesterolemic activity of apple polyphenols (AP).
The present study investigated the effect of AP on blood
cholesterol and cholesterol-regulating enzymes in Golden
Syrian hamsters maintained on an atherogenic diet, finding
that AP did not modify plasma total cholesterol (TC), but
most interesting, it markedly decreased the ratio of non-
high density lipoprotein cholesterol (non-HDL-C) to HDL
cholesterol (HDL-C). This aroused our interest to examine
the underlying mechanism of why AP could reduce the ratio
of low-density lipoprotein cholesterol (LDL-C) to HDL-C.

2 Materials and methods

2.1 Isolation of AP

AP was isolated from the pomace of Red Fuji apple after
juice processing. In brief, the pomace was soaked in 70%
ethanol in a ratio of 1:4 (kg pomace/liter ethanol) for 1.5 h
twice. The ethanol phases were pooled, filtered, and was
then concentrated. After being defatted with n-hexane, the
extract was purified through adsorption on an AB-8 macro-
porous resin column. Total AP was eluted using ethanol and
was then freeze-dried. The final AP extract was reddish-
brown and stored at —20°C. The yield was about 0.4 kg AP/
100 kg apple pomace.

2.2 Characterization of AP

Individual polyphenol in AP was determined using HPLC.
In brief, AP sample was injected into an HPLC column
(Luna C5 100A, 250 x 4.6 mm? id) and quantified on a Shi-
madzu LC-10AT HPLC system equipped with a UV detec-
tor at 280 nm. The elution profile was programmed at a
flow rate of 1 mL/min, while the gradient mobile phase
composed of 2% acetic acid (solvent A) and 0.4% acetic
acid with 80% ACN (solvent B). The ratio of A to B was
programmed from 10:1 to 2:8 in 80 min and then back to
10:1 in 3 min, and then was held for another 22 min.

2.3 Animals

Experiments were conducted following approval and in
accordance with the guidelines set by the Animal Experi-
mental Ethical Committee, The Chinese University of
Hong Kong. Thirty-nine (113 + 6 g) male adult Golden
Syrian hamsters (Mesocricetus auratus) were obtained
from the Laboratory Animal Services Centre, The Chinese
University of Hong Kong. They were randomly divided into
three groups (n = 13) and housed individually in wire-bot-
tomed cages at 23°C in a 12 h light—dark cycle animal
room.
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Before the experiment, all the animals were allowed to
stabilize by being fed a 0.1% cholesterol diet (control diet).
During the following 6 wk, one group was continued to fed
the control diet and the other two groups were fed one of the
two experimental diets, which were similar to the control
diet except that they were supplemented with 0.3% AP
(0.3AP) and 0.6% AP (0.6AP) by weight, respectively. Dur-
ing the study, food was given daily and any uneaten food
was discarded. The amount of food consumed was meas-
ured each day. The hamsters were free to access to food and
distilled water, and were weighed weekly.

Blood (1 mL) was bled from the retro-orbital sinus from
the animals into a heparinized capillary tube at the end of
weeks 0 and 6 after food deprivation for 14 h. The blood
was centrifuged at 1000 x g for 10 min and the plasma was
collected and stored at —20°C until analysis. After a 3 day
recovery, all hamsters were sacrificed by carbon dioxide
suffocation. Blood was collected from abdominal artery
into a vacuum heparinized tube and centrifuged at 1000 x g
for 10 min, the plasma was collected and stored at —20°C
until analysis. The liver, heart, and kidney were removed,
washed in saline, weighed, flash frozen in liquid nitrogen,
and stored at —80°C until analysis.

2.4 Diets

The control diet was prepared by mixing the following
ingredients in proportion (g/kg diet): cornstarch, 508;
casein, 242; lard, 50; sucrose, 119; mineral mix AIN-76,
40; viamin mix AIN-76A, 20; DL-methionine, 1; choles-
terol, 1. The two experimental diets were prepared by add-
ing 0.3 and 0.6% AP w/w into the control diet, respectively.
The powered diets were mixed with a gelatin solution
(20 g/L) in a ratio of 200 g diet per liter of solution (Table
1). Once the gelatin has set, the diets were cut into pieces of
approximately 10 g cubes and stored frozen at —20°C.

