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Abstract
Background: Xanthohumol is expected to be a potent anti-atherosclerotic agent due to its inhibition of cholesteryl ester
transfer protein (CETP). In this study, we hypothesized that xanthohumol prevents atherosclerosis in vivo and used CETPtransgenic mice (CETP-Tg mice) to evaluate xanthohumol as a functional agent.
Methodology/Principal Findings: Two strains of mice, CETP-Tg and C57BL/6N (wild-type), were fed a high cholesterol diet
with or without 0.05% (w/w) xanthohumol ad libitum for 18 weeks. In CETP-Tg mice, xanthohumol significantly decreased
accumulated cholesterol in the aortic arch and increased HDL cholesterol (HDL-C) when compared to the control group
(without xanthohumol). Xanthohumol had no significant effect in wild-type mice. CETP activity was significantly decreased
after xanthohumol addition in CETP-Tg mice compared with the control group and it inversely correlated with HDL-C (%)
(P,0.05). Furthermore, apolipoprotein E (apoE) was enriched in serum and the HDL-fraction in CETP-Tg mice after
xanthohumol addition, suggesting that xanthohumol ameliorates reverse cholesterol transport via apoE-rich HDL resulting
from CETP inhibition.
Conclusions: Our results suggest xanthohumol prevents cholesterol accumulation in atherogenic regions by HDL-C
metabolism via CETP inhibition leading to apoE enhancement.
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transfer protein (CETP) catalyzes the transfer of cholesteryl esters
(CE) from HDL to apolipoprotein B-containing lipoproteins (e.g.
LDL and VLDL) [6]. Patients who are constitutively deficient in
CETP have high HDL-C [7,8] and apolipoprotein E (apoE) [9],
which results in substantially increased cholesterol efflux activities
[10]. Thus, CETP is involved in cholesterol efflux in RCT, and
plays a crucial role in regulating HDL-C levels. These effects were
also reported to be induced by a CETP inhibitor as well as
congenital CETP deficiency [11,12]. This suggests that inhibitors
of CETP may act as anti-atherogenic agents [13–15]. CETP
inhibition is expected to result in the elevation of HDL-cholesterol
levels and is a promising anti-atherogenic strategy.
Another important factors associated with RCT, other than
CETP, are scavenger receptor class B type I (SR-B1) and LDLreceptor (LDL-R). SR-B1 is a HDL receptor that mediates the
selective uptake of HDL-C. Since rodents such as mice and rats

Introduction
Atherosclerosis is a complex multifactorial disease and hypercholesterolemia is a well-established risk factor for the incidence of
atherosclerosis and its pathological complications. The Framingham study demonstrated that lowering cholesterol levels is a direct
therapy for treatment of atherosclerosis [1]. However, it has been
reported that lowering cholesterol levels is not sufficient for its
treatment, because the residual risk of atherosclerosis remained
unchanged in spite of statin therapy [2]. For this reason, HDL
cholesterol (HDL-C) has become the recent focus as a therapeutic
target [3]. It is well known that HDL plays an important role in
reverse cholesterol transport (RCT) and has anti-oxidative and
anti-inflammatory properties [4,5]. Hence, a great deal of interest
has been paid to the development of new therapies to increase
HDL to reduce the risk of coronary heart disease. Cholesteryl ester
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are naturally deficient in CETP, SR-BI significantly contributes to
HDL-C metabolism and atherogenesis in rodents. To address
drug and foodstuff affecting CETP, CETP-transgenic mice
(CETP-Tg mice) are suitable experimental model. LDL-R is
a key receptor for maintaining cholesterol homeostasis by control
of cholesterol uptake in mammals. Lower levels of cholesterol in
the liver cells lead to an increase in the number of LDL-R
molecules expressed on the cell surface, improving plasma
clearance of LDL [16]. Apolipoproteins serve as templates for
the assembly of lipoprotein particles, maintain their structure and
direct their metabolism through binding to membrane receptors
and regulation of enzyme activity. Apolipoprotein A (apoA) is the
major protein component of HDL and critical for RCT [17].
Xanthohumol is a prenylated chalcone derived from natural
products and reported to have many physiological properties, such
as the prevention of nonalcoholic steatohepatitis [18], diacylglycerol acyltransferase inhibition [19] and anti-oxidant potential
[20]. In our previous studies, we screened for CETP inhibitors
from natural products and identified xanthohumol as an active
compound [21]. We then hypothesized that xanthohumol’s antiatherosclerotic property was due to inhibition of the CETP
reaction. In this study, we investigated the inhibitory potency of
xanthohumol against endogenous CETP activity, arterial cholesterol content and expression levels lipoprotein receptors and
apolipoproteins in CETP-transgenic mice, since rodents have
a congenital defect in CETP.

