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Abstract

We investigated the tissue regeneration and lipid-lowering effects of policosanol (PCO) by employing a hyperli-
pidemic zebrafish model. A reconstituted high-density lipoprotein containing policosanol (PCO-rHDL) facilitated
greater cell growth and replication with less apoptosis and reactive oxygen species (ROS) production in BV-2
microglial cell lines. From in vivo study, injection of rHDL containing apolipoprotein A-I (ApoA-I) caused 76 – 4%
( p = 0.01) greater tissue regeneration activity than the phosphate-buffered saline (PBS) control, whereas PCO-
rHDL caused 94 – 7% ( p = 0.002) increased regeneration. PCO in ethanol (EtOH) showed lower cholesteryl ester
transfer protein (CETP) inhibitory ability than did anacetrapib, whereas PCO-rHDL showed higher inhibitory
ability than anacetrapib, suggesting a synergistic effect between PCO and rHDL. Following 9 weeks of PCO
consumption, the PCO group (0.003% PCO in Tetrabit) showed the highest survivability (80%), whereas normal
diet (ND) and high-cholesterol diet (HCD) control groups showed 67% and 70% survival rates, respectively.
Supplementation with a HCD resulted in two-fold elevation of CETP activity along with 3- and 2.5-fold increases in
serum total cholesterol (TC) and triglycerides (TGs) levels, respectively. Consumption of PCO for 9 weeks resulted
in 40 – 5% ( p = 0.01 vs. HCD) and 33 – 4% ( p = 0.02 vs. HCD) reduction of TC and TGs levels, respectively. Serum
high-density lipoprotein cholesterol (HDL-C) level increased up to 37 – 2 mg/dL ( p = 0.004), whereas the per-
centage of HDL-C/TC increased up to 20 – 2% from 5 – 1% compared to the HCD control. The serum glucose level
was reduced to 47 – 2% ( p = 0.002) compared to the HCD control. Fatty liver change and hepatic inflammation
levels were remarkably increased upon HCD consumption and were two-fold higher than that under ND. However,
the PCO group showed 58 – 5% ( p = 0.001) and 50 – 3% ( p = 0.006) reduction of inflammation enzyme levels and
lipid content in hepatic tissue under HCD. In conclusion, PCO supplementation showed lipid-lowering and HDL-C-
elevating effects with ameliorating fatty liver change. These in vivo anti-atherosclerotic and anti-diabetic effects of
PCO are well associated with in vitro anti-apoptotic activities.

Introduction

Policosanol (PCO) is an effective food ingredient
and dietary supplement for lowering serum low-density

lipoprotein cholesterol (LDL-C), total cholesterol (TC), and
triglycerides (TGs) concentrations in humans and animal
models.1 The lipid-lowering effect of PCO has been dem-

onstrated in several animal models.2–4 In anti-atherosclerotic
activity, PCO administration has been shown to reduce for-
mation of foam cells as well as atherosclerosis in a rat model.5

Although the lipid-lowering effect of PCO has been
well established in mouse, rat, rabbit, and dog models, its
LDL-C-lowering and high-density lipoprotein cholesterol
(HDL-C)-elevating effects have not been elucidated clearly.
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Specifically, the lipid-lowering activity of PCO may be due,
at least in part, to inhibition of 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase,6 which is a target for
statin drugs, or increased receptor-mediated uptake of LDL
in the liver.7 On the other hand, inhibition of cholesterol
synthesis by PCO has not been observed directly, which
suggests that inhibition occurs before mevalonate formation.
In a previous study, we reported that PCO can inhibit cho-
lesteryl ester transfer protein (CETP) activity, which is an
atherogenic factor in serum. However, many animal models
such as mice, rats, and dogs lack serum cholesteryl ester
(CE) transfer activity due to the absence of CETP.8 This
explains why many reports have not observed any changes
in serum CE transfer activity due to PCO, even though
HDL-C elevation via CETP inhibition is well known.