2.5 Plasma lipids measurement

Plasma TC and total triacylglycerols (TG) were quantified
using commercial enzymatic kits from Thermo (Waltham,
MA, USA) and Stanbio Laboratories (Boerne, TX, USA),
respectively. For measurement of plasma HDL-C, LDL-C,
and very LDL-C (VLDL-C) were first precipitated with
phosphotungstic acid and magnesium chloride in a com-
mercial kit (Sigma, USA). Non-HDL-C was calculated by
deducting HDL-C from TC.

2.6 Western blot analysis of blood cholesterol
regulating proteins and enzymes

Effect of AP supplementation on sterol regulatory element-
binding protein 2 (SREBP-2), LDL receptor (LDLR),
3-hydroxy-3-methylglutaryl coenzyme A reductase
(HMGR), and cholesterol-7a-hydroxylase (CYP7A) was

www.mnf-journal.com




952

C.K.Lam et al.

Table 1. Composition (g) of the control and two experimental
diets supplemented with 0.3AP and 0.6AP

Control 0.3AP 0.6AP
Cornstarch 508 508 508
Casein 242 242 242
Lard 50 50 50
Sucrose 119 119 119
Mineral mix AIN-76 40 40 40
Vitamin mix AIN-76A 20 20 20
dl-methionine 1 1 1
Cholesterol 1 1 1
AP extract 0 3 6
Gelatin 20 20 20

investigated in the present study. Total liver protein was
extracted according to the method described by Vaziri and
Liang [14]. In brief, frozen hamster liver was homogenized,
the extract was centrifuged, and the supernatant was col-
lected and considered the “total protein.” After the total
protein was centrifuged at 35000 rpm, the supernatant was
removed and the pellet was resuspended in the same
homogenizing buffer and considered the “membrane pro-
tein.” Protein concentration of two fractions was deter-
mined using a protein concentration assay kit according to
the manufacturer's instructions (BioRad).

For the measurement of LDLR, cholesterol-7a-hydroxy-
lase (CYP7A1) and HMGR, 100 pg of the membrane pro-
tein was size-fractionated by 7% SDS-PAGE at 120 V for
2 h. The proteins were then transferred to a Hybond-P
PVDF membrane (Amersham Pharmacia Biosciences,
Uppsala, Sweden). The membrane was incubated for 1 h in
blocking solution (5% nonfat milk in 1 x TBST) at 4°C and
then overnight in the same solution containing 1:300 anti-
LDL receptor antibody (Santa Cruz Biotechnology, CA,
USA) or 1:500 anti-3-hydroxy-3-methylglutary-CoA
reductase (anti-HMG-CoA R; Upstate USA, Lake Placid,
NY, USA), and 1:200 anti-CYP7A1 (Santa Cruz Biotech-
nology) whichever appropriate. The membrane was then
washed three times for 15min in 1 x TBS and 0.1%
Tween-20 and was then incubated 1 h at 4°C in diluted
(1:3000) horseradish peroxidase-linked rabbit anti-goat
IgG (Zymed Laboratories, San Francisco, USA) or donkey
antirabbit IgG (Santa Cruz Biotechnology). The washes
were repeated before the membranes were developed with
ECL enhanced chemiluminescence agent (Amersham Life
Science) and subjected to autoradiography for 1 -5 min on
SuperRX medical X-ray film (Fuji, Tokyo, Japan). Densi-
tometry was quantified using the computer software Photo-
shop® (Adobe Systems, CA, USA).

For SREBP-2, 100 ug of the membrane protein and
100 pg of the total protein aliquots were mixed and simulta-
neously size-fractionated on 7% SDS-PAGE at 120 V for
2 h. The remaining procedures were the same as described

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2008, 52, 950—-958

above except the primary antibody used was 1:300 anti-
SREBP-2 antibody (Santa Cruz Biotechnology).

2.7 Determination of liver cholesterol

Cholesterol in the liver was determined as we previously
described [15]. Briefly, 1 mg of stigmastanol (as an internal
standard) was added into about 300 mg of liver sample. Fif-
teen milliliters of methanol/chloroform mixture (2:1 v/v)
was used to extract lipids from the liver together with S mL
of saline, and the chloroform/methanol phase was saved
and evaporated to dryness under a nitrogen stream. The
liver lipids were then mildly saponified, the cholesterol was
converted into its trimethylsilyl-ether derivative before the
GC analysis.