mice. CETP mRNA expression in 4–5 week-old F1 male mice
were checked by PCR, and the CETP+/2 or CETP+/+males were
used in experiments. All the mice were maintained in a temperature-controlled room with a 12-hour light/dark diurnal cycle and
had free access to food during the experiment period.
CETP-Tg and C57BL/6N (wild-type) mice were subdivided
into 3 and 2 groups, respectively. Throughout the experimental
period, CETP-Tg and wild-type mice received an atherogenic diet
containing 1% (w/w) cholesterol (high cholesterol diet, HCD). The
detailed composition of the HCD is described in Table S1. In one
group, HCD feeding was continued for 18 weeks (control, CNT
group). The xanthohumol-fed group (xanthohumol, XN group)
received the same diet as the HCD group but supplemented with
0.05% (w/w) xanthohumol powder (85% purity, Hop Steiner,
Germany). Similarly, wild-type mice were fed the same diets.
Chow diet (MF diet) was purchased from Oriental yeast, Ltd. and
supplied to CETP-Tg mice (Chow group). The dose ratio was
determined and it was found that there was no significant
difference in the food intake between the with or without
xanthohumol diet groups.

Lipid and Apolipoprotein Analysis of the Plasma and HDL
Fraction
Total serum cholesterol (T-Cho), HDL-C and triglyceride (TG)
levels were measured every 6 weeks, using test-Wako kits (Wako
Pure Chemicals). To prepare the HDL fraction, serums were
mixed with an equal volume of 13% polyethylene glycol 6000
(PEG, Wako Pure Chemicals) before centrifugation (8000 g,
10 min, room temperature) [9]. We confirmed that the supernatants contained HDL and apoE-rich HDL by lipoprotein
electrophoresis (Figure S1). Lipoprotein electrophoresis for sera
and HDL-fractions were performed using agarose gel (Helena
Laboratories, Texas, USA) with barbital buffer. Cholesterol and
cholesterol ester were enzymatically stained.
After 18 weeks, free cholesterol and phospholipid (PL) were
analyzed using test-wako kits. (Wako Pure Chemicals). ApoE
concentration was measured as follows: albumin and IgG were

Methods
Animals and Diets
All experiments were approved by the Hokkaido University
School of Medicine Animal Care and Use Committee and were in
compliance with the Guide for the Care and Use of Laboratory
Animals. Female C57BL/6J and male B6.CBA-Tg (CETP)
5203Tall/J mice were purchased from SLC (Hamamatsu,
Shizuoka, Japan) and Jackson Laboratory (Bar Harbor, ME,
USA), respectively, for use as the parent generation (F0). F0
females were inbred with F0 males to produce first generation (F1)

Figure 1. Changes in cholesterol accumulation over 18 weeks. Data are presented as cholesterol amount in the aortic arch (A) and liver (B).
(N = 15; CETP-Tg mice control, N = 18; CETP-Tg mice xanthohumol, N = 12; CETP-Tg mice Chow, N = 10; wild-type mice control, N = 7; wild-type mice
xanthohumol) Means6SEM. *P,0.05, **P,0.01.
doi:10.1371/journal.pone.0049415.g001
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removed from serum or supernatant prepared from 13% PEG
precipitation using ProteoExtract Albumin/IgG Removal Kit
(Merck). The protein concentration of the eluates was measured
using the Lowry method (Bio-Rad, Ltd.) and bovine serum
albumin (BSA, Bio-Rad, Ltd.) as a protein standard. Samples were
then applied to SDS-PAGE/western blotting, as described below.