Besides lipid metabolism, CETP deficiency is involved in
longevity. A mutation of CETP (I406V), resulting in loss of
CE transfer activity, also causes exceptional longevity via
elevation of HDL-C with larger-sized HDL particles9 and
decreased CETP activity. Furthermore, HDL exerts many
beneficial effects for maintenance of health, including anti-
oxidant, anti-inflammatory, and anti-thrombotic effects.10 A
higher level of HDL-C is inversely correlated with incidence of
Alzheimer’s disease.11 Because discoidal HDL can penetrate
the blood–brain barrier (BBB),12 glial cells are influenced by
composition of HDL. To overcome any insolubility, we in-
corporated PCO into reconstituted HDL along with apolipo-
protein A-I (ApoA-I) in isotonic buffer for cell treatment. PCO-
reconstituted high-density lipoprotein (rHDL) was treated to
BV-2 cells (microglial cells) to test the potential activity of
PCO in enhancing brain cell viability and replication.

To investigate the physiologic effect of PCO in vertebrate
animals, we used a zebrafish (Danio rerio) model displaying
induction of hypercholesterolemia by a high-cholesterol diet
(HCD) to mimic early atherogenesis and its complications, as
suggested by our group13 and Miller’s group.14 Adult zebra-
fish consuming a HCD for several weeks showed induction of
atherosclerosis symptoms, including hypercholesterolemia,
lipoprotein oxidation, and fatty streak formation. Zebrafish
display high serum CETP activity and are thus a more suitable
animal model to test CETP inhibition. It has been well es-
tablished that hypercholesterolemic zebrafish are a useful and
highly informative experimental model of atherosclerosis and
vascular inflammation.

Materials and Methods

Materials

PCO-sugar cane wax alcohol was obtained from Rainbow
& Nature Pty, Ltd. (Sydney, Australia). PCO contains sev-
eral chains of various length, including 1-tetracosanol (0.1–
20.0), 1-heptacosanol (1.0–30.0), 1-nonacosanol (1.0–20.0),
1-dotriacontanol (50.0–100.0), 1-hexacosanol (30.0–100.0),
1-octacosanol (600.0–700.0), 1-triacontanol (100.0–150.0),
and 1-tetratriacontanol (1.0–50.0).

Purification of human lipoprotein

LDL (1.019 < d < 1.063), HDL2 (1.063 < d < 1.125), and
HDL3 (1.125 < d < 1.225) were isolated via sequential ul-
tracentrifugation from sera of young human males (mean
age, 22 – 2 years, n = 18) who voluntarily donated blood

after fasting overnight. Density was appropriately adjusted
by addition of NaCl and NaBr, and procedures were carried
out in accordance with standard protocols.15 Samples were
centrifuged for 24 hr at 10�C at 100,000 · g using a Himac
CP-90a (Hitachi, Tokyo, Japan) at the Instrumental Analysis
Center of Yeungnam University. After purification, the
content of advanced glycated end products was determined
to compare extent of aging in each lipoprotein using fluor-
ospectrometry as described previously.16

Synthesis of rHDL

rHDL containing PCO was prepared by the sodium cho-
late dialysis method at initial molar ratios of 95:5:1:1 and
95:5:1:5 for POPC:cholesterol:ApoA-I:PCO.17 The size and
hydrodynamic diameter of rHDL particles were determined
by 8%–25% native polyacrylamide gradient gel electro-
phoresis (PAGGE; cat. no. #17-0542-01, Pharmacia Phast
system) based on comparison with standard globular pro-
teins (GE Healthcare, Uppsala, Sweden) using the Phar-
macia Phast System (GE Healthcare, Uppsala, Sweden).

Cell culture and apoptosis

BV-2 microglial cells were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM) and maintained at 70% con-
fluency. Cells were treated with either PCO in organic solvent
or PCO-rHDL and incubated for 4 hr. After incubation, the
extent of apoptosis was measured by Acridine Orange (cat.
no. A9231, Sigma) staining and detected by fluorescence
detection (Ex = 502 nm, Em = 525 nm). Production of reac-
tive oxygen species (ROS) by cells was observed by dihy-
droethidium (DHE) staining (Ex = 588 nm, Ex = 605 nm).