2.8 Determination of fecal neutral and acidic
sterols

Total feces in weeks 4 and 5 was only collected to analyze
the total neutral and acidic sterol excretion, because the
hamsters were maintained on the diet for 5 wk and the fecal
composition was relatively constant [15]. Stigmasterol and
hyodeoxycholic acid (0.5 mg each) were used as internal
standards for quantification of fecal neutral and acidic ster-
ols, respectively. In brief, 300 mg dried fecal samples were
mildly hydrolyzed and extracted with cyclohexane. The
neutral sterols in cyclohexane phase was dried and con-
verted into their trimethylsilyl derivatives. The bottom
aqueous layer left after cyclohexane extraction was saponi-
fied, extracted, and similarly converted into their trimethyl-
silyl derivatives. Both neutral and acidic sterol trimethyl-
silyl derivatives were then subjected to the GC analysis.

2.9 Plasma CETP activity measurement and
immunoreactive mass by Western blotting

Plasma CETP activity of the hamsters was measured using
a commercial kit (Amersham Pharmacia Biosciences, NJ,
USA). In brief, 10 pL of *H-HDL, biotinylated LDL, and
assay buffer was mixed with 5 L. of hamster plasma sam-
ples and the mixture was incubated at 37°C for 16 h. A stop
solution containing SPA-beads that specifically bound to
biotinylated LDL was then added to detect [*H] radiation
emitted from LDL. The reaction mixture was read on a
Beckman LS6500 scintillation counter (Beckman, Fuller-
ton, CA, USA).

Effect of AP on in vitro CETP enzyme activity was stud-
ied. 10 uL of *H-HDL, biotinylated LDL, and assay buffer
was mixed with 10 pL of AP aqueous solutions of varying
concentrations. The reaction was started by adding 10 uL
of a partially purified human CETP and the mixture was
incubated at 37°C for 16 h. After that, a stop solution con-
taining SPA-beads that specifically bound to biotinylated
LDL was added to detect *H radiation emitted from LDL.
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Figure 1. HPLC chromatogram of AP isolated from Red Fuji
apple pomace after juice processing. Identification of peaks: 3,
catechin; 4, chlorogenic acid; 5, proanthocyanidin B2, 6, epi-
catechin; 9, rutin; 11, phloridzin; 12, quercetin; 13, phloretin; 1,
2,7,8,10 = unknown.

The reaction mixture was read on a Beckman LS6500 scin-
tillation counter.

For measurement of CETP immunoreactive mass,
plasma was diluted in a buffer containing 20 mM Tris-HCl
(pH 7.5), 2 mM MgCl,, 0.2 M sucrose, and protease inhibi-
tor cocktail pellet (Complete®, Roche, Mannheim, Ger-
many). The diluted sample (0.01 puL) was size-separated on
7% SDS-PAGE at 120 V for 2 h. After electrophoresis, the
proteins were transferred on a Hybond-P PVDF membrane
(Amersham Pharmacia Biosciences) with a semidry trans-
fer cell (BioRad) at 15V for 1 h. The membrane was
blocked in a blocking solution (1 x Tris-buffered saline,
0.1% Tween-20, and 5% nonfat milk) at 4°C for 1 h and
then overnight at 4°C in the same solution containing 1:600
anti-CETP antibody (Abcam plc, Cambridge, UK). The
membrane was then washed three times for 10 min and then
incubated in the blocking solution containing 1:3000 horse-
radish peroxidase-linked anti-rabbit IgG (Abcam plc) at
4°C for 1 h. The washes were repeated before the mem-
branes were developed with ECL chemiluminescent agent
(Amersham Life Science) and subjected to autoradiography
for 1-5 min on SuperRX medical X-ray film (Fuji). Band
size and OD were quantified using the computer software
Photoshop® (Adobe Systems).