Cholesterol Content in the Aortic Arch and Liver
After 18 weeks of treatment, mice were euthanized to collect the
liver and aortic arch. The tissues were washed with PBS and
weighed. Liver pieces (0.50 g) were homogenized in 5 mL
methanol before 10 mL chloroform was added and homogenized
[22]. The homogenates were left for at least an hour at room
temperature. After filtration, the filtrates were made up to 20 mL
with chloroform/methanol (2:1, v/v), and then a solvent containing an equal volume of 5% cholic acid (Wako Pure Chemicals,
Japan) dissolved in methanol was added before samples were dried
at 60uC for enzymatic analysis of T-Cho, TG and phospholipid.
Aortic arches were homogenized in 1 mL chloroform/methanol
(2:1, v/v) and the above procedure was then performed before
enzymatic determination of T-Cho.

CETP Activity Assay
CETP activity was measured using a CETP activity assay Kit
(Bio-Vision Inc.) with minor modification [21]. CETP activity was
determined by measuring the lipid transfer in a reaction mixture
containing 75 ml of water, pre-incubated at 37uC, 5 ml of serum
and 20 ml of master mix solution, composed of 10 ml of 106buffer,
5 ml of donor and 5 ml of acceptor molecules. It was mixed and
dispensed at 20 ml each per well (384 well fluorescence plate,
Greiner Bio-One) and pre-incubated at 37uC. The transfer
reaction was immediately monitored for 15 min at one minute
intervals and detected using a fluorescence plate reader (Corona
Electric, Ltd) (excitation at 465 nm, emission at 530 nm).

Western Blotting Analyses
The excised livers were transferred into cold RIPA buffer (Wako
Pure Chemicals) on ice and then homogenized and centrifuged
(20,000 g, 5 min, 4uC). The supernatants were centrifuged more
than once to avoid fatty layer contamination and their protein
concentration was determined by the Lowry method. Two to ten
micrograms of proteins from each sample was resolved by SDS-

Figure 2. Effect of xanthohumol on serum cholesterol and CETP activity. Serum HDL-C concentration in the control group (closed circle),
xanthohumol group (opened circle) and Chow group (closed triangle) of CETP-Tg mice (A), and in the control group (closed square) and
xanthohumol group (opened square) of wild-type mice (B) over time. (C) Serum CETP activity after 18 weeks of treatment. (D) Correlation of serum
CETP activity and HDL-C/T-Cho (%) in CETP-Tg mice fed HCD after 18 weeks. CE content of serum (E) and HDL-fraction (F) after 18 weeks. (N = 15;
CETP-Tg mice control, N = 16; CETP-Tg mice xanthohumol, N = 10; CETP-Tg mice Chow, N = 3; wild-type mice control, N = 8; wild-type mice
xanthohumol) Means6SEM. *P,0.05, **P,0.01.
doi:10.1371/journal.pone.0049415.g002
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Figure 3. Xanthohumol increased apoE protein expression in CETP-Tg mice after 18 weeks. (A) Serum (upper) and HDL-fraction (lower),
and (B) liver tissue. Data are represented as relative expression: the CETP-Tg mice control group was set at 1.0. (N = 8; CETP-Tg mice control, N = 8;
CETP-Tg mice xanthohumol, N = 3; CETP-Tg mice Chow, N = 6; wild-type mice control, N = 7; wild-type mice xanthohumol) Means6SEM. *P,0.05,
**P,0.01.
doi:10.1371/journal.pone.0049415.g003

PAGE (10.0%) and immediately transferred to a nitrocellulose
membrane using a transfer buffer (25 mM Tris, pH 8.8, 192 mM
glycine with 20% (v/v) methanol). Nitrocellulose membranes were
incubated in blocking solution (PBS with 0.05% (v/v) Tween 20
(PBST) containing 5% (w/v) skim milk or 1% (w/v) BSA (SigmaAldrich)) for 1 h at room temperature to block nonspecific
binding. The blot was incubated overnight with anti-apoE
antibody (Meridian, K23100R), anti-SR-B1 (abcam, ab52629),
anti- lecithin cholesterina acyltransferase (LCAT) antibody (Aviva
systems biology, ARP41695) or anti-b-actin (abcam, ab6276) as
the primary antibodies, in blocking solution. The blot was washed
3 times for 10 min each in PBST at room temperature, incubated
for 60 min in species appropriate horseradish peroxidase-conjugated secondary antibody (abcam, ab6728 for MsIgG and ab6721
for RbIgG) in blocking solution, and then washed 3 times in
PBST, before being developed using the Super-Signal West Pico
(Thermo Fisher Scientific Inc.).