Tissue regeneration

Enhancement of the tissue regeneration effect of PCO was
tested using a streptozotocin (STZ)-induced adult zebrafish
diabetes model, according to our previous report.18 Ap-
proximately 12-week-old experimental zebrafish were an-
esthetized by submersion in 2-phenoxyethanol (cat. no.
P1126, Sigma, St. Louis, MO) in system water (1:1000 di-
lution). Subcutaneous STZ injection at the nearby urostyle
was carried out with a 25-gauge needle and micro-syringe
(SGE, Ringwood, Australia). Control zebrafish were injected
with the same volume of buffer. For fin regeneration studies,
STZ-induced zebrafish were anesthetized and tail fins cut
with a scalpel close to the proximal branch point of the dermal
rays within the fin. After amputation, 10 lL of PCO-rHDL
(7.5 lg of ApoA-I) was injected into the tail muscle near the
urostyle (n = 9 for each group). Following injection, fish that
consumed a 4% cholesterol diet (HCD) or 4% cholesterol and
50% fructose (high cholesterol and high fructose [HCHF])
diet were observed in a 28�C system incubator. Images of
regenerating fins from live zebrafish were taken at 24-hr in-
tervals up to 144 hr under a stereomicroscope (cat. no. SMZ
168, Motic, Hong Kong) and photographed using a Moticam
2300 CCD camera with Image Proplus software version
4.5.1.22 (Media Cybernetics, Bethesda, MD).

Inhibition CE transfer assay

A rHDL containing ApoA-I and cholesteryl oleate was
synthesized in accordance with our previous report19 using
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trace amounts of [3H]cholesteryl oleate (TRK886, 3.5 lCi/mg
of ApoA-I; GE Healthcare). The rHDL was immobilized
using cyanogen bromide (CNBr)-activated Sepharose 4B
resin (Amersham Biosciences) for easy separation after the
reaction, in accordance with the manufacturer’s instructions.
The CE transfer reaction was performed in 300-lL reaction
mixtures containing human HDL3 (20 lL, 2 mg/mL) as a
CETP source, rHDL-agarose (20 lL, 0.25 mg/mL) as a CE
donor, and human LDL (20 lL, 0.25 mg/mL) as a CE accep-
tor. Anacetrapib (cat. no. MK-0859, APExBio), PCO, and
PCO-rHDL were added to the reaction mixture as an inhibitor.
After incubation at 37�C, the reaction was halted via brief
centrifugation (10,000 · g) for 3 min at 4�C. Supernatant
containing the CE acceptor (150 lL) was then subjected to
scintillation counting, and percentage transfer of [3H]CE from
rHDL to LDL was calculated. The extent of CETP inhibition
was calculated as follows:

% inhibnition¼100 · 1� sample (cpm)�blank (cpm)

control (cpm)�blank (cpm)

� �� �
,

where the sample is rHDL containing PCO treated as an
inhibitor source and the control is without inhibitor.

Imaging of ROS

After rHDL injection, ROS levels in fin tissue were im-
aged by DHE (cat. no. 37291, BioChemika) staining, as
described previously.20 The image was obtained by fluo-
rescence observation (Ex = 588 nm and Em = 605 nm) using
a Nikon Eclipse TE2000 microscope (Tokyo, Japan).

In vivo test

Zebrafish maintenance and procedures were approved
by the Committee of Animal Care and Use of Yeungnam
University (Gyeongsan, Korea). A HCD containing 4%
cholesterol was made by soaking Tetrabit (cat no. D49304,
Gmbh) with 47.5% crude protein, 6.5% crude fat, 2.0%
crude fiber, 10.5% crude ash, vitamin A (29,770 IU/kg),

vitamin D3 (1860 IU/kg), vitamin E (200 mg/kg), and vi-
tamin C (137 mg/kg; Melle, Germany) with or without PCO
in diethyl ether solution of cholesterol (cat. no. C-3045,
Sigma). Each group (n = 100) consumed its assigned diet
(10 mg/day per fish), as shown in Table 1. The final amount
of PCO in the Tetrabit (wt/wt) was 0.003% or 0.3 lg per
zebrafish (400 mg body weight), which corresponds to the
same dosage (40 mg) of PCO in humans (60 kg body
weight). Each group (n = 100) consumed its designated diet
(10 mg of diet/day per fish), as shown in Table 1. Zebrafish
were maintained at 28 – 1�C under a 14:10-hr light:dark
cycle. After feeding for 9 weeks, blood (2 lL) was drawn
from hearts of adult fish, combined with 5 lL of phosphate-
buffered saline (PBS)-EDTA (final concentration, 1 mM)
and then collected in EDTA-treated tubes.