2.10 Statistics

Data were expressed as mean = SD. Student's #-test was
used for statistical evaluation of differences between groups
(SigmaStat version 2.01, SigmaStat Advisory Statistical
Software, MO, USA), and two-way analysis of variance
(ANOVA) was used for statistical evaluation of differences
among the three groups (SPSS version 11.0, Statistical
Package for the Social Sciences software, SPSS, Chicago,
USA). p < 0.05 was considered statistically significant.
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Table 2. Body weight gain, food intake, and organ weights in
hamsters fed the control, and two experimental diets supple-
mented with 0.3AP and 0.6AP

Control 0.3AP 0.6AP
Initial body weight (9)  113.5+5.5 115.8 +4.5 1M11.2+7.2
Final body weight ()  120.8+10.0 120.8=+7.7 1142+7.9
Food intake (g/day) 10.3+1.4 10.2+1.4 97+14
Absolute organ weight (g)
Liver 6.59 = 0.86*Y 7.00+0.76° 6.29 =+ 0.51"
Kidneys 112+ 0.11 1.18 £ 0.07 1.12 £ 0.08
Heart 0.55+0.10° 0.53+0.09*" 0.48 = 0.06"
Relative organ weight (9/100 g body weight)
Liver 5.45 + 0.71 5.79 + 0.62 5.51 +0.44
Kidneys 0.93 +0.09 0.97 = 0.06 0.98 = 0.07
Heart 0.46 + 0.08 0.44 + 0.07 0.42 = 0.05

Values are expressed as mean = SD, n=13.
a, b) Means at the same row with different superscripts differ
significantly at p < 0.05.

3 Results

3.1 Polyphenol contentin AP

A typical HPLC chromatogram is shown in Fig. 1. The
peaks were identified according to the retention times of
standards. The AP extract contained chlorogenic acid most
(16.4%) followed by phloretin (6.2%), proanthocyanidin
B2 (4.3%), epicatechin (2.6%), catechin (1. 2%), phloretin
(0.3%), rutin (0.2%), and quercetin (0.1%). Under the
present experimental conditions, other phenolic com-
pounds and proanthocyanidins (dimmer, trimer, and tet-
ramer) were not resolved and therefore unquantified.

3.2 Body weight gain, food intake, and organ
weights

The data on body weight, absolute organ weight, relative
organ weight, and food intake are shown in Table 2. No sig-
nificant differences in body weight and food intake were
observed among the control, 0.3AP and 0.6AP groups.
Liver and kidney weights of 0.3AP and 0.6AP groups were
not significantly different from that of the control. How-
ever, the absolute heart weight of the 0.6AP group was sig-
nificantly lower than that of the control group. But the dif-
ference became insignificant when the relative organ
weights were compared.

3.3 Effect of AP supplementation on lipoproteins

There was no difference in plasma lipoprotein profiles
among the three groups at week 0 (Table 3). At the end of
week 6, no significant difference in plasma TC was
observed among the three groups. However, plasma HDL-C
in AP-fed hamsters was found significantly higher than that
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Table 3. Changes in serum TC, total TG, HDL-C, non-HDL-C,
and non-HDL-C/HDL-C in hamsters fed the control diet, and
two experimental diets supplemented with 0.3AP and 0.6AP

Mol. Nutr. Food Res. 2008, 52, 950—-958

Table 4. Changes in fecal output of individual neutral and
acidic sterols in hamsters fed the control, and two experimen-
tal diets supplemented with 0.3AP and 0.6AP

Control 0.3AP 0.6AP Control 0.3AP 0.6AP
Week 0 Neutral sterols
TC 2124 +288 2199+420 213.7+36.5 Coprostanol 0.84+0.16° 058013 0.43=0.15"
HDL-C 105.7+228 101.8+122 101.1=11.2 Coprostanone 0.03+0.01 0.02+0.01 0.02+0.01?
Non-HDL-C 101.1+£20.8 1128291 1126 = 35.1 Cholesterol 0.26 = 0.15 0.20 + 0.11 0.31 £0.11
Non-HDL-C/HDL-C 1.01 £0.37 110+ 0.21 1.12 £ 0.35 Dihydrocholesterol 0.22+0.049 0.17£0.02° 0.17 +0.03"
Triglycerides 108.3+40.4 1057 +58.4 102.6 = 45.6 Total 1.35+0.33 0.98+0172 0.93+0.17Y
Week 6 Acidic sterols
TC 199 + 28 197 = 26 184 12 Lithocholic acid 119+ 065" 2.81+1.25 3.37x1.159
HDL-C 109 + 187 125+ 15 127 £ 139 Deoxycholic acid 0.18+0.15°  0.69+0.45° 0.81 +0.33?
Non-HDL-C 90 +13? 72 + 159 57 119 Chenodeoxycholicacid 0.29 +0.14”  0.56 +0.22?  0.65 = 0.15?
Non-HDL-C/HDL-C 0.84+0.122  0.58+0.10" 0.46 +0.119 Cholic acid 0.43+0.24" 1.04:068" 1.22+0.34?
Triglycerides 144 + 319 142 + 459 98 + 28" Total 1.76+0.84” 4.63+1.257 5.62+1.567