Statistical Analysis
All data are presented as the mean6SEM. A two-tailed student
t test was used to test for statistical significance. P,0.05 was
considered statistically significant.

Results
Xanthohumol Prevents Cholesterol Accumulation in the
Aortic Arch
Excess accumulation of cholesterol in an atherogenic region (e.g.
aortic arch) is associated with atherosclerosis. The effect of oral
administration of xanthohumol on total cholesterol accumulation
in the aortic arch and liver was investigated. As shown in
Figure 1A, T-Cho content in the aortic arch of control HCD-fed
CETP-Tg mice was 2 fold higher than that in Chow diet fed
CETP-Tg mice. However, oral administration of xanthohumol
significantly reduced T-Cho content in the aortic arch induced by
HDC to levels comparable with Chow diet-fed mice. Oral
administration of xanthohumol to wild-type mice had no
inhibitory effect on T-Cho accumulation in the aortic arch. These
results suggested that xanthohumol suppressed the HCD-induced
T-Cho accumulation by inhibiting CETP activity. Moreover, the
endogenous T-Cho content in the liver of control HCD-fed
CETP-Tg mice was 10 fold higher than that of normal diet-fed
CETP-Tg mice. In addition, oral administration of xanthohumol
significantly reduced HCD-induced T-Cho accumulation in liver
(Figure 1B). In contrast to T-Cho accumulation in the aortic arch,
endogenous T-Cho in the liver of wild-type mice was also
significantly suppressed by oral administration of xanthohumol.
These results suggested that the inhibitory effect of xanthohumol
on T-Cho accumulation in liver was probably CETP-independent.

Quantitative RT-PCR
Total RNA was extracted from mouse liver and abdominal
aorta (ab. aorta) using Trizol reagent (Invitrogen), and purified
with an RNeasy Mini kit (Qiagen) according to the manufacturer’s
instructions. cDNA was synthesized using a Quanti-Tect reverse
transcription kit (Qiagen). Gene expression was measured by realtime RT-PCR using a LightCycler 480 (Roche Applied Science)
and specific primers (Table S2). Averaged mRNA expression was
normalized to GAPDH expression. Serial dilutions of a standard
solution were included for each gene to generate a standard curve
and allow calculation of the input amount of cDNA for each gene.
A LightCycler 480 optical capillary tube was incubated at 95uC for
10 min to activate the FastStart Taq DNA polymerase. The run
conditions were 55 cycles at 95uC for 10 sec, 59uC for 10 sec, and
72uC for 10 sec. Melting curves of each amplified gene were
created to obtain PCR efficiency.
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Figure 4. Expression analyses in mice liver and ab. aorta. (A) SR-B1 and (B) LCAT protein expression in liver. Data was standardized for b-actin
expression. (N = 15; CETP-Tg mice control, N = 18; CETP-Tg mice xanthohumol, N = 11; CETP-Tg mice Chow, N = 6; wild-type mice control, N = 8; wildtype mice xanthohumol) (C, D) Transcript analyses of liver (upper) and ab. aorta (lower) in CETP-Tg mice (C) and wild-type mice (D). (N = 12; CETP-Tg
mice control, N = 13; CETP-Tg mice xanthohumol, N = 9 to 10; CETP-Tg mice Chow, N = 5; wild-type mice control, N = 7 to 8; wild-type mice
xanthohumol) All data were standardized for GAPDH expression. Expression levels of control group (without xanthohumol) were set at 1.0.
Means6SEM. *P,0.05, **P,0.01.
doi:10.1371/journal.pone.0049415.g004

Furthermore, in CETP-Tg mice, CE content in the HDL fraction
of the xanthohumol group was significantly higher than that of the
control group. However, CE content in the serum of the
xanthohumol group was significantly lower than that of the
control group (Figure 2E and 2F), indicating that the increase in
serum HDL-CE by xanthohumol might be due to the decreased
transfer of CE from HDL to (V)LDL through its CETP inhibition.
Xanthohumol decreased CE content in the HDL fraction of wildtype mice compared with the control group (P,0.05). Regulatory
molecules other than CETP might also be involved in the change
in CE transfer by xanthohumol.