Plasma analysis

TC, HDL-C, and TGs were determined using commercial
assay kits (cholesterol, T-CHO, and TGs, Cleantech TS-S;
Wako Pure Chemical, Osaka, Japan). Aspartate transami-
nase (AST) and alanine transaminase (ALT) were measured
using a commercially available assay kit (Asan Pharma-
ceutical, Hwasung, Korea). The CETP activity of zebrafish
plasma was compared between the groups as described
previously.22

Histologic analysis

After zebrafish were sacrificed, their livers were fixed in 4%
paraformaldehyde for 24 hr. Fixed tissues were then embed-
ded in Tissue-Tek OCT compound (Thermo, Walldorf, Ger-
many) and frozen. Next, the frozen tissue blocks were
positioned in a model Leica CM1510S cryotome (Nussloch,
Germany), and 7-lm serial sections of the ascending aorta
were collected on 3-aminopropyltriethoxysilane–coated
slides. Seven consecutive sectioned slides from each zebrafish
were then stained with Oil Red O and counterstained with
Hematoxylin to detect fatty streak lesions in accordance with
standard protocols. To compare inflammatory responses in

Table 1. Serum Profiles of Zebrafish After 9 Weeks Consumption of Policosanol Under Presence

of Normal Diet or High Cholesterol Diet

Normal diet
control (n = 67)

High-cholesterol diet
control (n = 70)

HCD + policosanol3

(n = 80)

Weight (mg) 396 – 45a 444 – 40b 446 – 52b

CETP (%) 26 – 3a 52 – 4b 28 – 2a

Total cholesterol (mg/dL) 98 – 4a 295 – 10b 178 – 6c

Triglycerides (mg/dL) 67 – 14a 166 – 6b 110 – 3c

HDL-C (mg/dL) 29 – 2a 15 – 2b 37 – 2c

HDL-C/TC (%) 29 – 2a 5 – 1b 20 – 2c

Glucose (mg/dL) 44 – 3a 94 – 4b 50 – 5a

AST (Karmen/mL) 266 – 14a 526 – 6b 225 – 11c

ALT (Karmen/mL) 75 – 4a 104 – 4a 84 – 5ab

Normal diet was Tetrabit�: Tetrabit (47.5% crude protein, 6.5% crude fat, 2.0% crude fiber, 10.5% crude ash, containing vitamin A
[29,770 IU/kg], vitamin D3 [1860 IU/kg], vitamin E [200 mg/kg], and vitamin C [137 mg/kg]).

High-cholesterol diet was Tetrabit +4% cholesterol.
HCD + policosanol was 0.3 lglg of policosanol in 10 mg of HCD per each zebrafish.
a,bThe mean values not sharing a common letter in the same row are significantly different in the same groups ( p < 0.05).
HCD, high- cholesterol diet; CETP, cholesterol ester transfer protein; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol;

AST, aspartate transaminase; ALT, alanine transaminase.
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tissues, levels of ROS were imaged using DHE (cat. no.
37291, Sigma, St. Louis, MO) as described previously fol-
lowing microtome sectioning.23 The image was obtained by
fluorescence (Ex = 588 nm and Em = 615 nm) using a Nikon
Eclipse TE2000 microscope (Tokyo, Japan). Section fluo-
rescence was quantified via computer-assisted morphometry
using Image Proplus software (v. 4.5.1.22, Media Cyber-
netics, Bethesda, MD).