Values are expressed as mean = SD, n=13.
a—c) Means at the same row with different superscripts differ
significantly at p < 0.05.

of the control (Table 3). To be specific, HDL-C of 0.3AP
and 0.6AP groups was 14.7 and 16.5% higher than that of
the control, respectively. In contrast, non-HDL-C in 0.3AP
and 0.6AP groups was significantly lower than that in the
control by 20.0 and 36.7%, respectively, leading to a
smaller ratio of non-HDL-C to HDL-C in the AP fed groups
than in the control (Table 3). Plasma TG in 0.3AP group
was not significantly different from the control, but that in
0.6AP group was significantly lower than the control by
31.9% (Table 3).

3.4 Fecal neutral and acidic sterol output and
cholesterol balance

Concentration of individual neutral and acidic sterols in the
feces of the hamsters at week 5 is shown in Table 4. In gen-
eral, the two experimental groups excreted lesser amount of
neutral sterols than the control hamsters except for choles-
terol. In contrast, the two experimental groups excreted
greater amount of individual acidic sterols than the control
group.

Total intake of cholesterol was compared with its excre-
tion in neutral and acidic sterols (Table 5). Net cholesterol
equivalent retained was calculated by difference between
intake and excretion of both neutral and acidic sterols. It
was found that net cholesterol retention was the most in the
control followed by 0.3AP, and 0.6AP in a decreasing order.
The apparent cholesterol absorption was calculated in an
equation [(cholesterol intake — excretion of neutral and
acidic sterols)/cholesterol intake]. It appeared that AP
decreased cholesterol absorption in a dose-dependent man-
ner (Table 5).
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Values are expressed as mean = SD, n=13.
a, b) Means at the same row with different superscripts differ
significantly at p < 0.05.

Table 5. Cholesterol balance in hamsters fed the control diet,
and two experimental diets supplemented with 0.3AP and
0.6AP

Control 0.3AP 0.6AP

Cholesterol intake (mg/day) 16.2+0.8 16.3+1.8 158+0.7
Fecal total neutral sterol output 2.0+1.59 1.0+0.2° 0902
(mg/day)

Fecal total acidic sterol output 1.9+1.09 46+19Y 56+1.6"
(mg/day)

Net cholesterol equivalent
retained (mg/day)
Apparent cholesterol absorp-  75.9 = 12.49 66.3 + 12.4" 58.6 + 9.79
tion (% intake)

123239 11.2:26” 93:1.6°

Values are expressed as mean + SD, n=13.

a—c) Means at the same row with different superscripts differ
significantly at p < 0.05. Apparent cholesterol absorp-
tion = [(cholesterol intake - excretion of neutral and
acidic sterols)/cholesterol intake].

3.5 Effect of AP supplementation on liver
cholesterol level

Liver cholesterol content in the control, 0.3AP, and 0.6AP
groups was 19.5+3.0, 18.6£2.9, and 21.0 +3.1 mg/g,
respectively. The statistical analysis did not find any differ-
ence in liver cholesterol content among the three groups.

3.6 Western blot analysis of SREBP-2, LDLR,
HMGR, and CYP7A1

Western blot analysis of SREBP-2, LDLR, HMGR, and
CYP7AL1 is shown in Fig. 2. No significant difference in
immunoreactive mass of these four proteins was observed
among the three groups.
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Figure 2. Effect of AP on the relative immunoreactive mass of
hepatic SREBP-2, HMGR, LDLR, and CYP7A1 as determined
by Western blot analysis. Data were normalized with -tubulin
so that value of the control group was regarded as 1.0. Values
were expressed as means = SD, n=13.