Effect of Xanthohumol on Lipoprotein Profiles
As mentioned above, oral administration of xanthohumol
significantly inhibited T-Cho accumulation in the aortic arch
and liver of CETP-Tg mice, suggesting that CETP played an
important role in the inhibitory effect of xanthohumol. Therefore,
we investigated the effect of xanthohumol on serum CETP activity
and HDL-C levels in CETP-Tg and wild-type mice. Serum T-Cho
concentration in CETP-Tg and wild-type mice increased 2.5 and
2.9 fold, respectively, after intake of the HCD diet for 18 weeks.
Oral administration of xanthohumol did not affect the serum TCho concentration when compared with the control group (Table
S3), however, at 18 weeks, xanthohumol significantly increased
serum HDL-C levels in CETP-Tg mice (P,0.05) and decreased it
in wild-type mice (P,0.05) (Figure 2A and 2B). Similarly,
xanthohumol significantly decreased the atherosclerosis index
(AI, non-HDL-C/HDL-C) in CETP-Tg mice (P,0.001) (Table
S3).
Xanthohumol also significantly inhibited serum CETP activity
in CETP-Tg mice. We observed a negative correlation between
CETP activity and HDL-C (%, HDL-C/T-Cho) (R = 20.38,
P,0.05) (Figure 2C and 2D). These results suggested that
xanthohumol increased HDL-C by inhibiting CETP activity.
PLOS ONE | www.plosone.org

Effects of Xanthohumol on ApoE Levels in Serum and
HDL Fraction
It has been reported that the serum apoE level was increased by
inhibition of CETP activity [23], and that apoE enhanced
cholesterol efflux [10]. Therefore, we investigated the effect of
xanthohumol on apoE concentration in the serum and HDLfraction. ApoE concentration in the serum and HDL-fraction was
significantly increased by oral administration of xanthohumol to
CETP-Tg mice. However, xanthohumol did not affect the apoE
concentration in the serum and HDL-fraction of wild-type mice
5
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intestinal cholesterol transporter, protein expression in Caco-2 cell
line by Western blotting, but there was no significant difference
between control and xanthohumol treatment (data not shown).
Nozawa demonstrated that xanthohumol activated farnesoid 6
receptor (FXR) in the transient transfection assay and suggested
that xanthohumol acts on FXR through a selective bile acid
receptor modulator [24]. In wild-type mice FXR agonists
increased fecal cholesterol excretion and PX20606, a type of
FXR agonists, potently lowered total cholesterol and HDL-C even
in CETP-Tg/LDL-R2/2 mice [25]. In our other experiment,
Syrian hamsters were fed a high cholesterol (0.1%) and high fat
diet (20%) (Table S4) for 2 weeks. Xanthohumol significantly
increased the excretions of bile acid and T-Cho in feces when
compared with the control group (P,0.001) (Figure S3). Thus the
hepatic cholesterol decrease by xanthohumol in both strains,
CETP-Tg mice and wild-type mice, might be attributed to
cholesterol excretion via bile acid. It will be interesting to elucidate
the effects of xanthohumol on FXR and ATP-binding cassette
transporters 5/8 related to cholesterol excretion.
Xanthohumol also significantly inhibited serum CETP activity
by 21% and increased serum HDL-C by 25% in CETP-Tg mice.
Serum HDL-C concentration, measured after precipitation of
(V)LDL by means of tungstophosphoric acid and magnesium
chloride, was not changed by xanthohumol (data not shown).
These results suggested that the increase in serum HDL-C
concentration by xanthohumol, which was determined using
13% PEG, might be caused by the increase in apoE-rich HDL [9].
In this study, apoE protein levels in the serum and HDL-fraction
were significantly increased by xanthohumol in CETP-Tg mice
but not in wild-type mice. A recent study reported that
anacetrapib promoted cholesterol efflux from macrophages to
HDL and the increased HDL-C took the form of large HDL
particles [26]. ApoE plays an important role in HDL particle
expansion [27]. Therefore, apoE-rich HDL, caused by xanthohumol, may be due to enhancement of cholesterol efflux [10].
Oral administration of xanthohumol did not show any effect on
CETP gene transcript in the liver and ab. aorta in CETP-Tg mice.
We speculated that xanthohumol might directly inhibit the
cholesterol transfer reaction by binding to the CETP protein itself
or the CETP-lipid complex [21].
Many studies have recently reported that enhancement of RCT
would have anti-atherosclerotic properties. Protein expression
analyses of liver revealed that xanthohumol increased SR-B1 and
LCAT expression in both mice strains. These results suggested
that in wild-type mice, selective uptake of HDL-CE in the
xanthohumol group might be due to up-regulation of SR-B1
expression by administration of xanthohumol. However, in
CETP-Tg mice, the increase of hepatic SR-BI protein expression
was a little weak (1.3 folds vs control group) (Figure 4A). To further
analyze, we evaluated the SR-B1 expression level in CETP-Tg
mice liver after 4 weeks HCD feeding. Relative mRNA expression
of SR-B1 was not significant changed (control: 1.0060.14,
xanthohumol: 0.8260.06, Mean6SE, n = 4 and 3, respectively),
and SR-B1 protein expression was the same (control: 1.0060.10,
xanthohumol: 0.7660.07, Mean6SE, n = 4 and 3, respectively).
Zhang et al. also reported that FXR has previously been shown to
induce SR-BI expression [28]. Also it remains possibility that SRB1 expression was up-regulated by hepatic cholesterol. Thus, it
seems a little difficult that SR-B1 increased by xanthohumol affects
HDL turnover in CETP-Tg mice. Regarding LCAT, YvanCharvet et al. demonstrated that HDL-2 from subjects treated
anacetrapib, CETP inhibitory drug, exhibited significant increases
in apoE and LCAT proteins, and HDL-CE compared with
control HDL-2, and indicated that a role of apoE acting in