Aliquots of hepatic tissue (50 mg of liver in 0.5 mL of PBS)
from each group were homogenized for 3 min (150 rpm) in an
ice bath using a tissue homogenizer (Euro-ST; Eurostar, IKA-
WERKE, Staufen, Germany). After brief centrifugation
(10,000 · g) and protein determination using Bradford re-
agent, equally diluted supernatants (100 lg of protein in
0.05 mL) were used for determination of oxidative species
using the thiobarbituric acid reactive substances (TBARS)
method.24 In the aliquot of the homogenate, TC, CE, and TGs
content was quantified by commercially available assay kits
and thin-layer chromatography.

Data analysis

All data are expressed as the mean – standard deviation
(SD) from at least three independent experiments with du-
plicate samples. Data comparisons were assessed by the
Student t-test using the SPSS program (v. 14.0; SPSS, Inc.,
Chicago, IL). In the zebrafish study, data in the same group
were evaluated via one-way analysis of variance (ANOVA)
using SPSS (v. 14.0; Chicago, IL), and the differences be-
tween the means were assessed using Duncan’s multiple-
range test. Statistical significance was defined as a p < 0.05.

Results

PCO enhanced growth of brain cells

PCO and PCO-rHDL treatment facilitated increased
growth of human dermal and brain glial cells via inhibition
of apoptosis, as shown in Fig. 1. Cells treated with organic
solvent and stained with Hematoxylin & Eosin showed 40%

FIG. 1. Cytoprotective effect of policosanol (PCO) in BV microglial cells. The extent of apoptosis and reactive oxygen
species (ROS) production in BV cells in the presence of PCO either in organic solvent or reconstituted high-density
lipoprotein (rHDL). (A) Cellular apoptosis and ROS production were determined by Acridine Orange (Ex = 502 nm,
Em = 525 nm) staining and dihydroethidium (DHE) staining (Ex = 588 nm, Em = 605 nm), respectively. The graph (B) shows
quantification of areas stained with Acridine Orange and DHE. (A) Photo a, phosphate-buffered saline (PBS); photo b,
organic solvent (CHCl3:Me-OH, 2:1); photo c, PCO (final 9 lM in CHCl3:Me-OH); photo d, PCO (final 46 lM in
CHCl3:Me-OH); photo e, rHDL (1:0); photo f, PCO-rHDL (1:1), final 9 lM; photo g, PCO-rHDL (1:5), final 46 lM. (B)
Extent of apoptosis and ROS production in BV cells in the presence of PCO either in organic solvent or rHDL. Acridine
Orange. Cellular apoptosis and ROS production were determined by Acridine Orange (Ex = 502 nm, Em = 525 nm) staining
and DHE staining (Ex = 588 nm, Em = 605 nm), respectively. Graph shows quantification of areas stained with Acridine
Orange and DHE. Color images available online at www.liebertpub.com/rej
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reduced cell numbers compared to PBS-treated cells, indi-
cating cytotoxicity. However, PCO (9 and 46 lM)-treated
cells showed 1.8- and 2.0-fold increased numbers, respec-
tively, in organic solvent. rHDL-treated cells showed 1.3-fold
higher cell numbers, indicating that native rHDL facilitated
cell replication along with suppression of ROS production.
PCO-rHDL treatment increased cell numbers.

Acridine Orange staining showed that PCO treatment (final
46 lM) caused 52% reduction of apoptosis compared to organic
solvent, whereas PCO-rHDL caused 58% reduction of apo-
ptosis compared to rHDL alone. Concomitantly, cell number
increased and ROS production decreased upon PCO treatment.
PCO-rHDL (1:5)-treated cells showed the highest cell number
and lowest ROS production (Fig. 1B), which suggests that the
cell proliferation effect of PCO was synergistically enhanced by
rHDL incorporation as PCO content increased.