3.7 Effect of AP supplementation on CETP activity

Plasma CETP activity in hamsters fed the AP diets was sig-
nificantly lower than that of the control. To be specific,
CETP activity in 0.3AP and 0.6AP groups was 71.7 and
70.1% of'the control (Fig. 3). However, Western blot analysis
found no difference in plasma CETP protein per milliliter of
plasma among the three groups (Fig. 2), indicating AP was
an inhibitor on CETP. To prove this, effect of varying concen-
trations of AP on CETP activity was carried out in vitro. As
shown in Fig. 3B, transfer of *H-cholesterol from HDL to
LDL decreased as AP concentration increased. AP exhibited
adose-dependent inhibition on CETP activity.

4 Discussion

The present study was the first time to demonstrate that sup-
plementation of AP did not affect plasma TC, but it
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Figure 3. (A) Plasma CETP activity in the hamsters fed the
control and AP-supplemented diets. Data were normalized so
that CETP activity of the control group was regarded as 100%.
Values were expressed as means = SD (n=13). Means with
different superscript letters (a, b) differed significantly at p <
0.05. (B) Concentration—response curves of AP on in vitro
CETP activity. Values were expressed as means = SD (n= 3).
Values with different letters (a—f) were significantly different
from that of the control at p < 0.05.

decreased non-HDL-C and concomitantly increased HDL-
C, leading favorably to a substantial decrease in non-HDL-
C/HDL-C ratio (Table 3). In this regard, non-HDL-C/HDL-
C in the control group was 0.84, whereas in 0.3AP and
0.6AP groups, it was reduced to 0.58 and 0.46, respectively.
The present result was agreement with that of Nakazato et
al. [16], who reported that AP had no hypocholesterolemic
activity in Wistar rats. Unfortunately, they did not measure
cholesterol distribution in different lipoprotein classes.
Consumption of apple fiber had been shown to reduce
blood cholesterol in humans [7] and rats [12, 13]. Together
with available reports in the literatures, apple contains at
least two types of functional ingredients that could modify
favorably plasma lipoproteins with fiber being mainly to
reduce plasma TC while polyphenols being to model the
ratio of LDL to HDL-C.

Cholesterol homeostasis is maintained delicately in sev-
eral regulatory points: intestinal cholesterol absorption,
hepatic LDL cholesterol uptake, hepatic cholesterol de
novo synthesis, hepatic conversion to bile acids and choles-
teryl ester transfer between lipoprotein classes in the blood
(Fig. 4). ACAT-2 is an important factor in intestinal choles-
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Figure 4. Roles of CETP, lecithin-cholesterol acyltransferase
(LCAT), LDL-R, SREBP-2, HMG-CoA R, and CYP7A1 in cho-
lesterol metabolism. +, Up-regulation.

terol absorption [17, 18]. SREBP-2 has been shown to play
an important regulatory role in cholesterol synthesis [19].
SREBP-2 binds to the sterol regulatory element on the chro-
mosome, turning on the expression of a number of choles-
terol-generating genes, including HMGR and LDLR [20].
HMG-CoA R is the rate-limiting enzyme in cholesterol
synthesis [21]. LDL receptor is responsible for LDL choles-
terol removal from blood whereas CYP7A1 is the rate-lim-
iting enzyme in bile acid synthesis for cholesterol elimina-
tion [22, 23]. Initially, we had targeted these proteins to
examine if there were any interactions of AP with their gene
expression. The present study did not find any evidence that
AP feeding could affect SREBP-2, LDL-R, HMGR, and
CYP7A1 (Fig. 2).