(Figure 3A). These results indicated that the increased serum apoE
levels were mainly caused by an increase in the apoE concentration in the HDL fraction. ApoE gene expression in the liver of
CETP-Tg mice was higher than that of wild-type mice, and this
was not affected by xanthohumol (Figure 3B).

Xanthohumol Up-regulated the Lipoprotein Receptor in
Liver
As mentioned above, in wild-type mice, the HDL-CE concentration in serum was significantly decreased by oral administration
of xanthohumol, however, xanthohumol significantly increased
HDL-CE concentration in serum of CETP-Tg mice. To find out
the cause of this discrepancy between CETP-Tg and wild-type
mice, we investigated the effect of xanthohumol on LCAT and
SR-B1 expression levels in liver. LCAT converts cholesterol to CE
on the surface of lipoprotein, and HDL delivers cholesterol to the
liver for disposal via SR-B1. Xanthohumol increased LCAT and
SR-B1 protein expression levels in the liver of both CETP-Tg and
wild-type mice (Figure 4A, 4B). These results suggested that the
reduction in circulating HDL-CE in wild-type mice might be due
to increased delivery of HDL-C to liver through the up-regulation
of LCAT and SR-B1 by xanthohumol.
To further analyze the effects of xanthohumol on gene
expressions associated with RCT, CETP, lipoprotein receptors
and apolipoproteins were analyzed by quantitative RT-PCR. In
CETP-Tg mice, liver gene expression of SR-B1 and LDL-R,
which are both lipoprotein receptors, was significantly increased
by xanthohumol (Figure 4C). In wild-type mice, liver gene
expression of LDL-R and apoE was significantly increased by
xanthohumol (Figure 4D). Xanthohumol did not show any effect
on these gene expressions in the ab. aorta. These results indicated
that xanthohumol up-regulates lipoprotein receptors in liver, but
not in the ab. aorta.