Tissue regeneration under HCD

As shown in Fig. 2, in zebrafish fed a HCD, injections of
rHDL and PCO-rHDL resulted 1.7-fold and 1.9-fold in-
creases, respectively, in the regeneration area compared to
the zebrafish injected with PBS. DHE staining revealed that
much lower ROS levels in PCO-rHDL–injected zebrafish
than rHDL-alone group, suggesting that incorporation of
PCO enhanced HDL functionality. ROS production was
reduced in the PCO-rHDL group up to 50% (graph of Fig. 2)
compared with PBS-injected group

Under HCHF diet conditions, the rHDL-injected group
showed slightly enhanced tissue regeneration activity, indi-
cating that regeneration was more reduced than HCD due to

FIG. 2. Tissue regeneration activity of policosanol (PCO) hyperlipidemic zebrafish. Enhancement of zebrafish fin re-
generation by injection of reconstituted high-density lipoprotein (rHDL) containing PCO and rHDL (2 lg of apolipoprotein
A-I [Apo-A-I]). (A) Representative image of caudal fin regeneration upon injection of rHDL containing PCO with ad-
ministration of a high-cholesterol diet (HCD). (B) Fin regeneration area and reactive oxygen species (ROS) production at
144 hr after protein injection. Data shown are the mean – standard deviation (SD) of three independent experiments (n = 7).
Color images available online at www.liebertpub.com/rej
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high fructose consumption and diabetic conditions (Fig. S1)
(SupplementaryDataareavailableatwww.liebertonline.com/rej/).
However, PCO-rHDL injection caused remarkable enhancement
of tissue regeneration in a PCO dose-dependent manner.

In vitro CETP inhibition

Anacetrapib (MK-0859, final 10 lM in EtOH), a well
known CETP inhibitor, resulted in 30% inhibition in vitro,
whereas PCO (final 10 lM) in EtOH resulted in 15% inhi-
bition (Fig. 3). On the other hand, PCO-rHDL resulted in
37% inhibition (final 10 lM), suggesting that incorporation
of PCO into HDL enhanced more CETP inhibitory ability.

Although anacetrapib resulted in higher inhibition than PCO
in EtOH, PCO-rHDL in physiologic buffer resulted in
higher inhibition than anacetrapib. Furthermore, PCO-rHDL
resulted in up to 67% inhibition (final 50 lM), suggesting a
synergistic effect between PCO and rHDL for enhancement
of CETP inhibitory activity and functionality.

Consumption of PCO

Over the course of 9 weeks, each zebrafish consumed
0.3 lg of PCO daily under a HCD, which corresponds to
40 mg of PCO per 60-kg human. The ND and HCD groups
showed 67% and 70% survival rates, respectively. However,

FIG. 4. Histological analysis of hepatic tissue and lipid quantification. (A) Representative photos for comparison of fatty
liver changes in zebrafish as visualized by Oil Red O staining and reactive oxygen species (ROS) production as visualized
by dihydroethidium (DHE) staining. Scale bar, 100 lm. ND, normal diet; HCD, high-cholesterol diet; HCD + PCO
(policosanol). Hemaotxylin & Eosin staining to detect infiltrated inflammatory cells. (B) Quantification of Oil Red O- and
DHE-stained area (red fluorescence, Ex = 588 nm, Em = 615 nm). (C) Quantification of total cholesterol and triglycerides in
hepatic tissue as described in text. Color images available online at www.liebertpub.com/rej
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the PCO group (0.3 lM) group showed 80% survivability,
indicating that PCO consumption enhanced survival (Fig. S2).
The HCD and HCD + PCO groups showed similar extents of
increases in body weight.

As shown in Table 1, the HCD group showed 3- and 2.5-
fold higher serum TC and TGs levels than the ND group,
respectively, after 9 weeks of consumption. However, the
PCO group (0.3 lg) showed 40% and 33% lower TC and TGs
levels than the HCD control, respectively. The HCD control
showed two-fold higher serum CETP activity than the ND
control, suggesting that serum CETP activity was elevated by
the HCD consumption. However, the PCO group showed
remarkably reduced serum CETP activity (48% reduction,
p = 0.012), similar to the ND control group. The serum
HDL-C level of the HCD control group was reduced to half
that of the ND control group, and the percentage of HDL-C in
TC was reduced to only 5%. On the other hand, the PCO
group showed remarkable elevation of HDL-C level up to
37 mg/dL, and the percentage of HDL-C increased up to 20%.
The serum glucose level of the HCD control was 2.1-fold
higher than that for the ND control. However, the PCO group
showed 53% reduction of glucose level, which was similar to
the ND control.