The major finding was that AP had no effect on serum
TC but they significantly decreased the ratio of non-HDL-
C (mainly LDL-C) to HDL-C, arousing our interest to study
the effect of AP on CETP activity. CETP is a plasma protein
that mediates the movement of cholesteryl esters from HDL
to LDL or VLDL in an exchange of equivalent triglycer-
ides. This process is an essential part of the reversal choles-
terol transport [24]. The present study demonstrated that
AP supplementation reduced CETP activity both in vitro
and in vivo. As shown in Fig. 3, AP acted as an inhibitor to
CETP in vitro and such property was confirmed in vivo,
finding that AP-fed hamsters had CETP activity signifi-
cantly lower than that of the control group (Fig. 3). Western
blotting showed no difference in plasma CETP immunor-
eactive mass between the AP-fed and control hamsters, sug-
gesting that AP did not affect expression and regulate trans-
lation of CETP gene but instead it inhibited its enzyme
activity in plasma. The present study is in agreement with
those of Kothari ef al. [25] and Rittershaus et al. [26] who
showed that inhibition of CETP activity was associated
with an increase in blood HDL-C level. In recent years,
inhibiting CETP activity as a strategy of raising blood
HDL-C has become a popular investigation topic [27—30].
In this regard, AP-fed groups had lower non-HDL-C to
HDL-C ratio, and modified lipoprotein profile favorably
against atherosclerosis.
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It is noteworthy that supplementation of AP in the diet
caused no change in cholesterol excretion but it led to a
lesser excretion of other neutral sterols. Mostly interesting
was that AP supplementation increased markedly excretion
of fecal bile acids by two- to three-fold. The present result
is in agreement with that of Aprikian et al. [31], who found
that polypenol-rich freeze-dried apple could increase the
pool of bile acids in small intestine and had a greater fecal
bile acid excretion in Zucker rats. In addition to its polyphe-
nols, pectin and fiber in apple are also able to increase the
bile acid excretion [12, 13, 32]. In this regard, other plant
polyphenols including grape seed and tea leaves have also
been shown to enhance the fecal bile acid excretion when
they are incorporated into diets [15, 33]. It is conceivable
that greater bile acid excretion associated with plant poly-
phenols may be related to their binding with bile acids dur-
ing passage through small intestine [34]. However, the
molecular mechanism concerning the interaction of poly-
phenols with bile acids and cholesterol in intestine remains
poorly understood.

The present study was not in attempt to study the bioa-
vailability and metabolism of AP in hamsters. Data on bio-
availability of polyphenols in whole apple are scarce but
information on bioavailability of some individual apply
polyphenols is available in the literature [8]. In this regard,
chlorogenic acid, the major component in AP, was found to
have 33% absorption in humans [35]. Phloretin is another
major polyphenol in apple and was absorbed rapidly in the
intestine and quickly eliminated in urine when it was
administered as the alycone or as the glycoside [36].
Another study found that bioavailability of quercetin in
apple could reach 30% relative to onion [37]. Catechin and
epicatechin, rich in both apple and tea, was also found to be
absorbable in the gastrointerstinal tract [38]. We had ana-
lyzed the concentration of these active compounds in serum
and did not detect any of these active ingredients. The pos-
sible reason was that these compounds were already metab-
olized and excreted in urine after overnight fasting. It deems
necessary therefore to carry out additional experiments to
study pharmacokinetic behaviors of AP and prove their
anti-CETP activity in vivo.

There were no differences in relative organ weights
among the three groups (Table 2). AP may not probably
cause any toxic effect because apple is one of the common
fruits consumed by humans. There has been no report to
demonstrate that consumption of apple is associated with
any toxicity. It is however unclear if these polyphenols iso-
lated from the apple in a concentrated form have any toxic
effect. In addition, it is also unknown if AP decreases
blood cholesterol level in a normal low-cholesterol diet.
We currently focus on further chemical characterization of
AP and investigate the active ingredient(s) which is
responsible for anti-CETP activity and study the effect of
AP on blood cholesterol level and atherosclerosis using
rabbits as a model.
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In conclusion, the present investigated interaction of AP
with proteins/enzymes involved in blood cholesterol parti-
tion between HDL and LDL lipoproteins. AP reduced
plasma CETP activity both in vivo and in intro but it could
not affect SREBP-2, LDL-R, HMGR, and CYP7A1, at both
transcriptional and translational levels. Currently, we are
studying if other fruit polyphenols affect CETP in a same
way as AP, and how AP reduces plasma CETP activity.
Human diet is rich in polyphenols. The present study is the
first to observe that AP favorably modifies the ratio of non-
HDL-C to HDL-C. A better understanding of its biochemi-
cal mechanism deems necessary.

The authors have declared no conflict of interest.
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