Discussion
Inhibition of CETP provides a useful strategy to raise HDL, the
protective lipoprotein fraction in serum. We have already
demonstrated that xanthohumol inhibits the CETP reaction
in vitro [21]. Thus, in this study, we investigated the effect of
xanthohumol on lipoprotein metabolism and anti-atherosclerosis
induced by HCD using CETP-Tg mice. Before xanthohumol
administration, the HDL-C/T-Cho ratio of CETP-Tg mice (50–
60%) was much lower than that in wild-type mice (80%),
suggesting that the high HDL-C/T-Cho ratio in wild-type mice
was due to its CETP deficiency. The CETP-Tg mouse is a suitable
experimental model to investigate the effect of certain drugs and
foodstuffs on lipoprotein metabolism. We report for the first time
that oral administration of xanthohumol ameliorates HCDinduced atherosclerosis by improving lipoprotein metabolism.
In CETP-Tg mice, HCD feeding significantly induced cholesterol accumulation in the aortic arch and liver. The increased
cholesterol accumulation in aortic arch, induced by HCD intake,
was suppressed by oral administration of xanthohumol in CETPTg mice but not in wild-type mice, suggesting that CETP
inhibition by xanthohumol prevents cholesterol accumulation
leading to atherosclerosis. Conversely, hepatic cholesterol accumulations were reduced by xanthohumol at 18 weeks in both
strains. This should be caused from conserved mechanisms of
xanthohumol in rodents other than CETP. In hepatic TG
accumulation, there was no significant change in both strains
(Figure S2), indicating that the reduction of hepatic T-Cho
accumulation should not be resulted from non-specific inhibition
of absorption in small intestine. We also have evaluated NPC1L1,
PLOS ONE | www.plosone.org
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conjunction with LCAT is facilitating expansion of the CE core of
HDL and permitting ongoing cholesterol efflux [29]. Although in
CETP-Tg mice the increase of LCAT expression by xanthohumol
found in liver, it might direct to cholesterol efflux as well as
anacetrapib.
Quantitative RT-PCR analyses revealed that LDL-R significantly increased by xanthohumol in both strains, suggesting that
the effect is conserved mechanism of xanthohumol in rodents
independent of their lipoprotein profile. The increases of LDL-R
expression should be attributed to the lowering in hepatic
cholesterol to clear serum cholesterol. Also, in CETP-Tg mice,
xanthohumol increased SR-B1 transcripts levels and it would be
considered as compensation for uptake of HDL-C increased by
xanthohumol via CETP inhibition. There remain unsolved about
the discrepancy of the effect of xanthohumol on apoE expression
between liver and ab. aorta in wild-type mice.
CETP inhibitors are expected to be promising anti-atherosclerotic agents through their enhancement of serum HDL-C
concentration. However, there is concern that the increase in
HDL-C by CETP inhibition might lead to an impediment in
cholesterol reverse transport. The efficacy of a CETP inhibitor as
an anti-atherosclerotic agent is now a controversial issue. In this
study we demonstrated that xanthohumol reduces cholesterol
accumulation in atherogenic region via CETP inhibition. For this
reason, we expect that xanthohumol might be a promising agent
to prevent and ameliorate the development of atherosclerosis.

was administered at 1 mg/kg?BW dose by osmotic pumps (alzet,
Cupertino, CA) subcutaneously. Feces were collected for 7 days
before anatomy and weighed. For bile acid and fecal T-Cho
analysis, lyophilized 50 mg feces were extracted as previously
described [1,2] and measured by commercial kit (Test-Wako).
(N = 8; control, N = 8; xanthohumol, N = 8; Chow) Means6SEM.
(TIF)
Table S1

Components of the high cholesterol diet

(HCD).
(TIF)
List of primers used in this study. ApoAForward, apoA-Reverse, apoE-Forward and apoE-Reverse were
purchased from TaKaRa Bio Inc. (Shiga, Japan).
(TIF)

Table S2

Table S3 Serum lipid and CETP activity. Abbreviations

are as follows: nonHDL-C, non HDL-cholesterol; AI, atherosclerosis index; FC: free cholesterol. nonHDL-C was calculated by
subtracting HDL-C from T-Cho. AI was calculated as nonHDLC/HDL-C. HDL-CE was calculated by subtracting HDL-FC
from HDL-C. HDL-C, HDL-TG and HDL-PL were analyzed
using test-wako kits on the HDL-fraction treated with 13% PEG
solution. (N = 15; CETP-Tg mice control, N = 16; CETP-Tg mice
xanthohumol, N = 10; CETP-Tg mice Chow, N = 3; wild-type
mice control, N = 8; wild-type mice xanthohumol) Means6SEM.
*P,0.05, **P,0.01, ***P,0.001.
(TIF)

Supporting Information

Table S4

Figure S1 Effect of 13% polyethylene glycol on CETPtransgenic mice. Electrophoresis of serum (Left) and HDLfraction (Right) lipoproteins from 9-week old mice. Gels were
visualized by total cholesterol enzymatic staining (HELENA,
Japan).
(TIF)

Components of the high cholesterol and high

fat diet.
(TIF)
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