Serum glutamic oxaloacetic transaminase (GOT) and
glutamic pyruvic transaminase (GPT) levels were elevated
under HCD consumption, whereas the PCO group showed a
58% reduction of enzyme levels. These results indicate that
PCO consumption reduced serum TC, TGs, and glucose
levels with hepatic inflammatory enzyme levels.

Hepatic tissue histology and lipid content

After 9 weeks, HCD control showed severe infiltration of
inflammatory cells such as neutrophils as well as higher
production of ROS by H&E and DHE staining, respectively.
The PCO group showed remarkably reduced infiltration and
ROS production. Oil Red O staining revealed that the HCD
group contained 4.7-fold more fatty streak lesions than the
ND group, as shown in Fig. 4A. DHE staining showed that

ROS production was 4.7-fold higher in the HCD group than
the ND group. However, the PCO group showed 50% and
80% reduced Oil Red O staining and ROS production,
respectively, indicating that PCO consumption ameliorated
fatty liver changes and hepatic inflammation as shown in
Fig. 4B.

Lipid determination in the homogenate of hepatic tissue
revealed that the HCD group showed the highest cholesterol
and TGs content, a two-fold more increase than the ND
control group (Fig. 4C). However, PCO + HCD group showed
around 50% of reduction in cholesterol and TGs level com-
pared with HCD group.

Ferric ion reduction ability of hepatic tissue

As shown in Fig. 5A, a ferric ion reduction ability assay
using a homogenate of hepatic tissue (50 lg per group) re-
vealed that the PCO group showed the highest reduction
ability (up to 35% increase from initial level), whereas the ND
and HCD groups showed 29% and 24% increases, respec-
tively. The MDA level in the homogenate of the HCD group
was two-fold higher compared to the ND group, as shown in
Fig. 5B, suggesting that high cholesterol consumption may be
associated with production of ROS and inflammation. How-
ever, the PCO group showed a 50% lower MDA level than the
HCD group, indicating enhancement of anti-oxidant ability
and less ROS production upon PCO consumption.

Discussion

Many animal studies have investigated the lipid-lowering
effect of PCO, although the precise mechanism is still un-
known. Due to its poor solubility in water, it is very hard to
investigate the mechanism of action of PCO. It is plausible
that HDL-C is associated with enhancement of endothelial
cell function and anti-oxidant capacity in blood vessels. We
hypothesized that enhancement of HDL quality could
stimulate cell growth and tissue regeneration because en-
hancement of HDL is associated with anti-thrombotic, anti-
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apoptotic, and vasodilation stimulatory effects.25 Indeed, in
the current study, we observed that PCO in rHDL stimulated
the growth rate of brain glioma cells via anti-apoptosis
(Fig. 1) and tissue regeneration activities along with less
ROS production under hypercholesterolemic (Fig. 2) and
diabetic states (Fig. S1).

Interestingly, as shown in Fig. 3, PCO-rHDL showed
higher inhibitory ability against human CETP than MK-0859
at the same dosage (final 10 lM), whereas PCO in EtOH did
not. This result suggests that PCO-rHDL interfered with
normal interactions between CE-donor (HDL), CETP, and
CE acceptor (LDL). Regarding the detailed mechanism of CE
transfer, a recent study reported that CETP binds to HDL via
hydrophobic interactions, because HDL surface lipid curva-
ture generates a hydrophobic environment.26 Several reports
on CETP inhibitors have suggested a putative mechanism for
CETP inhibition on the basis of competitive interactions with
CETP and HDL.27,28

It is possible that aliphatic chains in PCO interfere with
binding between CETP and HDL. Otherwise, aliphatic chains
bind to a CE-binding site in the carboxyl terminus of CETP to
form a ternary complex, as proposed previously.29,30 It has
been proposed that the carboxyl terminus of CETP (amino
acids 453–476) contains an active site and binding pocket for
CE and TG, respectively. Especially, a 12-amino-acid region
(amino acids 453–476) forms an amphipathic a-helical region
and is critical to the transfer process.31 A component of PCO
in HDL can bind to the amphipathic a-helix and block CE/
TGs transfer from HDL to LDL by interfering with CETP and
LDL binding.

In our recent report, we showed that CETP inhibitory
activity was more enhanced by incorporation of PCO into
rHDL, and a low concentration (10 lM) was sufficient to
exert CETP inhibition.32 Taken together with our current
results, PCO may interfere with HDL and LDL binding to
CETP to form a hydrophobic channel. Enhanced LDL ca-
tabolism and reduced TGs metabolism can be accelerated by
inhibition of CETP. Because increased serum TGs levels
induce production of small dense LDL33 and dysfunctional
HDL,34,35 it is well established that CETP inhibition is a
potent anti-atherogenic strategy. Due to higher CETP ac-
tivity, low HDL-C levels and prevalence of dysfunctional
HDL become risk factors of autoimmune disease with in-
flammation, vitiligo,36 and systemic lupus erythematosus.37

Thus, inhibition of CETP by PCO might have anti-
inflammation and anti-aging effects, resulting in increased
cellular replication (Fig. 1) and tissue regeneration (Fig. 2).

On the other hand, loss-of-function mutations in the CETP
gene are negatively associated with incidence of coronary
artery disease38 and have been implicated in longevity.9 A
carboxy-terminal peptide CETP is involved in amyloid fibril
formation, especially in the presence of lysophosphatidic
acid.39 Regarding longevity and CETP, HDL functions to
remove lysophospholipids via activation of lecithin:choles-
terol acyltransferase (LCAT) and paraoxonase (PON). Thus,
suppression of CETP activity and activation of LCAT and
PON contribute to enhancement of HDL functionality to
exert anti-aging activities. In the animal study, the PCO group
showed higher survivability (Fig. S2), lower fatty liver
changes (Fig. 4A), less ROS production (Fig. 4B), and lower
lipid accumulation in hepatic tissue (Fig. 4C). Although PCO
consumption has been shown to lower LDL-C and raise se-

rum HDL-C levels, its physiological functions have not been
reported.40 This is the first report demonstrating the anti-
aging effect of PCO via enhancement of HDL functionality in
a live vertebrate model. HDL-C is inversely related to inci-
dence of coronary heart disease. In addition to anti-
atherosclerosis activity, the anti-aging activity of HDL is
critical to the maintenance of health via potent anti-oxidant
and anti-inflammatory activities.

Although comparison of the PCO feeding dosage between
zebrafish and humans is difficult, the daily amount of PCO
(0.3 lg) per zebrafish (400 mg) corresponded to a dosage of
40 mg/day per 60 kg in humans. Survivability was slightly
but significantly enhanced between the ND group and HCD
group after 9 weeks of PCO consumption (Fig. S2) with
remarkable lipid reduction and HDL-C elevation (Table 1).
Unexpectedly, reduction of glucose and hepatic inflamma-
tion was observed in the PCO group. The glucose-lowering
effect of the PCO group (47% lower than that of the HCD
control) might be associated with adenosine monophosphate
(AMP)-activated protein kinase (AMPK) activation, result-
ing in suppression of HMG-CoA reductase activity, as
suggested previously.41

It is likely that PCO interacts with other lipoproteins, es-
pecially HDL, after uptake with chylomicron or very-low-
density lipoprotein (VLDL) and release into the serum.
However, the beneficial activity of HDL can be degenerated
by aging stress, such as glycation and oxidation. Indeed, HDL
functionality and structure can be modified by foreign mol-
ecules such as trans fatty acids22 and artificial sweeteners.13

In the current report, the physiological effect of PCO was
investigated in brain cells (neuroglyoma) and hypercholes-
terolemic zebrafish. Conclusively, PCO exerted anti-
apoptotic activity, resulting in increased cell replication and
tissue regeneration. Nine weeks of consumption of PCO
resulted in reduction of serum TC and TGs levels, increased
HDL-C levels via CETP inhibition, and amelioration of
fatty liver changes.
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